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Preface

This book is the result of a joint effort in response to the Amedeo Challenge to
write and publish a medical textbook on tuberculosis. This non-profit-making ini-
tiative is particularly attractive due to several reasons. First, the medium chosen for
dissemination: the book will be readily available on the internet and access will be
free to anyone. Second, its advantage over books published via traditional media is
the ease to update the information on a regular basis. Third, with the exception of
Spanish and Portuguese, no copyright is allocated and the translation of Tuberculo-
sis 2007 to all other languages is highly encouraged.

These innovations in the way of publication were translated to the organization
of the chapters in the book. This is not a classical textbook on tuberculosis diagno-
sis, management, and treatment. On the contrary, it is a multidisciplinary approach
addressing a full range of topics, from basic science to patient care. Most authors
are former members of RELACTB — a Tuberculosis Research Network for Latin
America, the Caribbean and Europe sponsored by the United Nations University —
and have worked on collaborative projects since 1995.

Classical knowledge about the disease is focused on chapters dedicated to the
history of tuberculosis, microbiology of the tubercle bacillus, description of the
disease caused by Mycobacterium tuberculosis complex members in adults, chil-
dren, and HIV/AIDS patients, conventional epidemiology, diagnostics, biosafety,
and treatment.

More recent findings, which have changed our knowledge about tuberculosis in
the last years, are detailed in chapters on the molecular evolution of the M. tuber-
culosis complex, molecular epidemiology, host genetics, immune response and
susceptibility to tuberculosis, studies on the pathogenesis of tuberculosis in animal
models, and new diagnostic and drug resistance detection approaches.

Perspectives for future research relevant to fighting the disease have also been
included in chapters focusing on the “omics” technologies, from genomics to pro-
teomics, metabolomics and lipidomics, and on research dedicated to the develop-
ment of new vaccines and new diagnostic methods, and are discussed in the last
chapter.

Nowadays, medical science should not be limited to academic circles but read-
ily translated into practical applications aimed at patient care and control of dis-
ease. Thus, we expect that our initiative will stimulate the interest of readers not
only in solving clinical topics on the management of tuberculosis but also in posing
new questions back to basic science, fostering a continuous bi-directional interac-
tion of medical care, and clinical and basic research.

Juan Carlos Palomino, Sylvia Cardoso Ledo, Viviana Ritacco

Belgium, Brazil, Argentina — June 2007
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Abbreviations

2-DE: two dimensional electrophoresis

ADA: adenosine deaminase

ADC: albumin, dextrose, catalase

AFB: acid fast bacilli

AIDS: acquired immunodeficiency syndrome

AMTD: Amplified Mycobacterium tuberculosis Direct Test
BAC: bacterial artificial chromosome

BCG: bacille Calmette-Guérin

bp: base pair

cAMP: cyclic adenosine monophosphate

CAS: Central-Asian (or Delhi)

CDA4+: cluster of differentiation 4 glicoprotein

CD8+: cluster of differentiation 8 glicoprotein

CDC: Centers for Disease Control and Prevention

cfu: colony forming units

CMI: cell mediated immunity

CPC: cetylpyridinium chloride

CPF-10: culture filtrate protein 10

CR: complement receptor

CRISPR: clustered regularly interspersed palindromic repeats
CTL: cytotoxic T lymphocyte

DARAQ: diarylquinoline

DAT: diacyl trehalose

DC-SIGN: dendritic cell-specific intercellular-adhesion-molecule-grabbing non-integrin
DNA: desoxyribonucleic acid

DOTS: directly observed therapy short-course

DR: direct repeat

DST: drug susceptibility test

DTH: delayed type hypersensitivity

EAI: East-African-Indian

EDTA: ethylenediaminetetraacetic acid

ELISA: enzyme-linked immunosorbent assay

ELISPOT: enzyme-linked immunospot for interferon-gamma
EMB: ethambutol

ESAT-6: 6 kDa early secretory antigenic target

ETH: ethionamide

Fc: crystallizable fraction of the Ig molecule

FDA: Food and Drug Administration

FGF-2: fibroblast growth factor 2
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G+C: guanine plus cytosine

GLC: gas-liquid chromatography

GLP: good laboratory practices

HAART: highly active anti-retroviral therapy

HEPA: high efficiency particulate air

HIV: human immunodeficiency virus

HLA: human leukocyte antigen

HPLC: high-performance liquid chromatography

Hsp: heat-shock protein

IATA: International Air Transportation Association

ICAT: isotope-coded affinity tag

IFN-y: interferon-gamma

IFN-yR: interferon-gamma receptor

InhA: enoyl acyl carrier protein reductase

lg: immunoglobulin

IL: interleukin

INH: isoniazid

iNOS: inducible nitric oxide synthase

1S6110 RFLP: restriction fragment length polymorphism based on insertion sequence 1IS67170
ITS: internal transcribed spacer

IUATLD: International Union Against Tuberculosis and Lung Disease
KasA: beta-ketoacyl ACP synthase

KatG: catalase-peroxidase enzyme

kDa: kiloDalton

LC: liquid chromatography

LSP: large sequence polymorphism

mAG: mycolyl-arabinogalactan

MALDI: matrix assisted laser desorption/ionization

MBL: mannose-binding lectin

MCP-1: monocyte chemoattractant protein-1

MDR: multidrug-resistant

MGIT: Mycobacteria Growth Indicator Tube

MHC: major histocompatibility complex

MIC: minimal inhibitory concentration

MIRU: mycobacterial interspersed repetitive units

MLST: multilocus sequence typing

MODS: microscopic observation broth-drug susceptibility assay
mRNA: messenger ribonucleic acid

MS: mass spectrometry

MSMD: mendelian susceptibility to mycobacterial diseases
MTT: 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide



Abbreviations

NEMO: NF-kB essential modulator

NF-k-B: nuclear factor kappa B

NO: nitric oxide

NRP-1: microaerobic stage of nonreplicating persistence
NRP-2: anaerobic state

NRAMP1: natural resistance-associated macrophage protein 1
nsSNP: non-synonymous single nucleotide polymorphism
NTM: non-tuberculous mycobacteria

OADC: oleic acid, albumin, dextrose, catalase

OD: optical density

OREF: open reading frame

oriC: origin of replication

PANTA: polymyxin B, amphotericin B, nalidixic acid, trimethoprim, azlocillin
PAS: para-aminosalycilic acid

PAT: penta-acyl trehalose

PCR: polymerase chain reaction

PDIM: phthiocerol dimycocerosate

PE: proteins that have the motif Pro-Glu

PGE: prostaglandin E

PGG: principal genetic groups

PGL: phenolic glycolipids

PGRS: polymorphic guanine-cytosine rich sequences

pl: isoelectric point

pks: polyketide synthase gene

PNB: para-nitrobenzoic acid

PPD: purified protein derivative

PPE: proteins that have the motif Pro-Pro-Glu

PRA: PCR-restriction enzyme analysis

PTFE: polytetrafluoroethylene

PZase: pyrazinamidase enzyme

PVNA: polymyxin B, vancomycin, nalidixic acid and amphotericin B
rBCG: recombinant BCG

RCF: relative centrifugal force

rDNA: ribosomal desoxyribonucleic acid

RD: regions of difference

REMA: resazurin microtiter assay

RFLP: restriction fragment length polymorphism

RIF: rifampicin

RNA: ribonucleic acid

RNAse: ribonuclease

rRNA: ribosomal ribonucleic acid
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rrn operon: ribosomal ribonucleic acid operon
RvD: DNA region deleted from H37Rv genome
SCG: SNP cluster group

SCID: severe combined immunodeficiency

SL: sulfolipid

SLC11A1: solute carrier family 11, member 1
SM: streptomycin

SNP: single nucleotide polymorphism

SpolDBA4: fourth international spoligotyping database
sSNP: synonymous single nucleotide polymorphism
ST: shared-type in SpolDB4

STAT1: signal transducer and activator of transcription 1
TACO: tryptophan aspartate coat protein

TB: tuberculosis

TbD1: M. tuberculosis specific deletion 1

TCH: thiophene-2-carboxylic acid hydrazide
TGF-f: transforming growth factor beta

Th1: T helper 1 lymphocyte

Th2: T helper 2 lymphocyte

TL7H11: thin layer 7H11 agar

TLC: thin-layer chromatography

TLR: Toll-like receptor

TNF-a: tumor necrosis factor alpha

TOF: time of flight

TST: tuberculin skin test

US: United States

UV: ultraviolet

VDR: vitamin D receptor

VNTR: variable number tandem repeats

WHO: World Health Organization

XDR: extensively drug resistant
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Chapter 1: History

Sylvia Cardoso Ledo and Francoise Portaels

Nowhere in these ancient communities of the Eurasian land mass, where it
is so common and feared, is there a record of its beginning. Throughout
history, it had always been there, a familiar evil, yet forever changing,
formless, unknowable. Where other epidemics might last weeks or months,
where even the bubonic plague would be marked forever afterwards by the
year it reigned, the epidemics of tuberculosis would last whole centuries
and even multiples of centuries. Tuberculosis rose slowly, silently, seeping
into homes of millions, like an ageless miasma. And once arrived, it never
went away again. Year after year, century after century, it tightened its
relentless hold, worsening whenever war or famine reduced the peoples’
resistance, infecting virtually everybody, inexplicably sparing some while
destroying others, bringing the young down onto their sickbeds, where the
flesh slowly fell from their bones and they were consumed in the years-
long fever, their minds brilliantly alert until, in apocalyptic numbers, they
died, like the fallen leaves of a dreadful and premature autumn.

The Forgotten Plague:
How the War against Tuberculosis was Won - and Lost

Frank Ryan, 1992

Tuberculosis (TB) has a long history. It was present before the beginning of re-
corded history and has left its mark on human creativity, music, art, and literature;
and has influenced the advance of biomedical sciences and healthcare. Its causative
agent, Mycobacterium tuberculosis, may have killed more persons than any other
microbial pathogen (Daniel 2006).

1.1. Primeval tuberculosis

It is presumed that the genus Mycobacterium originated more than 150 million
years ago (Daniel 2006). An early progenitor of M. tuberculosis was probably
contemporaneous and co-evolved with early hominids in East Africa, three million
years ago. The modern members of M. tuberculosis complex seem to have origi-
nated from a common progenitor about 15,000 - 35,000 years ago (Gutierrez 2005).
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TB was documented in Egypt, India, and China as early as 5,000, 3,300, and 2,300
years ago, respectively (Daniel 2006). Typical skeletal abnormalities, including
Pott’s deformities, were found in Egyptian and Andean mummies (Figure 1-1) and
were also depicted in early Egyptian and pre-colombian art (Figure 1-2).

Figure 1-1: Left: Mummy 003, Museo Arqueolégico de la Casa del Marqués de San Jorge,
Bogota, Colombia. Right: Computerized tomography showing lesions in the vertebral bodies of
T10/T11 (reproduced from Sotomayor 2004 with permission).

Figure 1-2: Representation of a woman with pronounced gibbus (Pott’s disease?). Momil
culture, 200 BC to 100 AD, Sinu River, Colombia (reproduced from Sotomayor 1992, with
permission).
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Identification of genetic material from M. tuberculosis in ancient tissues has pro-
vided a powerful tool for the investigation of the incidence and spread of human
TB in historic periods. It also offers potential new insights into the molecular evo-
lution and global distribution of these microbes (see Chapter 2). Research on an-
cient DNA poses extreme technical difficulties because of the minute amounts of
DNA remains, their oxidation/hydrolysis, and the extremely high risk of contami-
nation with modern DNA. For this reason, stringent criteria of authenticity for
analysis of ancient DNA were recently proposed, among them: work in physically
isolated areas, strict protocols to prevent contamination with modern DNA, the use
of negative controls, evaluation of reproducibility in different laboratories, cloning
and sequencing, and the study of associated remains (Coper 2002).

Mycobacteria are assumed to be better preserved than other bacteria due to the
resistant lipid-rich cell wall and the high proportion of guanine and cytosine in their
DNA, which increases its stability. M. fuberculosis are found only in the tissues of
an infected host, and the characteristic pathology induced by this strictly mammal-
ian pathogen tends to show residual microbial DNA contained in localized lesions.
These bacteria are, therefore, ideal microorganisms for studying ancient DNA and
were the first to be pursued. These investigations have answered important ques-
tions. They proved that TB is an ancient disease with a wide geographical distribu-
tion. The disease was widespread in Egypt and Rome (Zink 2003, Donoghue
2004); it existed in America before Columbus (Salo 1994, Konomi 2002, Soto-
mayor 2004), and in Borneo before any European contact (Donoghue 2004). The
carliest DNA-based documentation of the presence of M. tuberculosis complex
organisms was accomplished in a subchondral articular surface from an extinct
long-horned Pleistocene bison from Wyoming, US, which was radiocarbon-dated
at 17,870 +/- 230 years before the present (Rothschild 2001).

Another important achievement of the studies on ancient DNA was the confirma-
tion of the TB diagnosis in human remains that showed the typical pathology. My-
cobacterial DNA was detected in bone lesions in the spine of a male human skele-
ton from the Iron Age (400-230 BC), found in Dorset, United Kingdom (Taylor
2005); skin samples from the pelvic region of Andean mummies, carbon-dated
from 140 to 1,200 AD (Konomi 2002); and calcified pleura from 1,400 year-old
remains, found in a Byzantine basilica in the Negev desert (Donoghue 1998). DNA
techniques have also shown the presence of mycobacterial DNA, at a lower fre-
quency, in bones with no pathological changes, suggesting either dissemination of
the TB bacilli immediately prior to death or chronic milliary TB (Zink 2003).

Molecular methods other than PCR have also been used to demonstrate the pres-
ence of the tubercle bacillus in ancient remains, including mycolic acid analysis by
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high performance liquid chromatography (HPLC), which is used for authentication
of positive PCR findings in calcified pleura remains (Donoghue 1998). Spoligo-
typing is a PCR-based technique used for identification and typing of M. tuberculo-
sis complex bacteria (see Chapter 9). It is a valuable tool for the study of archeo-
logical material, especially when the DNA is highly fragmented, because fragments
as small as 55-60 bp long are sufficient to provide a positive result (Donoghue
2004). Spoligotyping was the method used to study the Plesitocene remains of a
bison (Rothschild 2001) and was also applied to a subculture of the original tuber-
cle bacillus isolated by Robert Koch, confirming its species identification as M.
tuberculosis rather than Mycobacterium bovis (Taylor 2003).

Until recently, the search for mycobacterial DNA in human archeological speci-
mens failed to find evidence of the presence of M. bovis, a member of the M. fu-
berculosis complex with a remarkably wide spectrum of susceptible mammalian
hosts, and once considered a putative ancestor of M. tuberculosis (Donoghue
2004). In an up to date publication, the identification of M. bovis DNA in South
Siberian human remains was confirmed by amplification of pnc4 and oxyR genes
and analysis of regions of difference (RD) (for a comprehensive review on differ-
entiation of species belonging to the M. tuberculosis complex, see Chapters 2 and
8). These findings were obtained from remains that showed skeletal evidence of
TB. Carbon-dated from 1,761 to 2,199 years ago, they seem to indicate that this
population was continuously exposed to wild or domesticated animals infected with
M. bovis, which could have been reservoirs for human infection (Taylor 2007).
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1.2. Phthisis/consumption

The patients suffer from a latent fever that begins towards evening and
vanishes again at the break of day. It is accompanied by violent coughing,
which expels thin purulent sputum. The patient speaks with a hoarse voice,
breathes with difficulty and has hectically flushed cheeks. The skin on the
rest of the body is ashen in color. The eyes have a weary expression, the
patient is gaunt in appearance but often displays astonishing physical or
mental activity. In many cases, wheezes are to be heard in the chest, and
when the disease spreads, sweating is seen on the upper parts of the chest.
The patients lose their appetite or suffer hunger pangs. They are often also
very thirsty. The ends of the fingers swell and the fingernails curve
greatly.

Caelius Aurelianus, 5th century AD (Herzog 1998)

The term phthisis (meaning consumption, to waste away) appeared first in Greek
literature. Around 460 BC, Hippocrates identified phthisis as the most widespread
disease of the times. It most commonly occurred between 18 and 35 years of age,
and was almost always fatal (www.tuberculosistextbook.com/link.php?id=1). He
even warned physicians against visiting consumptives in advanced stages of the
disease, to preserve their reputation! Although Aristotle (384-322 BC) considered
the disease to be contagious, most Greek authors believed it to be hereditary, and a
result, at least in part, of the individual's mental and moral weaknesses. Clarissi-
mus Galen (131-201 AD), the most eminent Greek physician after Hippocrates,
defined phthisis as an ulceration of the lungs, chest or throat, accompanied by
coughs, low fever, and wasting away of the body because of pus. He also described
it as a disease of malnutrition (Pease 1940).

The initial tentative efforts to cure the disease were based on trial and error, and
were uniformly ineffective. Heliotherapy was advocated as early as the 5" century
AD by Caclius Aurelianus. Roman physicians recommended bathing in human
urine, eating wolf livers, and drinking elephant blood. In the Middle Ages, it was
believed that the touch of the sovereigns of England and France had the power to
cure sufferers of the King’s Evil or scrofula (scrophula or struma) - the swellings of
the lymph nodes of the neck, frequently related to TB. Depending upon the time
and country in which they lived, patients were urged to rest or to exercise, to eat or
to abstain from food, to travel to the mountains or to live underground.
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1.3. The White Plague

Yet the captain of all these men of death that came against him to take him
away was consumption, for it was that that brought him down to the
grave.

The life and death of Mr. Badman, presented to the world in
a familiar dialogue between Mr. Wiseman and Mr. Attentive

John Bunyan, 1680

The TB epidemic in Europe, later known as the “Great White Plague”, probably
started at the beginning of the 17™ century and continued for the next 200 years.
Death from TB was considered inevitable and, by 1650, TB was the leading cause
of mortality. The high population density and poor sanitary conditions that charac-
terized the enlarging cities of Europe and North America at the time, provided the
necessary environment, not met before in world history, for the spread of this air-
borne pathogen. The epidemic spread slowly overseas by exploration and coloni-
zation.

TB existed in America before Columbus’ arrival but was rare among the natives.
The major outbreaks of TB among the native people of North America began in
1880, after they were settled in reservations or forced to live in barracks in prison
camps. Death rates increased rapidly, and by 1886, reached 9,000 per 100,000
people (Bates 1993).

TB was also rare among Africans who lived in small remote villages. When ex-
posed to the disease by contact with Europeans, these populations experienced a
high mortality rate. Africans taken as slaves were free from TB on arrival to the
Americas. Then, cases of sub-acute fatal TB developed among them. After their
liberation from slavery and movement into the cities, TB morbidity and mortality
rose quickly, reaching 700 per 100,000 in 1912 (Bates 1993).

There is also evidence of the presence of the disease in pre-historic Asia, but it was
only toward the end of the 19™ century that peaks in incidence were observed in
India and China.

In the 18" century, TB was sometimes regarded as vampirism. These folk beliefs
originated from two observations: firstly, following the death from consumption of
a family member, household contacts would lose their health slowly. This was
attributed to the deeds of the recently deceased consumptive, who returned from
the dead as a vampire to drain the life from the surviving relatives. Secondly, peo-
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ple who had TB exhibited symptoms similar to what people considered to be vam-
pire traits, such as red, swollen eyes, sensitivity to bright light, pale skin, and a
blood-producing cough. They "wasted away" and "lost flesh" and at the same time
remained active, and conserved a fierce will to live. This dichotomy of lust and
"wasting away" was reflected in the vampires' desire for "food", which forced them
to feed off living relatives, who, in turn, suffered a similar wasting away (Sledzik
1994).

Precise pathological and anatomical descriptions of the disease began to appear in
the 17" century. Franciscus Sylvius de la Boe of Amsterdam (1614-1672) was the
first to identify the presence of actual tubercles as a consistent and characteristic
change in the lungs and other areas of consumptive patients. In his Opera Medica,
published in 1679, he also described the progression of the lesions from tubercles
to ulcers and cavities. The Latin word tuber means all kinds of degenerative protu-
berances or tubercles.

The English physician Richard Morton (1637-1698) confirmed that tubercles
were always present in TB of the lungs. He believed that the disease had three
stages: inflammation (tubercle formation), ulceration, and phthisis. Both Sylvius de
la Boe and Morton regarded the disease as hereditary, although Morton did not rule
out transmission by intimate contact.

Gaspard Laurent Bayle (1774-1816) definitely proved that tubercles were not
products, or results, but the very cause of the illness. The name 'tuberculosis' ap-
peared in the medical language at that time in connection with Bayle's theory. More
precisely, the name 'tuberculosis' was coined in 1839 by the German professor of
Medicine Johann Lukas Schonlein (1793-1864), to describe diseases with tuber-
cles; but he considered scrofula and phthisis to be separate entities. These ideas
were also acknowledged by Giovanne Battista Morgagni in Padua (1682-1771)
and Rudolf Virchow in Berlin (1821-1902) (Herzog 1998). In contrast, René
Théophile Hyacinthe Laénnec (1781-1826) from Paris, inventor of the stetho-
scope, and the Viennese Karl von Rokitansky (1804-1878) emphasized the uni-
tary nature of both conditions.

The earliest references to the infectious nature of TB appeared in 17" century Ital-
ian medical literature. An edict issued by the Republic of Lucca in 1699 stated that,
"... henceforth, human health should no longer be endangered by objects remain-
ing after the death of a consumptive. The names of the deceased should be reported
to the authorities and measures undertaken for disinfection" (Herzog 1998).
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1.4. The discovery of the tubercle bacillus

Not bad air, not just a weakness of the infected human body’s immune
system, not any of the myriad theories that had filled the puzzled heads of
his audience all of their working lives...but a bacterium. Not just a bacte-
rium, but a bacillus the like of which had never been even suspected be-
fore, a most singular life form, with a frightening propensity to infect
every cat and chicken, pigeon and guinea pig, the white mice and rats,
oxen and even two marmosets, into which Koch had injected it.

The Forgotten Plague: How the War against Tuberculosis was Won - and Lost

Frank Ryan, 1992

The book De Morbus Contagiosus, written in 1546 by Girolamo Fracastoro
(1478-1553), explained the contagious nature of TB. He pointed out that bed sheets
and clothing could contain contagious particles that were able to survive for up to
two years. The word “particles” may have alluded to chemicals rather than to any
kind of living entity.

In his publication A New Theory of Consumptions, in 1720, the English physician
Benjamin Marten (1704-1722) was the first to conjecture that TB could be caused
by “minute living creatures", which, once they had gained entry to the body, could
generate the lesions and symptoms of phthisis. He further stated, that consumption
may be caught by a sound person by lying in the same bed, eating and drinking or
by talking together so close to each other as to “draw in part of the breath a con-
sumptive patient emits from the lungs”.

In 1865, the French military doctor Jean-Antoine Villemin (1827-1892) demon-
strated that consumption could be passed from humans to cattle, and from cattle to
rabbits. On the basis of this revolutionary evidence, he postulated that a specific
microorganism caused the disease. At this time William Budd (1811-1880) also
concluded from his epidemiological studies that TB was spread through society by
specific germs.

On the evening of March 24, 1882, in Berlin, before a skeptical audience composed
of Germany's most prominent men of science from the Physiological Society, Rob-
ert Koch (1843-1910) (www.tuberculosistextbook.com/link.php?id=2) made his
famous presentation Die Aetiologie der Tuberculose. Using solid media made of
potato and agar, Koch invented new methods of obtaining pure cultures of bacteria.
His colleague Julius Richard Petri (1852-1921) developed special flat dishes
(Petri dishes), which are still in common use, to keep the cultures. Koch also de-
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veloped new methods for staining bacteria, based on methylene blue, a dye devel-
oped by Paul Ehrlich (1854-1915)
(www.tuberculosistextbook.com/link.php?id=3), and counterstained with vesuvin.
"Under the microscope the structures of the animal tissues, such as the nucleus and
its breakdown products are brown, while the tubercle bacteria are a beautiful
blue", he wrote in the paper that followed his dramatic presentation that March
evening (Koch 1882).

He had brought his entire laboratory with him: his microscopes, test tubes, small
flasks with cultures, and slides of human and animal tissues preserved in alcohol.
Showing the presence of the bacillus was not enough. He wanted his audience to
note that bacteria were always present in TB infections and could be grown on
solidified serum slants, first appearing to the naked eye in the second week. Then,
he showed that, by inoculating guinea pigs with tuberculous material obtained from
lungs, intestines, scrofula or brains of people and cattle that have died from TB, the
disease that developed was the same, and cultures obtained from the experimental
animals were identical on the serum slopes. Koch continued his speech, proving
that whatever the dose and/or route he used, no matter what animal species he in-
oculated, the results were always the same. The animals subsequently developed
the typical features of TB. He concluded saying that “...the bacilli present in tu-
berculous lesions do not only accompany tuberculosis, but rather cause it. These
bacilli are the true agents of tuberculosis” (Kaufmann 2005).

Koch fulfilled the major prerequisites for defining a contagious disease that had, in
fact, been proposed by his former mentor Jacob Henle (1809-1885). The re-
knowned Koch's postulates (or Henle-Koch postulates) were then formulated by
Robert Koch and Friedrich Loeffler (1852-1915) in 1884, and finally polished and
published by Koch in 1890. The postulates consist of four criteria designed to es-
tablish a causal relationship between a causative microbe and a disease:

e The organism must be found in all animals suffering from the disease, but
not in healthy animals

e The organism must be isolated from a diseased animal and grown in pure
culture

e The cultured organism should cause disease when introduced into a healthy
animal

o The organism must be re-isolated from the experimentally infected animal.

In 1890, at the 10" International Congress of Medicine held in Berlin, Koch an-
nounced a compound that inhibited the growth of tubercle bacilli in guinea pigs
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when given both pre- and post-exposure. It was called 'tuberculin' and was prepared
from glycerol extracts of liquid cultures of tubercle bacilli. Clinical trials using
tuberculin as a therapeutic vaccine were soon initiated. The results were published
in 1891 and revealed that only few persons were cured, at a rate not different from
that of untreated patients. But, although results for treatment were disappointing,
tuberculin was proven valuable for the diagnosis of TB (Kaufmann 2005).

One of Koch’s papers (Koch 1891), describing the preparation and partial purifica-
tion of tuberculin served as the first description of the production of the partially
purified derivative (PPD) of tuberculin, presently used in the Mantoux test, also
known as the Tuberculin Skin Test, Pirquet test, or PPD test (see Chapter 13).

1.5. Sanatorium and initial therapies

...not for nothing was it famous far and wide. It had great properties. It
accelerated oxidization, yet at the same time one put on flesh. It was capa-
ble of healing certain diseases which were latent in every human being,
though its first effects were strongly favorable to these, and by dint of a
general organic compulsion, upwards and outwards, made them come to
the surface, brought them, as it were, to a triumphant outburst.

- Beg pardon -- triumphant?
- Yes; had he never felt that an outbreak of disease had something jolly
about it, an outburst of physical gratification?
The Magic Mountain [Der Zauberberg]
Thomas Mann, 1924
Translated from the German by H. T. Lowe-Porter, 1953

Dialogue between Hans Castorp and consul Tienappel

The introduction of the sanatorium cure provided the first widely practiced ap-
proach to anti-tuberculosis treatment. Hermann Brehmer (1826-1889) a Silesian
botany student suffering from TB, was instructed by his doctor to seek out a
healthier climate. He traveled to the Himalayas where he studied the mountain’s
flora. He returned home cured and began to study medicine. In 1854, he presented
his medical dissertation Tuberculosis is a Curable Disease. Brehmer then opened
an in-patient hospital in Gorbersdorf, where patients received good nutrition and
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were continuously exposed to fresh air. This became the model for all subsequent
sanatoria, including the one depicted in Thomas Mann’s The Magic Mountain.

A young doctor named Edward Livingston Trudeau (1848-1915) established the
most famous sanatorium in the United States at Saranac Lake, in New York's Adi-
rondak Mountains (http://www.trudeauinstitute.org/info/history/history.htm). He
also suffered from TB and, in 1882, became aware of Koch's experiments with TB
bacteria and of Brehmer's sanatorium. Trudeau established the Saranac Laboratory
for the Study of Tuberculosis. It was the first institution devoted to TB research in
the United States (US).

Sanatoria, increasingly found at that time throughout Europe and the US, provided
a dual function. Firstly, they protected the general population by isolating the sick
persons, who were the source of infection. Secondly, they offered TB patients bed-
rest, exercise, fresh-air, and good nutrition, all of which assisted the healing proc-
ess. Many of them improved and returned to "life in the flatland"; many did not.
The TB specialist, the phthisiologist, was responsible for the complete physical and
mental care of the patient and the separation of TB care from the practicing clini-
cian became commonplace.

Architectural features were essential to early sanatorium design (Figure 1-3). These
included deep verandas, balconies, covered corridors, and garden shelters, fur-
nished with reclining couches for the “Cure”, the obligatory two-hour period of rest
in the open air that was frequently observed in silence (Figure 1-4). Furniture for
TB patients had to be robust, able to be thoroughly cleaned and disinfected, and
shaped with a concern for the patient’s anthropometric needs.

Alvar Aalto (1898-1976), Jan Duiker (1890-1935) and Charles-Edouard Jean-
neret (Le Corbusier) (1887-1965) were modernist architects and designers that
adapted and interpreted the ideas of functionality and rationality derived from con-
cepts used in the treatment of TB, and their designs for buildings and furniture
became icons of modernism. Aalto won the competition of Architecture, Interior
Design and Furniture Design for the constuction of the Paimio Tuberculosis Sana-
torium in 1928, and Duiker designed the Zonnestraal Sanatorium. The symbolic
association of light and air with healing made a profound influence on modernist
ideas for design. Flat roofs, balconies, terraces and reclining chairs were subse-
quently adopted for the design of fashionable buildings in rapidly expanding cities
such as Paris and Berlin (Campbell 2005).
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Figure 1-4: Sanatorio Pineta del Carso. Bed-rest, fresh air and good nutrition were the hall-
marks of sanatorium cure.

Probably, it will never be known whether sanatorium treatment was a success or a
failure, because no study was undertaken comparing the rates of mortality of sana-
torium patients with those of TB patients who were similar in age, sex, and eco-
nomic position, but who remained untreated or were treated by other methods.
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Nevertheless, physicians with a long and intimate experience with the disease were
unanimous in the opinion that open-air treatment was an improvement for the aver-
age consumptive (McCarthy 2001).

During the early ’60s, many sanatoria started to close. By the middle of that decade
only a few beds remained available for patients suffering from TB. Yet, the real
end of the TB sanatorium began even earlier, when the depressing era of helpless-
ness in the face of advanced TB was substituted by active therapy.

The Italian physician Carlo Forlanini (1847-1918) discovered that the collapse of
the affected lung tended to have a favorable impact on the outcome of the disease.
He proposed to reduce the lung volume by artificial pneumothorax and surgery,
methods that were applied worldwide after 1913. These and other initial therapies
are now considered dangerous and, at least, controversial:

e Artificial pneumothorax - pleural cavities were filled with gas or filtered
air, with the result of splinting and collapsing that lung (Sharpe 1931).

¢ Bilateral pneumothorax - only parts of the lungs were collapsed in such a
way that the patient could still live a relatively normal live. The patient suf-
fered from shortness of breath caused by the reduction in the gas exchange
surface.

e Thoracoplasty - ribs from one side of the thorax were removed in order to
collapse the infected portion of the lung permanently (Samson 1950).

¢ Gold Therapy - Holger Mollgaard (1885-1973) from Copenhagen intro-
duced the compound sanocrysin in 1925, which is a double thiosulphate of
gold and sodium. He tested the compound on animals and considered it
safe for human use. However, it was too toxic even in low doses. A con-
trolled trial, completed in the US in 1934, proved the toxic effects of gold
therapy. Within a year, most European countries had ceased to use it (Be-
denek 2004).
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1.6. 19" and 20" centuries

There is a dread disease which so prepares its victim, as it were, for death,
which so refines it of its grosser aspect, and throws around familiar looks
unearthly indications of the coming change; a dread disease, in which the
struggle between soul and body is so gradual, quiet, and solemn, and the
result so sure, that day by day, and grain by grain, the mortal part wastes
and withers away, so that the spirit grows light and sanguine with its
lightening load, and, feeling immortality at hand, deems it but a new term
of mortal life; a disease in which death and life are so strangely blended,
that death takes the glow and hue of life, and life the gaunt and grisly form
of death; a disease which medicine never cured, wealth never warded off,
or poverty could boast exemption from; which sometimes moves in giant
strides, and sometimes at a tardy sluggish pace, but, slow or quick, is ever
sure and certain.

Nicholas Nickleby
Charles Dickens, 1870

When, in 1820, the poet John Keats (1795-1821) coughed a spot of bright red
blood, he told a friend, "It is arterial blood. I cannot be deceived. That drop of
blood is my death warrant. I must die". He died within a year, at just 25 years of
age. Keats never wrote specifically about phthisis, but his life and his works be-
came a metaphor that helped transform the physical disease "phthisis” into its
spiritual offspring, "consumption".

The central metaphor of consumption in the 19" century was the idea that the
phthisic body is consumed from within by its passions. Spes phthisica (spes - hope
+ phthisis - consumption) was a condition believed to be peculiar to consumptives
in which physical wasting led to a sense of well-being and happiness, an euphoric
blossoming of passionate and creative aspects of the soul. While the body expired
from phthisis, the prosaic human became poetic and the creative soul could be
released from the fevered combustion of the body. The paleness and wasting, the
haunted appearance, the burning sunken eyes, the perspiring skin - all hallmarks of
the disease - came to represent feminine beauty, romantic passion, and fevered
sexuality (Morens 2002).

In the 19™ century, it seemed as if everyone was slowly dying of consumption. The
disease became to be viewed in popular terms, first as romantic redemption (Figure
1-5), then as a reflection of societal ills (Figure 1-6) (Morens 2002). In Alexandre
Dumas’ tale “The Lady of the Camellias”, the heroine was a courtesan regenerated
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by love and made unforgettable by progressive consumption. It was adapted to the
theatre and the movies and also inspired Giuseppe Verdi’s opera “La Traviata”.
The plot develops around the consequences of the heroine’s scandalous past, which
prevents her marriage to an honorable youngster whose father objects to the rela-
tionship. Redemption is possible only through death, and, in taking her life, con-
sumption also serves as a vehicle for punishment.

Figure 1-5: Romantic view of TB: “The Lady of the Camellias” represented by Brazilian actress
Cacilda Becker under ltalian director Luciano Salce, in Sdo Paulo, Brazil (1952).

By 1896, the cause of consumption had been discovered, and TB was definitively
linked to poverty and industrial disfigurement, child labor, and sweatshops. A con-
tagious disease and shameful indicator of class, it was no longer easily romanti-
cized in conventional artistic terms. Giacomo Puccini’s “La bohéme” (1896) por-
trays TB in a new environment, affecting street artists struggling with poverty and
disease (Figure 1-6).

At the end of the 19" century, the association of TB with poor living conditions and
hygiene brought to life the differentiation and societal repulsion of diseased per-
sons, considered to be responsible for a social wickedness. Unlike the previous
image (sick people as victims), they began to be viewed as dangerous, because they
were capable of spreading the disease to those who did not share their living condi-
tions. TB was changed from a social disease to an individual one and the patient
was at the same time offender and victim of this social ailment.
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A list of famous people and celebrities who had, or are believed to have had TB is
available on Wikipedia at www.tuberculosistextbook.com/link.php?id=4 and at
www.tuberculosistextbook.com/link.php?id=5

Bohéme (Puccini) - Atto 11

Figure 1-6: Social aspect of TB: Second act of “La bohéme”, showing Quartier Latin, with a
great crowd on the street and sellers praising their wares.

After the establishment, in the *80s, that the disease was contagious, TB was made
a notifiable disease. A further significant advance came in 1895, when Wilhelm
Konrad von Rontgen (1845-1923) discovered X-rays
(www.tuberculosistextbook.com/link.php?id=6). After this, the progress and sever-
ity of a patient's disease could be accurately documented and reviewed.

At the beginning of the 20" century, public health authorities realized that TB was
preventable and that it was not directly inherited. Several associations were set up
to educate the community at large. Books educated people about bad food, bad air
and unhealthy drinking water. Public health reformers used illustrative posters and
stamps (see http://www.nlm.nih.gov/exhibition/visualculture/tuberculosis.html) as
a means of communication, advertisement, and persuasion. This new medium
quickly became an effective educational and fundraising tool in the widespread
campaign against TB.

Centralized official and/or non-governmental agencies for coordination and com-
munication were organized and called for conferences specifically focused on TB.
At the Central Bureau for the Prevention of Tuberculosis, which was formalized in
Berlin in 1902, Dr. Gilbert Sersiron suggested that, as the fight against TB was a
crusade, it would be appropriate to adopt the emblem of a crusader, the Duke of
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Lorraine. Godfrey of Bouillon (1060-1100), Duke of Lorraine, was the first Chris-
tian ruler of Jerusalem and his banners bearing the double-barred cross signified
courage and success to crusaders. Dr. Sersiron's recommendation was adopted and
the double-barred cross became the worldwide symbol of the fight against TB
(Figure 1-7).

Figure 1-7: double-barred cross, symbol of anti-tuberculosis crusade

Periodic international conferences systematically addressing clinical, research and
sociological aspects of TB were held until the outbreak of World War I in 1914.
After the war, in 1920, a conference on TB was held in Paris with participation of
delegates from 31 countries, among them Australia, Bolivia, Brazil, Chile, China,
Colombia, Cuba, Guatemala, Japan, Panama, Paraguay, Iran and Thailand, in addi-
tion to those of Europe and North America, thus establishing the International Un-
ion Against Tuberculosis and Lung Disease (IUATLD,
http://www.iuatld.org/index_en.phtml) in its present form.

With Edward Jenner’s (1749-1823) successful invention, showing that infection
with cowpox would give immunity against smallpox in humans, many doctors
placed their hopes on the use of M. bovis — the agent that causes bovine TB — for
the development of a vaccine against human TB. However M. bovis was equally
contagious in humans. From 1908 until 1919, Albert Calmette (1863-1933)
(http://www.pasteur.fr/infosci/archives/cal0.html) and Camille Guérin (1872-
1961) (http://www.pasteur.fr/infosci/archives/gue0.html) in France serially passed
a pathogenic strain of M. bovis 230 times, resulting in an attenuated strain called
Bacille Calmette-Guérin or BCG, which was avirulent in cattle, horses, rabbits, and
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guinea pigs. BCG was first administered to humans in 1921 and it is still widely
applied today (see Chapter 10).

Then, in the middle of World War II, came the final breakthrough, the greatest
challenge to the bacterium that had threatened humanity for thousands of years -
chemotherapy. In 1943, streptomycin, a compound with antibiotic activity, was
purified from Streptomyces griseus by Selman A. Waksman (1888-1973)
(www.tuberculosistextbook.com/link.php?id=7) and his graduate student Albert
Shatz (1920-2005) (Shatz 1944a). The drug was active against the tubercle bacillus
in vitro (Schatz 1944b) and following infection of guinea pigs (Feldman 1944). It
was administered to a human patient at the end of 1944 (Hinshaw 1944). Two pio-
neering clinical studies were conducted on the treatment of TB patients with strep-
tomycin, one in Europe and the other in the US (Medical Research Council 1948,
Pfuetze 1955). A considerable improvement in the disease was observed in patients
on streptomycin therapy, but after the first months, some patients began to deterio-
rate and these pioneering studies properly interpreted such treatment failure as a
consequence of development of resistance to the drug.

In 1943, Jorgen Lehmann (1898-1989) wrote a letter to the managers of a phar-
maceutical company, Ferrosan, suggesting the manufacture of the para-amino salt
of aspirin because it would have anti-tuberculous properties (Ryan 1992). The
Swedish chemist based his theory on published information, stressing the avidity of
tubercle bacilli to metabolize salicylic acid. He realized that by changing the
structure of aspirin very slightly, the new molecule would be taken up by the bacte-
ria in just the same way, but would not work like aspirin and would rather block
bacterial respiration. Para-aminosalicylic acid (PAS) was produced and first tested
as an oral therapy at the end of 1944. The first patient treated with PAS made a
dramatic recovery (Lehmann 1964). The drug proved better than streptomycin,
which had nerve toxicity and to which M. tuberculosis could easily develop resis-
tance.

In the late ’40s, it was demonstrated that combined treatment with streptomycin
and PAS was superior to either drug alone (Daniels 1952). Yet, even with the com-
bination of the two drugs, TB was not defeated. Overall, about 80 % of sufferers
from pulmonary TB showed elimination of their germs; but 20 % were not cured,
especially those with extensive disease and cavitation (Ryan 1992).

Two further findings were very important for TB treatment. Firstly, between 1944
and 1948, the action of nicotinamide on the TB bacillus was discovered by two
different groups, but this discovery was not widely appreciated at the time. Sec-
ondly, in 1949, reports stated that the Germans had treated some 7,000 tuberculous
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patients with a new synthetic drug of the thiosemicarbazone series (Conteben),
developed by Gerhard Domagk (1895-1964)
(www.tuberculosistextbook.com/link.php?id=8), the discoverer of the first sul-
phonamide (McDermott 1969). There is a remarkable similarity between the
atomic structures of nicotinamide, Conteben, and PAS. Conteben and PAS both
contain a chemical ring of six carbon atoms, the benzene ring, while nicotinamide
contains the pyridine ring in which an atom of nitrogen replaces one of the carbon
atoms (Fox 1953). Thus, by substituting the benzene ring in thiosemicarbazone by
this pyridine ring, a new drug, isoniazid, was developed. By mere coincidence, this
was accomplished simultaneously in three pharmaceutical companies — one in
Germany (Bayer) and two in the US (Squibb and Hoffman La Roche). Isoniazid
was soon submitted for clinical testing and because of the favorable impact of its
administration on disease evolution, the lay press headlines already told the story of
the “wonder drug” before any scientific paper was published (Ryan 1992). How-
ever, none of the three pharmaceutical companies could patent the new drug, be-
cause it had already been synthesized back in 1912 by two Prague chemists, Hans
Meyer and Joseph Mally, as a requirement for their doctorates in chemistry. Nev-
ertheless, while clinical studies were still underway, six studies showed that M.
tuberculosis readily became resistant to isoniazid (Ryan 1992).

In the view of many doctors in those early stages of chemotherapy, the role for
drug therapy was to bring the disease under sufficient control to allow surgeons to
operate the diseased organs. John Crofton (1912-)
(www.tuberculosistextbook.com/link.php?id=9), working at the University of Ed-
inburgh, developed a protocol that resulted in a breakthrough in TB treatment and
control. With his “Edinburgh method” based on meticulous bacteriology and appli-
cation of the available chemotherapy, a 100 percent cure rate for TB was a reason-
able objective. With the success rate obtained by using three drugs together,
(streptomycin, PAS, and isoniazid) TB was completely curable, making surgical
treatment redundant.

Dr. Crofton believed that the conquest of the disease would also imply other meas-
ures, such as pasteurization of milk, tuberculin testing in cattle, BCG vaccination,
mass radiography screening for early diagnosis of disease, isolation of infectious
cases, and general population measures, including reduction of overcrowding and
general improvement of the standard of living.

The “Madras Experiment” was carried out in India in 1956 to test a totally different
concept of therapy, by comparing the results of treatment in a sanatorium with
treatment at home with daily PAS and isoniazid for a year. After a 5-year period of
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follow up, the proportion of persons clear of disease in the two groups was similar
and approached 90 %.

The spirit of optimism that followed was encouraged by the discovery of a series of
new anti-tuberculosis drugs. The drug company Lepetit discovered that the mold
Streptomyces mediterranei produced a new antibiotic, Rifamycin B. Chemical
manipulation of this compound by CIBA resulted in the production of rifampicin,
which has a remarkable potency against M. tuberculosis. Other compounds with
anti-tuberculosis activity were discovered: pyrazinamide, ethambutol, cycloserine,
and ethionamide.

At the end of the ’70s, the primary care of TB patients moved from specialized
institutions to general hospitals and ambulatory care services. At that time, many
hospitals were reluctant to assume such responsibility for fear of spreading the
disease to other patients and to hospital personnel. To overcome their apprehen-
sion, rational safety measures were introduced for the provision of primary care to
TB patients in those settings. Earlier studies on TB transmission performed by
Wells and Riley provided an insight into the characteristics of TB transmission and
set the basis for its containment (Gunnels 1977, see Chapter 11). By applying the
experimental design of his mentor William Firth Wells, Richard Riley pioneered
the study that first documented the role of the droplet nuclei in the transmission of
TB (Riley 1962). The experiments were carried out using guinea pigs lodged in
chambers above wards where TB patients were hospitalized. Only particles small
enough to be carried by the air reached the animals, which, as a result of the inha-
lation of these particles, became infected with the same strains as those infecting
the patients. This could be confirmed by comparison of drug susceptibility patterns.

Indeed, the conclusions of those investigations still stand strong. During coughing,
sneezing, talking or singing, sputum smear-positive TB patients can eliminate large
or small droplets of moisture containing viable bacilli. Large droplets tend to settle
quickly onto the floor and, if inhaled, are trapped in the upper airways and de-
stroyed by local mucocilliary defenses. Smaller droplets (1-10 pm) remain sus-
pended in the air for prolonged periods of time. Evaporation of moisture leaves a
residue — the droplet nucleus. This frequently contains only one or a few bacteria,
which are the infectious units of TB. It was thus established that the risk of TB
transmission is proportional to the concentration of droplet nuclei in the environ-
ment.

Infectivity was also found to be associated with environmental conditions and the
characteristics of the disease in each individual case, such as the bacillary content
of sputum, the presence of cavitation, the frequency of cough, and the presence of
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laringeal TB (see Chapter 11). Therapy with anti-tuberculosis drugs was identified
as the most effective measure for controlling patient’s production of infectious
particles and thus readily reversing infectivity (Gunnels 1977). Therefore, patients
should only require isolation while they were sputum positive and before initiation
of specific therapy. Hospitalization was either abolished or reduced to a few weeks
for most patients (Kaplan 1977). Once a patient’s diagnosis and treatment program
had been defined, physicians who had no particular expertise in chest medicine
could maintain a quality treatment program in most instances. That was the end of
the phthisiologist’s era.

1.7. A global health emergency
= Someone in the world is newly infected with TB bacilli every second.

= Overall, one-third of the world's population is currently infected with
the TB bacillus.

»  5-10 % of people who are infected with TB bacilli (but who are not
infected with HIV) become sick or infectious at some time during their
life. People with HIV and TB infection are much more likely to de-
velop TB.

World Health Organization
Fact sheet N°104
Revised March 2006

In Europe and in the US, the general improvement in public health helped to reduce
the burden of TB well before the arrival of specific drugs. TB program activities,
reinforced by successful chemotherapy, resulted in a pronounced reduction of in-
fection and death rates. The disease became greatly controlled but it never quite
disappeared. Then, in around 1985, cases of TB began to rise again in industrial-
ized countries. Several inter-related forces drove this resurgence, including increase
in prison populations, homelessness, injection drug use, crowded housing and in-
creased immigration from countries where TB continued to be endemic. Above all,
the decline in TB control activities and the human immunodeficiency vi-
rus/acquired immunodeficiency syndrome (HIV/AIDS) epidemic were two major
factors fueling each other in the reemergence of TB.

TB programmes had become loose in industrialized countries because the disease
was considered close to elimination. A study performed in 1991 showed that 89 %
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of 224 patients discharged on TB treatment were lost to follow-up and failed to
complete therapy. More than a quarter were back in hospital within a year, still
suffering from TB (Brudney 1991). This study reflected the occurrence of incon-
sistent or partial treatment, which was going on everywhere (Clancy 1990). Pa-
tients cease to take all their medicines regularly for the required period for different
reasons: they start to feel better, doctors and health workers prescribe the wrong
treatment regimens, or the drug supply is unreliable. Uncompliance frequently
results in the emergence of bacteria resistant to drugs and ultimately in the emer-
gence of a “superbug”, resistant to all effective drugs (Iseman 1985). Multidrug-
resistant TB, or MDR-TB, refers to M. tuberculosis isolates that are resistant to at
least both isoniazid and rifampicin, the two most powerful anti-tuberculosis drugs.
MDR-TB takes longer to treat with second-line drugs, which are more expensive
and have more side-effects (see Chapters 18 and 19).

In the early ’90s, an extensive outbreak of highly resistant TB affected more than
350 patients in New York City. The strain was resistant to all first-line anti-
tuberculosis drugs and almost all patients had HIV/AIDS. The hospital environ-
ment was the setting where more than two thirds of the patients acquired and
transmitted the infection. As a consequence, this outbreak affected mainly HIV-
infected patients and health care workers (Frieden 1996). At that time, New York
City became the epicenter of drug-resistant TB, where one in three new cases were
found resistant to one drug and one in five to more than one drug. Important
HIV/AIDS related hospital outbreaks of MDR-TB similar to the one occurred in
New York were described also in non-industrialized countries like Argentina (Ri-
tacco 1997).

Indeed, the HIV/AIDS epidemic has produced a devastating effect on TB control
worldwide. While one out of ten immunocompetent people infected with M. tuber-
culosis will fall sick in their lifetimes, among those with HIV infection, one in ten
per year will develop active TB. In developing countries, the impact of HIV infec-
tion on the TB situation, especially in the 20-35 age group, is overwhelming.

While wealthy industrialized countries with good public health care systems can be
expected to keep TB under control, in much of the developing world a catastrophe
awaits. In poorly developed countries, TB remains a significant threat to public
health, as incidences remain high, even after the introduction of vaccination and
drug treatment (Murray 1990). The registered number of new cases of TB world-
wide roughly correlates with economic conditions: highest incidences are seen in
the countries of Africa, Asia, and Latin America with the lowest gross national
products (see Chapter 7).
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Supervised treatment, including sometimes direct observation of therapy (DOT),
was proposed as a means of helping patients to take their drugs regularly and com-
plete treatment, thus achieving cure and preventing the development of drug resis-
tance. The Directly-Observed Treatment, Short-course (DOTS,
http://www.who.int/tb/dots/whatisdots/en/index.html) strategy was promoted as the
official policy of the WHO in 1991 (see Chapter 7).

The World Health Organization estimates that eight million people get TB every
year, of which 95% live in developing countries. An estimated two million people
die yearly from TB. World Health Organization (http://www.who.int/tb/en) de-
clared TB a global health emergency in 1993 (World Health Organization 2006).

In 1998, the IUATLD joined with the WHO and other international partners to
form the Stop TB Initiative, a defining moment in the re-structuring of global ef-
forts to control TB. The original Stop TB Initiative has evolved into a broad Global
Partnership, Stop TB Partnership (http://www.stoptb.org), with partners gathered in
Working Groups to accelerate progress in seven specific areas: DOTS Expansion,
TB/HIV, MDR-TB, New TB Drugs, New TB Vaccines, New TB Diagnostics, and
Advocacy, Communications and Social Mobilization.

The World Health Assembly of 2000 endorsed the establishment of a Global Part-
nership to Stop TB and the following targets:

e By 2005: 70% of people with infectious TB will be diagnosed and 85% of
them cured.

e By 2015: the global burden of TB disease (deaths and prevalence) will be
reduced by 50% relative to 1990 levels.

e By 2050: The global incidence of TB disease will be less than one per mil-
lion population (elimination of TB as a global public health problem)

In spite of these global efforts, TB continues to pose a dreadful threat. A notorious
example is the sudden emergence in 2005, in a rural hospital located in Kwa-Zulu-
Natal, a South African province, of a deadly form of TB associated with
HIV/AIDS. This outbreak illustrates the devastating potential of what came to be
called extensively drug resistant TB (XDR-TB) (Gandhi 2006). XDR-TB was de-
fined as MDR-TB with further resistance to second-line drugs (see Chapter 19).
XDR-TB can develop when these second-line drugs are also misused or misman-
aged and, therefore, also become ineffective (Raviglione 2007). The menace of
XDR-TB is not restricted to that remote African setting. A recent survey, per-
formed by 14 supra-national laboratories, on drug susceptibility testing results from
48 countries confirmed this. From 19.9 % of identified MDR-TB isolates, 9.9 %
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met the criteria for XDR-TB. These isolates originated from six continents, con-
firming the emergence of XDR-TB as a serious worldwide public health threat
(Shah 2007).

Nowadays, treating TB is feasible and effective, even in low income countries, if
based on reliable public health practice, including good laboratory infrastructure,
appropriate treatment regimens, proper management of drug side-effects and re-
sources to maintain adherence and prevent spread. The emergence of XDR-TB
should stimulate the improvement of these basic control measures.

It is also crucially important to intensify research efforts devoted to developing
effective TB vaccines, as well as shortening the time required to ascertain drug
sensitivity, improving the diagnosis of TB, and creating new, highly effective anti-
tuberculosis medications. Without supporting such efforts, we still run the risk of
losing the battle against TB.

Disease names related to different clinical forms of TB

Name Clinical form

Phthisis Original Greek name for TB
Lung Sickness B

Consumption B

Lupus vulgaris TB of the skin

Mesenteric disease TB of the abdominal lymph nodes
Pott’s disease TB of the spine

Scrofula TB of the neck lymph nodes
King’s evil TB of the neck lymph nodes
White Plague TB especially of the lungs
White swelling TB of the bones

Milliary TB Disseminated TB

Acknowledgement: This chapter is dedicated to Professor Pino Pincherle (1893-1996),
radiologist, founder and director of the Sanatorio Pineta del Carso in Trieste, Italy. Since the
establishment of the Sanatorium, in 1933, Professor Pincherle was responsible for all
physiotherapy treatment and radiologic exams, but after only five years he was compelled to
sell his part in the Sanatorium due to racial laws. In 1939 the family emigrated to Brazil. He
is the grandfather of Sylvia Cardoso Ledo, author of this chapter.
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Chapter 2: Molecular Evolution of the Mycobacte-
rium tuberculosis Complex

Nalin Rastogi and Christophe Sola

2.1. A basic evolutionary scheme of mycobacteria

Mycobacteria are likely to represent a very ancient genus of bacteria. Probably, the
Mycobacterium genus originates from a common ancestor whose offspring spe-
cialized in the process of colonizing very different ecological niches. The evolu-
tionary relationships between organisms of the genus Mycobacterium have been
investigated on the basis of the analysis of derived similarities (“shared derived
traits”, synapomorphies).

Since no contemporary living species may directly stem from another contempo-
rary species, it is advisable to speak of «common ancestors», by building clado-
grams rather than genealogical trees when comparing a monophyletic group. Such
cladistic analysis (the word clade is derived from the ancient Greek kAddoc, klados,
meaning branch) forms an ideal basis for modern systems of biological classifica-
tion. Cladograms so generated are invariably dependent on the amount of informa-
tion selected by the researcher.

An ideal approach takes into account a wide variety of information in order to form
a natural group of organisms (clade) which share a unique ancestor that is not
shared with other organisms on the tree, i.e., each clade comprises a series of char-
acteristics specific to its members (synapomorphies), and absent from the group of
organisms from which it diverged. Such distinction involves the notion of out-
groups (organisms that are closely related to the group but not part of it). The
choice of an outgroup constitutes an essential step, since it can profoundly change
the topology of a tree. Similarly, much attention is needed to distinguish between
characters and character states prior to such analysis (e.g., “blue eyes” and
“black eyes” are two character states of the character “eye-color”). A character
state of a determined clade which is also present in its outgroups and its ancestor is
designated as plesiomorphy (meaning “close form”, also called ancestral state).
The character state which occurs only in later descendants is called an apomorphy
(meaning “separate form”, also called the “derived” state). As only synapomor-
phies are used to characterize clades, the distinction between plesiomorphic and
synapomorphic character states is made by considering one or more outgroups.

A collective set of plesiomorphies is commonly referred to as a ground plan for
the clade or clades they refer to; and one clade is considered basal to another if it
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holds more plesiomorphic characters than the other clade. Usually, a basal group is
very species-poor in comparison to a more derived group. Thus, conservative
(apomorphic) branches, defined as anagenetic branches represent species whose
characteristics are closer to those of the ancestor than others.

Possibly, the founder of the genus Mycobacterium was a free-living organism and
today’s free-living mycobacterial species (and also some saprophytic species?)
represent the conservative branches of founding mycobacteria. The more distant
organisms are probably the ones that live in association with various multicellular
organisms. It has been suggested that the mycobacteria that created a long-lasting
association with marine animals (probably placoderms) are at the root of this phy-
logenetic branch. Thus, Mycobacterium marinum would stem from the conserva-
tive branch, whereas other vertebrate-associated mycobacteria would build the
anagenetic branch. Grmek speculates that the association of a mycobacterial spe-
cies with a marine vertebrate may have occurred during the superior Devonian (300
million years ago) (Grmek 1994). Figure 2-1 shows the phylogenetic position of
the Mycobacterium tuberculosis complex species within the genus Mycobacterium
based on a tree of the gene coding for the 16S ribosomal ribonucleic acid (rRNA).
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Figure 2-1: Phylogenetic position of the tubercle bacilli within the genus Mycobacterium (re-
produced with permission from Gutierrez et al. 2005)
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In the past, mycobacterial systematics used to rely on phenotypic characters; more
recently, however, genetic techniques have boosted taxonomic studies (Tortoli
2003). The first natural characters used to distinguish between mycobacterial spe-
cies were growth rate and pigmentation. Rapid growers (< 7 days) are free, envi-
ronmental, saprophytic species, whereas slow growers are usually obligate intra-
cellular, pathogenic species. The slow-fast grower division, which virtually always
relies on the possession of one or two rRNA operons (rrn operon) (Jy 1994), was
shown to be phylogenetically coherent (Stahl 1990, Devulder 2005).

In the *50s, the hypothesis of co-evolution, or parallel evolution, between hosts and
mycobacteria looked no more likely than the alternative hypothesis of «multiple,
casual (furtive) introductions» of various saprophytes into different hosts. The
traditional epidemiological belief for tuberculosis (TB) is that the anthropozoonosis
due to M. tuberculosis may find its origin in a zoonotic agent, i.e., Mycobacterium
bovis (Cockburn 1963). This view is still sustained by some authors (Smith 2006a).
However, genetics brought some new clues into the debate (Brosch 2002). For
example, the sequencing of the Mycobacterium leprae genome, by its defective
nature, confirmed the previous history-driven hypothesis that M. leprae was a
younger pathogen than M. tuberculosis (Cole 1998, Cole 2001). In the case of the
M. tuberculosis complex, comparative genomics has also shown that the M. bovis
genome is smaller than the M. tuberculosis genome, opening the way to a new
scenario for the evolution of the tubercle bacillus (Brosch 2002). M. bovis genomic
reduction (loss of genes) indeed suggests that it could be a younger pathogen than
M. tuberculosis or, in other words, that human TB disease preceded bovine disease
(Brosch 2002, Cockburn 1963). Figure 2-2 shows that the common ancestor of
members of the M. tuberculosis complex is close to three of its branches: “Myco-
bacterium canettii’, Mycobacterium africanum and the ancestral East-African-
Indian (EAI) clade. However, according to Smith et al., “until it is demonstrated
that strains of M. africanum subtype I can be maintained in immunocompetent
cells, the host-association of the most recent common ancestor of the M. tuberculo-
sis complex remains unsolved” (Smith 2006b).
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Figure 2-2: Scheme of the proposed evolutionary pathway of the M. tuberculosis bacilli illus-
trating successive loss of DNA in certain lineages (reproduced with permission from Brosch et
al. 2002)

Ancient humans, bovids and mastodons experienced erosive diseases caused by M.
tuberculosis. As an alternative to the classical hypothesis of TB spread being
driven by human migration, bovids, mastodons, or simply diet might well be con-
sidered to be the natural epidemiological vehicle of TB. In this way, a poorly
pathogenic environmental or animal Mycobacterium spp. would have progressively
acquired some human-specific virulence traits (Rotschild 2001, Rotschild 2006a).
The association of hyperdisease and endemic stability may have promoted a
smooth and long-term transition from zoonosis to anthropozoonosis (Coleman
2001, Rotschild 2006b). Other complex anthropological parameters, such as the
history of agriculture and livestock domestication, may also have been mediators of
TB spread (Smith 1995, Bruford 2003). In this sense, it is also logical to compare
the pathogenicity of the various M. tuberculosis complex members in various host
species. Interestingly, it has been observed that M. africanum apparently elicits a
more attenuated T cell response to the 6 kiloDalton (kDa) early secreted antigen
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(ESAT-6) than M. tuberculosis in patients with TB. M. africanum could thus be
considered to be an opportunistic human pathogen. If confirmed, these findings are
new evidence that strain differences affect human interferon-based T cell responses
(de Jong 2006). Strain-related differences in lymphokine (including interferon-
gamma) response in mice with experimental infection were also reported in 2003
(Lopez 2003).

2.2. M. tuberculosis complex population molecular genetics

Until recently, the question of individual genetic variation within the M. tuberculo-
sis complex gained little attention and most research on M. tuberculosis was or-
ganism- rather than population-centered. The advent of molecular methods, and
their widespread use in population studies, introduced both new conceptual and
new technological developments. The inference of phylogenies from molecular
data goes back to the early *90s with the development of software such as PHYLIP
and PAUP (Felsenstein 1993, Swofford 1990, Swofford 1998). In particular, the
study of the M. tuberculosis complex phylogeny closely followed the development
of increasing numbers of sophisticated genotyping methods. The way was opened
by M. tuberculosis fingerprinting by restriction fragment length polymorphism
based on insertion sequence IS6770 (IS6110 RFLP) (van Embden 1993). However,
the use of IS6770 RFLP in evolutionary genetics discovery was of limited value for
many reasons:

e fast variation rate of this evolutionary marker (de Boer 1999)

e complexity of forces driving its transposition and risk of genetic conver-
gence (Fang 2001)

e nature of experimental data produced which requires sophisticated soft-
ware for analysis

e difficulty to build large sets of data (Heersma 1998, Salamon 1998)

The discovery in 1993 of the polymorphic nature of the Direct Repeat (DR) locus,
and the subsequent development of the spoligotyping method based on DR locus
variability, introduced more modern concepts and tools for M. tuberculosis com-
plex genotyping (Groenen 1993, Kamerbeek 1997). Our research group bet that the
highly diverse signature patterns observed by spoligotyping could indeed contain
phylogenetical signals, and the construction of a diversity database was started de
novo (Sola 1999). Today, a total of 62 M. tuberculosis complex clades/lineages are
detailed in the Fourth International Spoligotyping Database (SpolDB4) which de-
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scribes 1,939 shared-types representing a total of 39,295 M. tuberculosis strains
from 122 countries (Brudey 2006). This database is available on the internet at
SITVIT (http://www.pasteur-guadeloupe.fr:8081/SITVITDemo). Some of the ma-
jor M. tuberculosis complex clades and their spoligotype signatures are described
below under section 2.9. The assumption that the DR locus was neutral still re-
mains speculative; however, the finding of other clustered regularly interspersed
palindromic repeats (CRISPR) loci in both Archae and Bacteriae has become a hot
issue (Jansen 2002, Pourcel 2005, Makarova 2006). Spoligotyping was immedi-
ately followed by the discovery of tandem repeat loci in the M. tuberculosis com-
plex and the Variable Number of Tandem Repeats (VNTR) genotyping technique
(Frothingham 1998). Later, the Mycobacterial Interspersed Repetitive Units
(MIRU) technique (Supply 2001) was developed, which is also designated as Mul-
tiple Locus VNTR analysis (MLVA). Multi-Locus Sequence Typing (MLST) was
introduced as an alternative method (Baker 2004). More recently, systematic Single
Nucleotide Polymorphism (SNP) genotyping (Filliol 2006, Gutacker 2006) was
described followed by Large Sequence Polymorphism (LSP), the latter performed
either by microarray or real-time Polymerase Chain Reaction (PCR) (Mostowy
2002, Tsolaki 2005).

2.3. Co-evolution of M. tuberculosis with its hosts

Simulation models reported in 1988 suggested that a social network with a size of
180 to 440 persons is required for TB to occur with endemicity. In such conditions,
host-pathogen coexistence would be maintained in populations (McGrath 1988).
The concept of endemic stability, already mentioned above, suggests that an infec-
tious disease may reach an epidemiological state in which the clinical disease is
scarce, despite high levels of infection in the population (Coleman 2001). Clearly,
this concept may apply to TB since it is most likely to have been a vertically trans-
mitted disease before being responsible for large outbreaks.

The question of how many isolated communities of between 180 to 440 persons
may have experienced, sequentially or concomitantly, the introduction of one or
more founding genotypes of M. tuberculosis complex (each one with its own spe-
cific virulence), in other words, how TB was “seeded” is of paramount importance.
To provide the initial conditions of a dynamic epidemic system we must understand
how these early founding genotypes spread in low demographic conditions. Today,
we can observe a phylogeographically structured global epidemic, built as a result
of millennia of evolution. Some clones are extinct, others have an increased risk of
emergence (Tanaka 2006). The evolution rate of TB is likely to have been succes-
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sively slow (human and cattle migration and low endemicity or hyperendemicity
but little or no disease), then moderate (five centuries of post-Columbus sail-based
migration) with important anthropological changes that may have created bursting
conditions linked to demographic growth and migration, and lastly, fast (since the
introduction of air transportation), i.e. within the five decades of increasing move-
ments of strains and people, concomitantly to new outbreaks in demographically
active and resource-poor countries where the great majority of cases is now pres-
ent.

Consequently, the worldwide bacterial genetic snapshot of the TB epidemic is the
result of a combination of slow, medium, and fast evolving superimposition pic-
tures of various outbreak histories. Such a jigsaw puzzle will be difficult, if not
impossible, to reconstruct. However, looking for rare and isolated genotypes, which
may have undergone a slower evolution, as well as searching for ancient desoxyri-
bonucleic acid (DNA) may constitute two complementary scientific strategies in
attempting to reach this goal.

One recent success of the first strategy is exemplified by the finding of a peculiar
highly genetically diverse “M. canettii” in the Horn of Africa. “M. canettii” was
likely to be the most probable source species of the M. tuberculosis complex, rather
than just another branch of it (Fabre 2004). Further results confirm that, despite its
apparent homogeneity, the “M. canettii” or “M. prototuberculosis” genome is a
composite assembly resulting from horizontal gene transfer events predating clonal
expansion. The large amount of synonymous single nucleotide polymorphism
(sSNP) variation in housekeeping genes found in these smooth strains of “M. pro-
totuberculosis” suggests that the tubercle bacilli were contemporaneous with early
hominids in East Africa, and may have thus been evolving with their human host
much longer than previously thought. These results open new perspectives for
unraveling the molecular bases of M. tuberculosis evolutionary success (Gutierrez
2005).

The second strategy has also provided interesting results that support the notion of
TB’s ancient origin. The isolation and characterization of ancient M. tuberculosis
DNA from an extinct bison, dated 17,000 years B.C., suggest the presence of TB in
America in the late Pleiostocene (Rotschild 2001). The extensive infection of many
individuals of the Mammut americanum species with the M. tuberculosis agent also
suggests that, apart from Homo sapiens, mastodons and bovids may have spread
the disease during the Pleistocene (Rotschild 2006a, Rotschild 2006b). When
looking at human remains, several DNA studies served to trace back the presence
of TB to Egyptian mummies, where M. tuberculosis and also M. africanum geno-
types were identified (Zink 2003). Figure 2-3 shows an ancient Egyptian clay arte-



60 Molecular Evolution of the Mycobacterium tuberculosis Complex

fact with a traditional kyphosis suggestive of Pott’s disease. The presence of TB in
America before the arrival of the Spanish settlers is also well demonstrated both by
paleopathological evidence and studies on ancient DNA (Salo 1994, Arriaza 1995).
Recent paleopathological evidence also suggests the presence of leprosy and TB in
South East Asian human remains from the Iron Age (Tayles 2004). Taken together,
these results may argue that the limited number of different genogroups that we
observe today are likely to stem from those that were seeded in the past, have re-
mained isolated by distance during millennia, and have had time to co-evolve inde-
pendently before gaining reasonable statistical chances to meet.

Figure 2-3: Egyptian clay artefact of an emaciated man with a characteristic angular kyphosis
suggestive of Pott’s disease (reproduced from TB, Past, Present, 1999, TB Foundation)
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2.4. M. tuberculosis through space and time

The concept of phylogeography was originally introduced by Avise (Avise 1987),
as “the history of processes that control the geographic distribution of genes and
lineages by constructing the genealogies of populations and genes”. The term was
introduced as a way to bridge population genetics and molecular ecology and to
describe geographically structured signals within species. This concept might well
be applied to studies on the global spread of M. tuberculosis through time. If the
ancestor of M. tuberculosis adapted specifically and slowly to human beings, it
may have had the time to develop, via an extreme clonality, a deeply rooted and
peculiar phylogeographical structure reflecting both the demographic history and
the history of TB spread.

The geographic distribution of bacteriophage types was the only method to detect
the geographic subdivision of the M. tuberculosis complex species during the *70s
and the *80s (Bates 1969, Sula 1973); however, no phylogenetic relationships could
be inferred at that time using mycobacteriophages. A numerical analysis of M.
africanum taxonomy also suggested differences between isolates from West and
East Africa (David 1978). The naming of two M. africanum variants (subtype I and
IT) created confusion and the status of M. africanum as a homogeneous sub-species
of M. tuberculosis complex is still uncertain. The existence of some major geo-
graphical and epidemiological significant genetic variants of the M. tuberculosis
complex was also recognized as early as 1982 (Collins 1982). Among these were
the Asian, the bovine and the classical variants, in addition to africanum 1 and
africanum 11 variants.

Lateral genetic transfer was presumed to be minor in M. tuberculosis, and the clo-
nal structure of the M. tuberculosis complex was formally demonstrated by the
finding of strong linkage disequilibrium within MIRU loci (Supply 2003). Only
recently has the issue of M. tuberculosis complex lateral genetic transfer gained
interest, particularly in regard to its links to genetic diversity and to potential acqui-
sition of virulence (Kinsella 2003, Rosas-Magallanes 2006, Alix 2006). The im-
portance of lateral genetic transfer in one species’ history is of primary importance
to better understand its specificity. As for the members of the M. tuberculosis com-
plex, with the exception of M. canettii, there is no evidence for this kind of transfer
or for housekeeping gene recombination (Smith 2006a). Indeed, recent evidence
argues in favor of the existence of lateral genetic transfer in the precursor of the M.
tuberculosis complex, and in favor of environmental mycobacteria being the source
of certain genetic components in the M. tuberculosis complex. These findings rein-
force the idea that the ancestor of the M. tuberculosis complex was an environ-
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mental Mycobacterium (Rosas-Magallenes 2006). Another source of exogenous
DNA may be plasmids that have been shown to be present in modern species of
mycobacteria, and sometimes to carry virulence genes (Le Dantec 2001, Stinear
2000, Stinear 2004). The mosaic nature of the genome of ancestral “M. prototuber-
culosis” species also argues in favor of numerous gene transfer events and/or ho-
mologous recombination within ancient species of the M. tuberculosis complex
(Gutierrez 2005).

2.5. Looking for robust evolutionary markers

When looking for robust evolutionary markers, the evolutionist will first choose
markers that are assumedly neutral in order to avoid debates on function or poten-
tial selection, whether positive or stabilizing. For the M. tuberculosis complex, the
very existence of an obligate intracellular life, which provides a stable chemical
and metabolic environment, suggests that a classical metabolic selection scheme
must have played a minimal role in the evolution of the M. tuberculosis complex
genome (Musser 2000). Host specialization and niche adaptation may have been
more important. Changes towards acquisition of an intracellular life style may also
be responsible for loss of function and hence, loss of genes.

Silent mutations in housekeeping genes were the first candidates to be selected as
evolutionary markers. However, the amount of genetic diversity found in the genes
selected in that original study was unexpectedly low, which led to the hypothesis
that TB had spread only recently from a unique precursor. Indeed, the rate of ge-
netically neutral synonymous mutations (sSNP) was shown to be as low as
1/10,000 whereas the rate of non-synonymous mutations (nsSNP) outnumbered
sSNPs by almost 2 to 1 (Sreevatsan 1997).

As for spoligo- and MIRU typing, at first glance it seems reasonable to consider
these markers as neutral. No evident role for the DR locus, a member of CRISPR
sequences, has been proven yet; however, there is an increased interest in CRISPR
and the CRISPR-associated genes cas, which may mean to the bacterial world what
silencing RNAs means for the eukaryotic world (Makarova 2006). Apart from the
senX3-regX3 double component system, which was presumably involved in viru-
lence, the function of MIRU loci remains poorly investigated (Parish 2003). In all
cases, the phylogenetical information content obtained by studying the DR and the
VNTR loci was previously shown to be rich (D. Falush 2003 - Prague, European
Concerted Action Meeting, unpublished data).
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2.6. Why repeated sequences were so useful at the beginning

The description of repeated sequences goes back to the early age of molecular
biology (Britten 1968). Their role in the selection of new vital functions in life is
indeed of paramount importance for genetic evolution (Britten 2005). In the M.
tuberculosis complex, repetitive DNA sequences were used as probes and showed
to be useful for fingerprinting strains in epidemiological studies (Eisenach 1988).
Shortly after the characterization of the insertion sequence I1S6710 (Thierry 1990),
an international consensus method IS6//0 RFLP was adopted almost concomi-
tantly to the World Health Organization declaration of TB as a public health emer-
gency (van Embden 1993). IS677/0 RFLP changed the traditional belief that no
more than 10 % of TB cases were due to recent transmission, and sparked a new
hope for disease eradication by contributing to the adequate surveillance and pre-
vention of TB transmission (Alland 1994, Small 1994). For diverse reasons, how-
ever, the use of IS6/70 was of little help in solving the phylogenetic structure of
the M. tuberculosis complex because it turned out to be a poor phylogenetic marker
(Fleischmann 2002). A rapidly emerging issue was that IS67/0 was ineffective in a
large part of the world, including South-East Asia (Fomukong 1994). Another
insertion sequence, IS7/081, was also suggested as an interesting potential phyloge-
netic marker; however, its generalized use in M. tuberculosis complex population
genetics was also hampered, among other reasons, by the RFLP format (van Sool-
ingen 1997, Park 2000).

2.7. Regions of differences (RDs) and SNPs in M. tuberculosis

One approach to understanding the molecular evolution of the M. tuberculosis
complex and looking for virulence genes is to identify regions of difference (RD)
between M. tuberculosis complex genomes (Inwald 2003) or to look for Single
Nucleotide Polymorphisms (SNPs). Substractive genomic hybridization was ini-
tially used to identify three distinct genomic regions between virulent M. bovis, M.
tuberculosis, and the avirulent M. bovis bacille Calmette-Guérin (BCG) strain,
designated respectively as RD1, RD2, and RD3 (Mabhairas 1996). One of these
regions, RD1, was shown to contain important virulence genes including the two
immunodominant T-cell antigens ESAT6 and culture filtrate protein 10 (CFP10)
(Pym 2002). In another study (Gordon 1999), restriction-digested bacterial artificial
chromosome (BAC) arrays of H37Rv strain were used to reveal the presence of 10
regions of difference between M. tuberculosis and M. bovis (RD1 to 10); 7 of
which (RD4-RD10) were deleted in M. bovis. The deletion pattern of M. africanum
is closer to that of M. tuberculosis than to the pattern of M. bovis (Gordon 1999).
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Brosch et al. analyzed the distribution of 20 variable regions resulting from inser-
tion-deletion events in the genome of the tubercle bacilli in one hundred strains
belonging to all sub-species of the M. tuberculosis complex (Brosch 2002). The
authors showed that the majority of these polymorphisms resulted from ancient
irreversible genetic events in common progenitor cells, the so-called Unique Event
Polymorphisms (UEP). Based on the presence or absence of an M. tuberculosis
specific deletion 1 (TbD1, a 2 kb sequence), M. tuberculosis can be divided into
“ancient” TbD1 positive and “modern” TbD1 negative strains. This classification
superimposes well with the previous principal genetic group (PGG) classification
(Sreevatsan 1997); however, only two groups of strains, the EAI and the M. africa-
num strains are TbD1 positive. The RD9 deletion identifies an evolutionary lineage
represented by M. africanum, M. microti and M. bovis that diverged from the pro-
genitor of the present M. tuberculosis strains before TbD1 occurred (Brosch 2002).
These findings contradict the long-held belief that M. tuberculosis evolved from a
precursor of M. bovis, suggesting a new evolutionary scenario of the M. tuberculo-
sis complex. Since M. canettii and other ancestral M. tuberculosis complex strains
lack none of these regions, they are supposed to be direct descendants of the tuber-
cle bacilli that existed before the M. africanum-M. bovis lineage separated from the
M. tuberculosis lineage (Brosch 2002). This scenario was confirmed in a follow-up
study in which in silico and macroarray based hybridization experiments confirmed
the existence of a core set of 219 conserved genes shared by M. leprae and M.
tuberculosis. Among these new phylogenetical markers is the pks 15/1 gene, which
encodes one of the polyketide synthase enzymes required for the lipid metabolism
of cell wall building. All modern strains show a 7-base pair (bp) frameshift deletion
in this gene that induces a knock-out of the enzyme. M. canettii, most PGG1 an-
cestral EAI, and Beijing strains add two amino acids that do not interfere with pks
function, whereas strains in the M. bovis lineage bear a 6-bp DNA deletion that
involves deletion of these two extra amino acids (Constant 2002).

Three recent studies provide landmarks in TB molecular and phylogenetic popula-
tion studies. The first one suggests the existence of six phylogeographical lineages,
each associated with specific sympatric human populations (Gagneux 2006). These
observations show that mycobacterial lineages are adapted to particular human
populations. Whether these results are considered from either a “splitter” or from a
“gatherer” perspective, they endorse the idea that there are probably just a small
number of founding genogroups of the M. tuberculosis complex. Also, these results
support previous results on M. tuberculosis complex genetic diversity and our hy-
pothesis that M. tuberculosis complex is an ancient pathogen that co-evolved with
its hosts (Sola 2001a, 2001b, Sebban 2002).
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Two SNP-population-based phylogenies also provided similar results, i.e. a limited
number of M. tuberculosis complex phylogeographical genogroups (Figure 2-4).
According to a study led by Musser’s group, eight deeply branching genetic groups
(I to VIII) were found; however, this was still not representative of the worldwide
genetic diversity of M. tuberculosis because of a biased sampling, e.g., lack of
Central Asian (CAS) strains (Gutacker 2002). A second study corrected this bias by
creating one new subgroup for the CAS lineage (Gutacker 2006). This lineage is
close to the root, which suggests that the Indian subcontinent played a major role in
TB evolution and expansion.
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Figure 2-4 Phylogenetic tree obtained on SNPs, adapted from Gutacker et al. 2006 and sup-
plemental data. In blue: spoligotyping-based nomenclature or characteristics. In red: IS61710-
based clade nomenclature with some characteristics IS6770 copy number or molecular weight
data. In green: Musser’s principal genetic group (Sreevatsan 1997). In black: SNP-based
designation of clades with some characteristics strains (CDC1551, H37Rv, strain 210).

Similar results were obtained independently by Alland et al., reinforcing the idea
that unrelated lineages may acquire the same number of IS67/0 by homoplasia
(Alland 2003). The same group recently analyzed 212 SNPs in correlation with
MIRU and spoligotyping on a worldwide representative collection of clinical iso-
lates. Their results are illustrated in Figures 2-5 (A to C). The M. tuberculosis com-
plex tree presented four main branches containing six SNP cluster groups (SCG1 to
SCG6) and five subgroups as depicted in Figure 2-5 B (Filliol 2006). These results
provide good congruence with spoligotyping and, to a lesser extent, with MIRU12,
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endorsing the latest genetic diversity studies on spoligotyping (Brudey 2006). Still,
it can be argued that in both SNP-based studies, identical bias could have been
introduced since the SNPs analyzed in both cases were selected based on the four
M. tuberculosis complex genome sequences available to date: M. tuberculosis
strains 210, CDC1551, H37Rv and M. bovis strain AF2122.

Figure 2-5, A to C: (From Filliol et al. 2006 J. Bacteriol., reproduced with permission). A: a
distance-based neighbor-joining tree on 159 sSNPs resolves the 219 M. tuberculosis complex
isolates in 56 sequence types (ST). STs are indicated by a dot with numerical value and color
code for SNP Cluster Group (SCG) belonging. B: Model-based neighbor-joining tree based on
a data set with 212 SNPs, which resolves 327 M. tuberculosis complex isolates into 182 ST
with identical cluster (compare with A). SNP Cluster Groups are indicated by colors. Principal
Genetic Groups (1 to 3) are also highlighted. C: distribution of the spoligotype clades on the
SNP-based phylogeny.




2.7. Regions of differences (RDs) and SNPs in M. tuberculosis

B
3¢
1 @2 A3a @3 O3 @4 /‘
@5 ®@®6a AGb @7 (M bovis) = 6b
o Group | Groupll ¢ & Group Il

Spaligotype Clades

® Being® CAS @ EAl @ H © Lam M. bovis
®PN ®S @T @X O ophan O urknown <5

67



68 Molecular Evolution of the Mycobacterium tuberculosis Complex

Table 2-1 provides a nomenclature correlation between M. tuberculosis complex
groups defined by spoligotyping and those defined by sSNPs. As shown in this
table, the most ancient clade, EAI defines SCG 1 or sSNP-I according to Alland’s
or to Musser’s designation, respectively. SCG 2 and sSNP-II define the Beijing
lineage. SCG 3a or sSNP-IIa defines the CAS or Delhi genogroup. SCG 3b or
sSNP-III defines the Haarlem family of strains. SCG 3¢ and SCG 4, or sSNP-IV
and sSNP-V, define the “IS67/0 European low-banders” or X genogroup (Sebban
2002, Dale 2003, Warren 2004). SCG 5 or sSNP-VI is mainly constituted by the
Latin American and Mediterranecan (LAM) genogroup (Sola 2001a). SCG 6a and
SCG 6b (sSNP-VII and sSNP-VIII) define the poorly characterized Principal Ge-
netic group 3 lineage that also includes some ill-defined T genotypes (Filliol 2002).
Last but not least, SCG 7 defines the bovine and seal M. tuberculosis complex
subspecies whereas no counterpart is provided in Musser’s classification (Filliol
2000).

Table 2-1: Comparison of spoligotype and SNP terminology

PGG Spoligotyping-based SCG-based SNP-based
(Sreevatsan 1997) (Filliol 2003) (Filliol 2006) (Gutacker 2006)
PGG EAI SCG 1 SSNP-I
PGG1 Beijing SCG 2 sSNP-I|
PGG1 CAS SCG 3a sSNP-IIA
PGG 1 Bovis SCG7 M. tuberculosis complex
PGG2 Haarlem SCG 3b sSNP-III
PGG2 X1 SCG 3¢ sSNP-IV
PGG2 X1,X2,X3 SCG 4 sSNP-V
PGG2 LAM SCG 5 sSNP-VI
PGG3 T (Miscellaneous) SCG 6 sSNP-VII
sSNP-VIII
PGG = Principal Genetic Group EAI = East African Indian
SCG = SNP cluster group CAS = Central Asian (or Delhi)l

SNP = Single nucleotide polymorphism
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2.8. Looking for congruence between polymorphic markers

The concept of molecular clock, attributed to Zuckerkandl and Pauling in 1962,
was originally based on hemoglobin evolution and later generalized to DNA evo-
lution (Zuckerkandl 1987). As for M. tuberculosis, we are dealing with polymor-
phic markers, i.e. repeated sequences, which are physically linked to the chromo-
some and therefore transmitted together with it. Concomitantly, these sequences are
evolving at their own pace and hence possess more than one molecular clock. Al-
though the combination of various molecular clocks of different paces in a single
analysis may be criticized (Wilson 2003), this approach was used successfully in
the past to detect the EAI and the LAM clades by observing congruence between
spoligotyping and VNTR data (Figure 2-6, extracted from Sola 2001Db).

Figure 2-6 : Close-up on a spoligotyping-based neighbor-joining (NJ) phylogenetical tree, built
on SpolDB2 database showing the EAI and LAM branches. The superimposition of spoligo-
typing, VNTR and Principal Genetic grouping shows congruence between various markers
(extracted from Sola 2001b) in blue boxes: Spoligotyping shared-type n°/VNTR allele: ETR-A
to E from left to right). In red boxes: SpolDB-shared-type n°/Soini’s spoligotyping number (see
Soini et al. 2000)/Principal Genetic Group (see Sreevatsan 1997). In the blue boxes of the
upper figure, the third number is the strain identification number. In circles: spoligotyping
shared-type number.
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IS6110 RFLP was recognized very early to evolve faster than spoligotype since
more RFLP than spoligo genotypes are present when a single set is analyzed
(Kremer 1999). The mutation rate of IS6770 was estimated recently to be 0.287 per
genome per year for a strain with a typical number of 10 copies (Rosenberg 2003).
Using the infinite allele model and the same set of data (Kremer 1999), the relative
mutation rate of spoligotype is calculated to be 13.5 % of the rate of 1S6710 (Ta-
naka 2005). This corresponds to a spoligotype mutation rate of around 0.039 events
per year. A more complex model was recently developed, which assumes that the
mutation rate of a given spoligotype is proportional to the number of spacer units
present in the DR region. This new model allows the detection of emerging strains
of M. tuberculosis (Tanaka 2006).

Population bottlenecks are important in biology since they create genetic conditions
that favor founder effect and speciation. Among many bottleneck hypotheses, the
one ascribed to the late Pleistocene is very attractive. It involves volcanic winter
and differentiation of modern humans at a time comprised between 50,000 and
15,000-25,000 years ago (Ambrose 1998). These events may have created envi-
ronmental conditions favoring the spread of M. tuberculosis. We may hypothesize
on the global spreading of a single clone (Kapur 1994), or of a limited number of
clones, based on the expansion of the surviving re-founders, preserved in various
small refuges located in tropical areas (Ambrose 1998). The ample human genetic
diversity observed today in Africa (as well as the apparently ample M. tuberculosis
genetic diversity) may be due either to a longer evolutionary period, or to the pres-
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ervation of such ample diversity in this continent during the bottleneck event. Con-
sequently, for the M. tuberculosis complex, we can hypothesize that the high ge-
netic diversity observed in “M. prototuberculosis” could be a remnant of this bot-
tleneck event, with a strong resilience and hence a high preservation of the previous
genetic diversity inside these tropical refuges. This ecological perspective is also
supported by data suggesting that human beings migrated back to Africa after the
demographic expansion into the South-East Asian peninsula (Cruciani 2002). Thus,
if demographic and epidemic factors are considered in addition to evolutionary and
genetic factors, the modern tubercle bacilli are more likely to find their origin in
India or South-East Asia rather than in Africa. The fact that the TbD1 positive
East-African-Indian strains, which are likely to have disseminated when adequate
demographical conditions were fulfilled, are genetically the closest to the M. ca-
netti- “M. prototuberculosis” strains argues in favor of this hypothesis.

Given the astonishingly reduced SNP diversity observed initially in the M. tuber-
culosis complex (Sreevatsan 1997, Musser 2000), the bottleneck hypothesis is
seducing. However, the 15,000- to 25,000-year time frame was calculated by com-
putation of synonymous mutation rates based on Escherichia coli and Salmonella
divergence, i.e. based on a uniform calibration rate for nucleotide substitution (the
basic molecular clock). This choice of independency from growth rate (doubling
time) and other parameters, such as mutation rate and population size, may be criti-
cized. The doubling time of E. coli is 20 min and that of M. tuberculosis is 20
hours. If we logically assume that sSSNPs acquisition is related to DNA metabolism,
then, a ratio of 60x should be applied to the computation presented in Kapur’s
paper, thus providing a much larger time-frame (900,000-1,500,000 years) for the
presence of M. tuberculosis complex bacilli on earth, an hypothesis that is consis-
tent with the latest results obtained on “M. prototuberculosis”, which shows an
unusually high SNP diversity (Gutierrez 2005).

According to a recent multigenic phylogenetic approach, the speciation process in
mycobacteria might have been progressive and relatively homogenous across the
whole genome (Devulder 2005). When comparing substitution rates of fast and
slow growing mycobacteria by means of a relative rate test, non-significant differ-
ences were observed. These findings suggest that the two groups evolved at the
same rate. In other words, the evolutionary rate does not necessarily correlate to the
number of generations. This framework fits with the strictly clonal evolution of M.
tuberculosis and the co-evolution hypothesis that suggests adaptation between
particular mycobacterial lineages and particular human populations (Supply 2003,
Gagneux 2006). However more recent genetic studies using SNPs analysis suggests
that some genes such as the ones coding for the PE-PGRS and PPE proteins that
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have the motifs Pro-Glu (PE) and Pro-Pro-Glu (PPE), thought to be critical in host-
pathogen interactions, are prone to recombination and gene conversion events
(Karboul 2006, Liu 2006).

2.9. Main lineages within the M. tuberculosis species

Within the scope of this chapter is the description of the results of the molecular
population approach that allowed the definition of genetically homogenous clusters
of M. tuberculosis complex, which are now shown to be preferentially linked to
some human hosts (Brudey 2006, Gagneux 2006). Table 2-2 provides the latest
description of statistically, epidemiologically or phylogeographically relevant clo-
nal complexes of the M. tuberculosis complex based on spoligotyping signatures
described in the SpolDB4 database (a high resolution image can be downloaded
at:  http://www.biomedcentral.com/1471-2180/6/23/figure/F1?highres=y;  from
Brudey 2006).

2.9.1. Principal lineages of the Genetic group 1
2.9.1.1. The East African-Indian (EAI) lineage

This lineage was first described in Guinea-Bissau (Kéllenius 1999) and was shown
to be frequent in South-East Asia, India, and East Africa (Kremer 1999). This
group of strains is characterized by a low number of IS6710 copies. A subgroup of
these strains harboring a single copy of IS67/0 was shown to be widespread in
Malaysia, Tanzania, and Oman (Fomukong 1994). In combined datasets (i.e.
pooled datasets characterized by one or more methods), this lineage demonstrated
congruence between spoligotypes (absence of spacers 29-32, presence of spacer 33,
absence of spacer 34), VNTR [exact tandem repeat A (ETR-A) allele >4], katG-
gyrA grouping (Group 1), and later the presence of the TbD1 sequence (Soini
2000, Sola 2001b). More recently, the presence of an oxyR C37T transition was
shown to be specific to the lineage (Baker 2004). This lineage was shown to belong
to cluster group 1 or Cluster I (Filliol 2006, Gutacker 2006). It harbors a specific
region of difference, RD239 and was renamed as Indo-Oceanic in the work of
Gagneux et al. (Gagneux 2000). It is speculated that this lineage, which is endemic
in South-East Asia, South-India, and East-Africa, may have originated in Asia,
where TB could have historically found favorable spreading conditions. The Ma-
nila family was first identified by Douglas in 1997, and was later thoroughly char-
acterized by the same group (Douglas 2003). This genotype was identified based
on the prevalence of clustered strains isolated from Philippino immigrants in the
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United States (US) and was only later shown to be prevalent in the Philippines. The
Manila family bears ST19 as prototypic spoligo-signature and is actually identical
to EAI-2 (Filliol 2002). ST89, which defines the Nonthaburi (Thailand) group of
strains, is a derived clone (Namwat 1998). In this family, specific variants have
been also described for Vietnam (ST139 or EAI-4), Bangladesh (ST591, ST1898 or
EAI-6 and 7) and Madagascar (ST109, EAI-6).

We have no precise idea about the prevalence of the EAI lineage in India and
China, although it is evident that this genotype is more specifically linked with
South-East Asia and South India than with Northern China. This may be due to
differences in civilization and agriculture histories between North and South China
(Sola 2001b). It is also very difficult to analyze what links these clones may have
with strains in the major genetic group 2, given the presence of the spacer 33 in this
group of strains (a spacer that is absent in groups 2 and 3). A striking discovery
related to these strains was made recently when analyzing medieval human remains
discovered in an English parish. TB was confirmed by amplifying multiple M.
tuberculosis loci and EAI genotypes were apparently identified by spoligotyping
(Taylor 1999). Whether these spoligotyping results obtained on medieval remains
are reliable or not should be confirmed independently; however, the possibility of
the presence of EAI genotypes in 13" century England should not be excluded.

2.9.1.2. The Beijing lineage

The Beijing genotype belongs to the principal genetic group 1 of Sreevatsan, and
its specific spoligotype signature (absence of spacer 1-33, presence of spacer 34-
43) was discovered in 1995 (van Soolingen 1995). However, a notorious outbreak
due to a multidrug resistant clone of one of its offspring (New York W strain) had
been characterized earlier, at the beginning of the ’90s (Plikaytis 1994, Bifani
2002). The emergence of this family of related genotypes continues to pose a seri-
ous threat to TB control due to its high virulence and frequent association with
multidrug resistance. It was hypothesized that this genotype emerged successfully
in East Asia due to mass BCG vaccination during the 20" century (van Soolingen
1995, Abebe 2006). However, Beijing should also be considered as a group of
variant clones that evolved from a common precursor at an undefined time, maybe
during the Genghis Khan reign or before (Mokrousov 2005).

These strains are characterized by the presence of an inverted IS67/0 copy within
the DR region, an IS6/70 element at a particular insertion site (within the origin of
replication) and one or two 1S6/70 copies in a DNA region called NTF (Plikaytis
1994, Kurepina 1998). A characteristic Beijing lineage-defining SNP (G81A in
Rv3815c) has been reported by Filliol ef al. According to SNP analysis, the Beijing
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cluster was designated as SCG 2 or sSNP-II (Filliol 2006, Gutacker 2006). Other
characteristic sSSNPs of the Beijing lineage were described in putative DNA repair
genes (Rad 2003).

More recently, new phylogenetically-informative specific LSP markers were found,
such as RD105, which is present in all Beijing/W or RD142, RD150 and RD181. It
allows a further division of the Beijing lineage into four monophyletic subgroups
(Tsolaki 2005). The Beijing lineage was recently renamed as the East Asian Line-
age by other authors (Gagneux 2006). Its most frequent VNTR signature is 42435
(Kremer 1999).

Recent evidence points to an early dispersal of the Beijing genotype in correlation
to genetic haplotype diversity of the male Y chromosome (i.e. in correlation with
human phylogeography). These results suggest that the spreading history of Beijing
has a molecular evolutionary history that is much more intricate and more deeply
rooted to human history than initially thought. Using the Beijing genotype as a
model, and comparing its phylogeography to Y-chromosome-based phylogeogra-
phy, Mokrousov et al. hypothesized that two events shaped the early history of this
genotype: (1) its upper Paleolithic origin in the Homo sapiens sapiens K-M9 cluster
in central Asia, and (2) a primary dispersal of the secondary Beijing NTF:: IS6110
lineage by Proto-Sino-Tibetan farmers within East-Asia (human O-M214/M122
haplogroup) (Mokrousov 2005).

2.9.1.3. The Central-Asian (CAS) or Delhi lineage

The presence in India of a specific lineage of the M. tuberculosis complex was
concomitantly and independently reported by two different groups using 1S6/70
RFLP and spoligotyping, respectively (Bhanu 2002, Filliol 2003). This lineage was
also shown to be endemic in Sudan, other sub-Saharan countries and Pakistan
(Brudey 2006). Using 1S6710 RFLP, the Delhi lineage shows a characteristic band
pair in the high molecular weight region (12.1 and 10.1 kilobase pairs) and its spe-
cific spoligotype signature is formed in the absence of spacers 4-27 and 23-34. This
spoligo-signature shows numerous variants and several subgroups such as CAS1-
Kili (for Kilimanjaro) and CASI-Dar (for Dar-es-Salaam), which have already
been defined on the basis of new spoligotype-signatures that are specific for each
new clonal complex (Mc Hugh 2005, Eldholm 2006). Still, more results using other
polymorphic markers should complement these data. VNTR signatures of M. fu-
berculosis complex clinical isolates from South-Asian immigrants in London and
native patients in Rawalpindi, Pakistan, were identical (allele combination 42235)
and correlated with the CAS spoligotype (Gascoyne-Binzi 2002, Brudey unpub-
lished results).
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This genotype family could be the ancestor of the Beijing family since it clusters
close to Beijing when analyzed by a combination of MIRU, spoligotyping and
VNTR (Sola 2003). In India, its frequency varies from one region to another: it is
more prevalent in the North than in the South, where the EAI family predominates
(Suresh 2006). An outbreak strain named CH was recently reported in Leicester,
United Kingdom. It belongs to the CAS family and harbors a specific deletion
(Rv1519). In broth media, this strain was found to grow more slowly and to be less
tolerant to acid and H,O, than two laboratory reference strains, CDC1551 and
H37Rv. Nevertheless, its ability to grow in human monocyte-derived macrophages
was not impaired. This strain induced more anti-inflammatory IL-10, more IL-6
gene transcription/secretion from monocyte-derived macrophages, and less protec-
tive IL-12p40 than CDC1551 and H37Rv strains. Thus, this strain seems to com-
pensate the microbiological attenuation by skewing the innate response toward a
phagocyte deactivation. The complementation of Rv1519 reversed its ability to
elicit anti-inflammatory IL-10 production by macrophages. These results suggest
that the Rv1519 polymorphism confers an immune subverting M. tuberculosis
phenotype that might contribute to the persistence and outbreak potential of this
lineage (Newton 2006).

2.9.2. Lineages belonging to the Principal Genetic groups 2 and 3
2.9.2.1. The Haarlem family

The Haarlem family was described in the Netherlands in 1999 (Kremer 1999). On
IS6110 RFLP, these strains harbor a double band at 1.4 kb. Their spoligotype is
characterized by the absence of the spacer 31, which is due to the presence of a
second copy of IS6710 in the DR region (Groenen 1993). Due to an asymmetric
insertion within the DR locus, this second 1S6//0 copy hinders the detection of
spacer 31 (Filliol 2000, Legrand 2001). Three main spoligotype-signatures define
the variants H1 to H3 (Filliol 2002). However, many Haarlem clonal complexes
may harbor other Haarlem-based spoligo-signatures that are, as yet, poorly charac-
terized. Another characteristic of the Haarlem lineage is the frequent VNTR pattern
33233 (Kremer 1999). The Haarlem family is highly prevalent in Northern Europe.
It is present in the Caribbean to a lesser extent and is also prevalent in Central Af-
rica, where it is believed to have been introduced during the European colonization
(Filliol 2003). This family, which is highly diverse, merits further studies to better
understand its evolutionary history. A SNP in the mgt gene of the M tuberculosis
Haarlem genotype was discovered recently (Alix 2006). More SNPs are expected
to be specific of the Haarlem lineage.
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2.9.2.2. The Latin American and Mediterranean (LAM) family

The LAM family was defined by the finding of linkage disequilibrium between the
absence of spacers 21-24 in the spoligotyping and the presence of an ETR-A allele
equal to 2 (Sola 2001b). However, this genotype family is more diverse and its
study is more complicated than initially thought. Strains belonging to the
LAM3/F11 family and the S/F28 family harbor identical spoligotypes of the shared
type ST4, revealing the existence of genetic convergence between spoligotypes
(Warren 2002). This phenomenon seems, however, to be rare and highly dependent
on the structure of the observed spoligotype. The absence of spacers 21-24 may
also have occurred more than once in tubercle bacilli evolution although no genetic
evidence has suggested such a convergence event until now. Many sub-motifs -
LAMI1 to LAMI12 - have been suggested according to the latest international spoli-
gotype database project SpolDB4 (Brudey 2006). However, the phylogenetic sig-
nificance of the common absence of spacers 23-24 has not been demonstrated in
this lineage. In this sense, some genotypes that show strong geographical specific-
ity (for example the LAM10-Cameroon or the LAM7-Turkey) were initially la-
beled as LAM, although there is no evidence of their phylogenetical relation to
other LAM spoligo-signatures (Niobe-Eyangoh 2003, Zozio 2005). Recently, a
specific deletion designated as RD™© was shown to be linked to certain LAM
spoligo-signatures present in Rio de Janeiro, Brazil (L Lazzarini, R Huard, JL Ho
personal communication).

The LAM clade is frequent in Mediterranean countries and its presence in Latin
America is supposed to be linked to the Lusitanian-Hispanian colonization of the
New World. Conversely, it may have been endemic in Africa and/or in South
America, spreading to Europe later. At this stage, we must highlight that paleopa-
thological and ancient DNA data support the existence of TB before the arrival of
Spanish settlers to Latin America in the 15" century (Arriaza 1995, Salo 2001).

2.9.2.3. The X family: the European IS6770 low banders

The X family of strains is defined by two concomitant features, a low number of
IS6110 copies and the absence of spacer 18 in the spoligotyping (Sebban 2002).
This latter is indeed an important characteristic common to at least three spoligo-
type shared types: ST119, ST137, and ST92. Both characteristics are present in the
CDC1551 strain, which was once suggested to be highly virulent. The X family
was also the first group identified in Guadeloupe (Sola 1997) and the French Poly-
nesia (Torrea 1995). Specific epidemic variants of this genotype family were de-
scribed in South Africa (Streicher 2004). The absence of spacer 18 bears phyloge-
netical significance because it is improbable that this spacer was deleted more than
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once in the evolution of M. tuberculosis. The distribution of the X family appears
to be linked to Anglo-Saxon countries (Dale 2003). It is also highly prevalent in
South Africa and to a lesser extent in the Caribbean. Currently, it is only poorly
documented in India. The strong presence of this genotype family in Mexico could
be explained by its close proximity to the USA.

2.9.2.4. The T families and others

The «ill-defined» T group is characterized «by default». It includes strains that
miss spacers 33-36 and can hardly be classified in other groups. This is a general
characteristic of strains belonging to the principal genetic groups 2 and 3, together
with the absence of an intact pks 15/1 gene (Marmiesse 2004). The presence of
intact polyketide synthase genes, active in the synthesis of the specific lipid com-
plex of the M. tuberculosis complex is now known to be linked to virulence (Con-
stant 2002). Conversely, the 7 bp frameshift deletion in pks15/1 may be considered
as a phylogenetical marker specific for the modern M. tuberculosis strains (Gag-
neux 2006) and may define the recently designated Euro-American lineage. It is
expected that the combination of spoligotype and improved MIRU signatures will
be the best way to precisely define epidemiological clonal complexes (Supply
2006). Alternatively, RDs and/or SNPs may also improve the taxonomic definition
of these clones.

Table 2-2 shows the nomenclature correspondence between the main spoligotyp-
ing-based M. tuberculosis complex lineages and those recently described by
MLST-SNPs (Baker 2004) and LSP (Gagneux 2006). As shown, spoligotyping
appears to be more discriminative than the other two typing systems since it is able
to resolve clinical isolates within the branch of the modern strains that are not
solved by LSP. Specific RDs are described for many individual spoligotype-
signatures; however, no Table is yet available for LSP and/or SNP synthetic corre-
spondence with spoligotype.

Even if there is consensus in the fact that the main branches of the genetic tree of
the M. tuberculosis complex have now been found, many uncertainties still remain
with regard to the chronology of the evolution of the M. tuberculosis complex. For
example, Gagneux et al. suggest that West African 2 diverged from an ancestral
branch of M. bovis, whereas West African 1, characterized by a deletion of
RD711, did not (Gagneux 2006).
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Table 2-2 Comparison of spoligotype, Multi Locus Sequence Typing (MLST) and Large Se-
quence Polymorphism (LSP) nomenclature

Spoligotyping-based  MLST LSP Comment

(Filliol 2003) (Baker 2004) (Gagneux 2006)

East-African-Indian [\ Indo-Oceanic Prevalent in South East Asia,

(EAI) East Africa and South India

Beijing | East-Asian Prevalent in China, Japan,

South East Asia, Russia

Central-Asian (CAS) I} East-African- Prevalent in North India,
Indian Pakistan, Libya, Sudan

X, Haarlem, LAM 1l Euro-American Ubiquitous

M. africanum NA West African 1 Nigeria, Ghana

M. africanum NA West African 2 Senegal, Gambia

Recent results in our laboratory have shown that, in certain cases, it should be pos-
sible to reconstruct the past evolutionary history of some modern clones of the M.
tuberculosis complex belonging to the principal groups 2 and 3. As an example, a
striking identity was found recently between the MIRU typing results of the main
LAM7-Turkey clonal complex (Zozio 2005) and the Japanese group T3-OSA (Ano
2006) (Millet et al. unpublished results). The meaning of this identity is under
investigation and there is no reason to believe that it is due to convergence. Simi-
larly, an endemic clone found in Nunavik (Nguyen 2003) was shown to be related
to a clone found to be prevalent in central Europe (Poland and Germany) (Sola et
al. unpublished results). Once again, we are trying to analyze how and when such
movement of strains took place and whether they are representative of a deeply
rooted anthropological structure or from modern outbreaks.

2.10. When did the bovine-human switch of M. tuberculosis
take place?

The question of the molecular evolution of M. bovis provides an interesting frame-
work for comparison with that of M. tuberculosis (Smith 2006a). In particular,
Smith et al. discuss in detail how population bottlenecks and selective sweeps
deeply affect the population structure of strictly clonal pathogens, such as members
of the M. tuberculosis complex. Using the genetic diversity of M. bovis in the
United Kingdom as a model, these authors demonstrate that all M. bovis genotypes
derive from a single clonal complex that is likely to have emerged as a result of the
actions of bovine TB control programs, which have been in force for the last 100
years. These authors also suggest that comparative genomics between two selected
genomes that have gone through very different selection pressures (H37Rv and M.
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bovis AF2122) may have wrongly suggested that M. bovis is an offspring clone of
M. tuberculosis. As Brosch et al. identified deletions in M. bovis by comparing it
with the only M. tuberculosis chromosome sequence available at that time, it was
inevitable to conclude that M. bovis was the terminal group in the lineage (Smith
2006a). The assumption that the RD9-deleted lineage (including M. bovis) de-
scended from an M. tuberculosis—like ancestor also implies, by parsimony, that the
most recent common ancestor of these strains was adapted to humans. The exact
host-association of M. africanum subtype 1 strains has not been examined so far.
There is some evidence that M. africanum, which is less virulent than other M.
tuberculosis complex genotypes, is currently extinct in settings where it was the
most prevalent strain only three decades ago. Instead, it is being replaced by im-
ported, more virulent genotypes (V. Vincent, unpublished results). The genetic
susceptibility of the indigenous African population to TB during World War I is a
well-known fact which supports the idea that TB caused by a more virulent geno-
type evokes a different, acute and even fatal disease, very different from that pro-
duced by M. africanum.

2.11. Comparative genomics and evolution of tubercle bacilli

The wealth of completed genome sequences, the development of microarray tech-
nology, and the decreasing cost of sequencing have enabled scientists to thoroughly
study the significance of strain to strain variation in bacteria such as Streptococcus
agalactiae and to define the “pan-genome” concept (Tettelin 2005). According to
this concept, any species is made up of a common and a strain-specific genetic
pool. Depending on the population structure of the studied organism and on the
levels of lateral gene transfer, the relative part of these two pools may vary signifi-
cantly. The core genome contains genes present in all strains, and the dispensable
genome contains genes present in two or more strains as well as genes unique to
single strains. Given that the number of unique genes is vast, the pan-genome of a
bacterial species might be orders of magnitude larger than any single genome
(Medini 2005).

LSP analysis is of particular interest in the M. tuberculosis complex, given the low
level of sSNPs (Sreevatsan 1997, Kato-Maeda 2001, Alland 2007). Figure 2-7
shows the non-randomness of deletions in the 16 clinical isolates that were tested
by microarray against the H37Rv genome. Some isolates contained unique dele-
tions whereas other deletions were shared by many isolates. This study was ex-
tended to 100 different and unique IS67/0 RFLP types representing the global
genetic diversity of the M. tuberculosis complex observed in San Francisco over
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12 years (Tsolaki 2004). LSP size varied between 105 and 11,985 bp, with eight
deleted sequences larger than 5,000 bp. LSPs tend to occur in genomic regions that
are prone to repeated insertion-deletion events and may be responsible of a high
degree of genomic variation in the M. tuberculosis complex (Alland 2007). Chap-
ter 4 provides an exhaustive review on the comparative genomics of members of
the M. tuberculosis complex.

Figure 2-7: Circular map of genomic deletions among M. tuberculosis showing that the pattern
of deletions differs between clones and is not spatially random. The outer numbers show the
scale in mega base pairs (O=replication origin). In blue: genomic locations of deleted se-
quences. The outer circle summarizes the sum of all detected deletions. Color code (blue,
orange, green) is linked to number of deletions (respectively 1, 2 and 3 deletions). The thin red
line spans the genomic region of the genome where the number of deletions detected is
greater than expected by chance alone. CDC1551 appears as the third ring on this picture.
(Reproduced with permission from M. Kato-Maeda and P. Small)

2.12. Short-term evolutionary markers and database building

There are also ongoing debates about the true status of “M. prototuberculosis”
(Gutierrez 2005). Whereas some consider “M. prototuberculosis” to be the most
likely common ancestor to all M. tuberculosis complex members (Brisse 2006),
others do not believe in the fact that these smooth variants of the tubercle bacilli are
the true ancestors of today’s tubercle bacilli (Smith 2006b). According to Smith,
the computation providing a 3 million-year time frame is not reliable and there is
no reason to believe that “M. prototuberculosis” is a more likely ancestor to the M.
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tuberculosis complex than any animal pathogen still to be characterized. There is
agreement, however, that the gene mosaicism found in “M. prototuberculosis” is
real. Also, it is widely acknowledged that further studies on the genetic diversity of
“M. prototuberculosis” will allow light to be shed on lateral genetic transfer and
homologous recombination events in the M. tuberculosis complex.

Research on the molecular evolution of the M. tuberculosis complex is today ad-
dressed by exploiting multiple markers such as the DR locus, insertion sequences,
deletion regions, mini-satellites, and SNPs, etc. However, in order to data-mine
these large polymorphism databases better, newer methods of data analysis are
needed in order to discover intelligible rules and to eliminate noisy data. Simplified
decision rules are also needed to distinguish emerging pathogenic clones from
those in extinction or from others reflecting ongoing TB transmission. A practical
consequence of such studies would be a simplification of typing methods, which in
turn, would result in a reduction of experimental constraints and an increase in the
number of samples processed. At the Institut Pasteur of Guadeloupe, a new version
of the spoligotyping database is currently incorporating MIRU-VNTR alleles and
will be released for web-based consultation in 2007. In the future, similar websites
will add new markers, allowing the performance of combined searches, including
country of isolation, country of origin and ethnicity of the patient, multiple geno-
typing data, as well as a fine analysis of their geographical distribution. Further
links of such databases to geographic information systems (GIS) for real-time map
construction and clinical expression of the disease might help to shed new light on
a stable association between populations of tubercle bacilli and their human hosts
over time and across environments, as well as providing brand new tools to tackle
the multifactorial nature of the variable clinical expression of the disease.

2.13. Conclusion and Perspectives

The description of the main branches of phylogeographically specific M. tubercu-
losis clonal complexes and the incipient unraveling of the molecular evolution of
the M. tuberculosis complex took very long and there are reasons to believe that the
task has just started. Some of the reasons are to be found within the complexity of
the problem itself. A likely ancient TB pathogen may have had the time to create a
large number of population-adapted genetic variants. Other challenges may lie in
the slow development of efficient methods to characterize the intra-species genetic
diversity of the M. tuberculosis complex. Also, we may invoke the recent introduc-
tion of new concepts, such as statistical phylogeography, whose application to TB
will require the construction of an adequate dataset and even more time for the
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requisite reconstruction (Knowles 2004). However, the increasing human mobility
worldwide is expected to blur the picture of the history of spread of the M. tuber-
culosis complex.

Lastly, a more precise understanding of the evolutionary genetic network of all M.
tuberculosis complex clonal complexes may also emerge thanks to new studies
using the recently standardized MIRU format (Supply 2006). Figure 2-8 illustrates
the minimum spanning tree approach, built on polymorphisms of 24 MIRUs, found
in a cosmopolitan sample including “M. prototuberculosis” isolates. The dotted
lines represent some doubtful links (for example, the ancestral position of Beijing,
relatively to CAS and EAI is totally speculative since this type of graph does not
represent phylogenetical links).

The longer a clone takes to evolve, the more extensive the observed genetic diver-
sity will be. In view of the assumedly ancient origin of TB, much work remains to
be done to unravel the true genealogy of the numerous clonal complexes of the M.
tuberculosis complex that have been described so far. Many others remain to be
discovered since the sampling is still very small compared to the extent of diversity
that is likely to exist.

Most of the scientific contributions reviewed in this chapter find an echo best
translated by Douglas Young’s concluding remarks in the lecture “Ten years of
research progress and what’s to come” (Young 2003): “Armed with powerful new
molecular tools and renewed momentum, laboratory-based researchers are begin-
ning to tackle the fundamental questions of persistence and pathogenesis of human
TB that have frustrated previous generations. Progress in fundamental under-
standing of disease process poses the exciting challenge of translating new ideas
into practical tools that will assist in the global control of TB”. It is quite satisfying
to see that the research conducted in the last 12 years is clearly advancing towards
a better understanding of the tubercle bacillus and its interaction with the host, the
mechanisms of pathogenicity involved, and the co-evolution of the bacterium and
its host through time and space.
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Figure 2-8: Minimum spanning tree based on MIRU-VNTR relationships among tubercle bacilli.
Circles correspond to the different types identified by the set of 24 loci among the 494 M.
tuberculosis isolates from cosmopolitan origins, and 35 “M. prototuberculosis”. The corre-
sponding species names and spoligotype family designations (except T types) are indicated.
Linkage by a single, double, or triple locus variation is boldfaced. EAl = East-African Indian
(Indo-Oceanic in Gagneux’s 2006 terminology), CAS = Central Asian (East-African-Indian in
Gagneux’s 2006 terminology), Beijing/W (East-Asian in Gagneux’s 2006 terminology) LAM =
Latino-American and Mediterranean, X = European I1S61710 low-banders, S = Sicily-Sardinia
clade (all these clades are designated as Euro-American lineages in Gagneux’s 2006 termi-
nology) (Reproduced from Supply 2006 with authorization)
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Chapter 3: The Basics of Clinical Bacteriology

Lucia Barrera

3.1. The tubercle bacillus: a continuous taxon

Bacteria of the genus Mycobacterium are non-motile and non-sporulated rods.
They are grouped in the suprageneric rank of actinomycetes that, unusually, have a
high content (61-71 %) of guanine plus cytosine (G+C) in the genomic desoxyribo-
nucleic acid (DNA), and a high lipid content in the wall, probably the highest
among all bacteria. Mycobacterium and other closely related genera (i.e. Coryne-
bacterium, Gordona, Tsukamurella, Nocardia, Rhodococcus and Dietzia) have
similar cell wall compounds and structure, and hence show some phenotypic re-
semblance. Several mycolic acids in the envelope structure distinguish the myco-
bacteria. These quirky lipids may act as carbon and energy reserves. They are also
involved in the structure and function of membranes and membranous organelles
within the cell. Lipids constitute more than half of the dry weight of the mycobac-
teria. However, the lipid composition of the tubercle bacillus may vary during the
life cycle in culture, depending on the availability of nutrients. The waxy coat con-
fers the idiosyncratic characteristics of the genus: acid fastness, extreme hydropho-
bicity, resistance to injury, including that of many antibiotics, and distinctive im-
munological properties. It probably also contributes to the slow growth rate of
some species by restricting the uptake of nutrients.

Even exhibiting this common badge, the species within the genus Mycobacterium
show great diversity in many aspects. Most of them live and replicate freely in
natural ecosystems and seldom, if ever, cause disease. Only a few mycobacteria
became successful pathogens of higher vertebrates, preferentially inhabiting the
intracellular environment of mononuclear phagocytes. The host-dependent myco-
bacteria that cannot replicate in the environment are Mycobacterium leprae, Myco-
bacterium lepraemurium, Mycobacterium avium subsp. Paratuberculosis, and the
members of the Mycobacterium tuberculosis complex. Bacteria within the M. tu-
berculosis complex are able to reproduce in vitro, in contrast to M. leprae and M.
lepraemurium, which are uncultivable and require the intracellular milieu for sur-
vival and propagation.

Comprised within the M. tuberculosis complex and generically called the tubercle
bacillus, the various etiologic agents of tuberculosis (TB) have distinct hosts, zoo-
notic potential and reservoirs. M. tuberculosis, and the regional variants or subtypes
Mpycobacterium africanum and “Mycobacterium canettii” are primarily pathogenic
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in humans. Mycobacterium bovis and Mycobacterium microti are the causative
agents of TB in animals, and can be transmitted to humans. Some particular strains
isolated from goats and seals have been named Mycobacterium caprae and Myco-
bacterium pinnipedi, although sometimes they are identified as M. bovis subspecies
or variants. It could be expected that the major evolutive shifts involved in adapta-
tion to different hosts would have entailed significant microbiological differentia-
tion. However, the above mentioned agents of TB together with the vaccine bacille
Calmette-Guérin (BCQ) strains rank close to each other along a phenotypically
continuous taxon (David 1978, Wayne 1982, Vincent 1992, van Soolingen 1997,
van Soolingen 1998, Niemann 2000, Niemann 2002, Sola 2003, Mostowy 2005).
Phenotypic differentiation is consistently clear-cut between the extreme species
within the taxon, i.e. M. tuberculosis and M. bovis, but differences between species
comprised within these two extremes are much less defined. The close affiliation
among the members of the complex is endorsed by high genomic DNA similarity.
At the same time, some molecular markers allow species differentiation within the
complex (see chapter 2).

Table 3-1: Lineage of the agents of TB.

http://www.ncbi.nlm.nih.gov/Taxonomy/Browser/wwwtax.cgi?mode=Tree&id=1760&IvI=3&lin=f
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Kingdom Bacteria

Phylum Actinobacteria
Class Actinobacteria
Subclass Actinobacteridae
Order Actinomycetales
Suborder Corynebacterineae
Family Mycobacteriaceae
Genus Mycobacterium

unique genus
Species M. tuberculosis
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M. microti
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In general, systematic and clinical mycobacteriologists accept new taxa at a slow
pace. This is why the taxonomic status of some new members of the complex is
still  uncertain  (see LPSN,  http://www.bacterio.cict.fr and DSMZ,
http://www.dsmz.de/microorganisms/bacterial nomenclature.php). At the same
time, the rank and species assignment have been questioned in other cases (Nie-
mann 2003, Niemann 2004). The value of phenotypic and genotypic traits in the
definition of a species in the complex should be reconsidered to meet new widely
accepted definitions.

3.2. Microscopic morphology

The microscopic appearance does not allow the differentiation of the pathogenic
agents of TB, mainly M. tuberculosis, from other mycobacteria although some
characteristics may be indicative. In smears stained with carbol fuchsin or auramine
and examined under light microscope, the tubercle bacilli typically appear as
straight or slightly curved rods. According to growth conditions and age of the
culture, bacilli may vary in size and shape from short coccobacilli to long rods. A
typical curved shape has been described for M. microti (van Soolingen 1998). The
dimensions of the bacilli have been reported to be 1-10 pm in length (usually 3-
5 um), and 0.2-0.6 pm in width. Therefore, the length of the microorganism is
comparable to the diameter of the nucleus of a lymphocyte. Unlike some fast
growing mycobacteria and other actinomycetales, M. tuberculosis is rarely pleo-
morphic, it does not elongate into filaments, and does not branch in chains when
observed in clinical specimens or culture. In the experimental macrophage infec-
tion, intracellular bacilli were described as being significantly elongated compared
to broth-grown bacilli and, remarkably, to display bud-like structures (Chauhan
2006).

When numerous and actively multiplying, the bacilli are strongly acid fast and
show an evident and distinctive tendency to form hydrophobic bundles (Figure 3-1
and 3-2). Free bacilli can also be seen, though, especially at the border of the
swarms. In unlysed host tissue, the bacilli are more numerous within the phagocytic
cells.

Once the disease has been controlled, dying bacilli become sparser, often faintly
and unevenly colored, due to partial loss of the internal contents. Of course, ir-
regular staining may also be the consequence of technical defectiveness of dyes or
staining procedures.
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Figure 3-1: Ziehl-Neelsen staining of Mycobacterium tuberculosis growing in culture at 1000x
magnification.

Figure 3-2: Electron microscopy of Mycobacterium tuberculosis growing in culture (Courtesy
of M. Rohde -M. Singh).

The light microscope examination can not resolve the internal structures of the
tubercle bacillus with the exception of some intracellular lipid vacuoles appearing
as unstained spherules at regular intervals inside the bacilli (Draper 1982) and de-
posits of lipophilic material that might have a storage function (Garton 2002). De-
spite considerable efforts, a more subtle resolution of the ultrastructure of the ba-
cillus has not been achieved. This is probably due to technical problems arising
from biosafety, from the minute size of the bacilli, and from the large amounts of
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complex lipids existing in their wall. With electron microscopy, some inner dense
granules can be identified. They are believed to consist of polyphosphate and might
be an energy store in the cell and also the site of oxidation-reduction reactions. In
sections of the cell, the plasma membrane is seen to proliferate into vesicular or
laminated internal bodies that might supply metabolic activities. Ribosomes, DNA
filaments and radial bands, the latter postulated to be remaining scars of cell divi-
sion, have also been described (Draper 1982, Brennan 1994).

Recently, the initiation of septum formation prior to division was clearly evidenced
by tagging the mid-cell rings with green fluorescent protein (Chauhan 2006). Also,
impressive images of the surface of M. bovis BGG were obtained by atomic force
microscopy (Verbelen 2006).

3.3. Cell wall structure

As the most distinctive anatomical feature of the bacillus, the cell envelope has
been the main object of research. Progressive chemical, molecular and ultrastruc-
tural research has produced robust knowledge on the synthetic pathways and
structure of the mycobacterial cell envelope (Draper 1982, Brennan 1994, Draper
2005, Kremer 2005). The envelope, which has been profusely represented by
schematic models, is composed of the plasma membrane, a cell wall, and an
outer capsule like layer.

The cytoplasmic membrane of mycobacteria does not seem to be peculiar except
for the presence of some lipopolysaccharides that are anyway shared by all actino-
mycetales (Mahapatra 2005). This vital interface provides osmotic protection,
regulates the traffic of specific solutes between the cytoplasm and the environment,
and subsumes the cell house-keeping tasks. The membrane contains proteins with
different functions, i.e. sensors measuring the concentration of molecules in the
environment, proteins translocating signals to genetic and metabolic machinery in
the cytoplasm, enzymes involved in metabolic processes and energy generation,
and carriers mediating selective passage of nutrients and ions. The enzymes inter-
vene in cell wall and membrane synthesis, septum formation during cell division,
assembly and secretion of extracytoplasmic proteins, and DNA replication. Still,
very little is known specifically about the membrane of M. tuberculosis.

The membrane is surrounded, as in almost all bacteria, by a cell wall that protects
the cell contents, provides mechanical support and is responsible for the character-
istic shape of the bacterium. The mycobacterial cell wall, however, is unique
among prokaryotes. The wall is constituted by an inner peptidoglycan layer, which
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seems to be responsible for the shape-forming property and the structural integrity
of the bacterium. The structure of this stratum differs slightly from that of common
bacteria, as it presents some particular chemical residues and an unusual high num-
ber of cross-links. Indeed, the degree of peptidoglycan cross linking in the cell wall
of M. tuberculosis is 70-80 % whereas that in E. coli is 20-30 %.

Covalently bound to the peptidoglycan is a branched polysaccharide, the arabino-
galactan, whose outer ends are esterified with high molecular weight fatty acids
called mycolic acids. These components are peculiar as the arabinogalactan has
unusual components and linkages and the mycolic acids are typically long and
branched chains containing 60- to 90-carbon atoms. The genera Dietzia, Rhodococ-
cus, Nocardia, Gordona, and Mycobacterium have mycolic acids with increasing
average numbers of carbon atoms. The arrangements of these mycolic acids are
species-specific, a property that allows the identification of many species of myco-
bacteria by gas-liquid, high-performance liquid or thin-layer chromatography (see
chapter 14). The mycolic acids specific to M. tuberculosis are alpha, keto and
methoxymycolates containing 76 to 82, 84 to 89, and 83 to 90 carbons respectively.

The outer layer of the cell wall presents an array of free lipids such as phthiocerol
dimycoserosates (PDIM), phenolic glycolipids (PGL), trehalose-containing glyco-
lipids and sulfolipids (SL). The unusual “M. canettii”’, with its smooth colony mor-
phology, has a unique phenolic glycolipid (van Soolingen 1997). M. bovis and M.
bovis BCG produce sizable amounts of a PGL designated as mycoside B, whereas
most M. tuberculosis strains are deficient in this component.

Traversing the whole envelope, some glycolipids such as the phosphatidyl-myo-
inositol mannosides, lipomannan (LM) and lipoarabinomanan (LAM), are anchored
to the plasma membrane and extend to the exterior of the cell wall. LAMs are spe-
cies-specific. The mycobacterial wall also contains interspersed proteins. Some are
in the process of being exported, some might be residents. Several of these proteins
are responsible for cell wall construction during the life of the bacillus. There are
also certain proteins called porins forming hydrophilic channels that permit the
passive passage of aqueous solutes through the mycolic acid layer. Mycobacterial
porins seem to be different from those of gram-negative bacteria.

While growing in a static liquid culture or within a human cell, M. tuberculosis
seems to accumulate an unbound pseudo-capsule. Apparently, when the medium is
disturbed, the capsule separates, leaving the lipophilic surface exposed. In fact, the
capsule components have largely been recognized in culture filtrates but its struc-
ture and location were resolved rather recently. The capsule contains proteins,
polysaccharides and minor amounts of inner lipids, which are apparently in con-
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stant turnover. The constituents of the capsule might be shed in vivo within the
infected host cells. It has been proposed that the capsule might be protective and
bioactive. In addition, a number of envelope-associated substances have been de-
scribed, mostly lipids and glycolipids.

The tubercle bacillus shares most ultrastructural features with other members of the
genus, including non-pathogenic mycobacteria. Its distinctive ability to survive in
mammalian hosts, its pathogenicity and its immunogenic properties seem to derive,
at least in part, from the nature of some of the molecules of the bacterial wall (Ri-
ley 2006, Smith 2003).

The envelope of the tubercle bacillus seems to be a dynamic structure that can be
remodeled as the microorganism is either growing or persisting in different envi-
ronments (Kremer 2005). In fact, in growth conditions interfering with the synthe-
sis of the wall, M. tuberculosis may be induced to produce wall-deficient sphero-
plasts that apparently are not pathogenic unless they revert to being normal bacteria
(Ratnan 1976). Cell wall thickening was observed in oxygen-deficient conditions
(Cunningham 1998). Besides, the expression of genes that putatively code for
porins seems to be up regulated in certain environmental conditions, such as mildly
acidified culture medium, as well as inside the macrophage vacuoles (Draper
2005).

3.3.1. Acid fastness

Unlike Gram-negative bacteria, mycobacteria do not have an additional membrane
in the outer layers of the cell wall. They are structurally more closely related to
Gram-positive bacteria. However, mycobacteria do not fit into the Gram-positive
category as the molecules attached to the cell wall are distinctively lipids rather
than proteins or polysaccharides. Frequently, they do not retain the crystal violet
and appear as “ghosts” after Gram staining. The waxy cell wall of mycobacteria is
impermeable to aniline and other commonly used dyes unless these are combined
with phenol.

To discover the causative agent of TB, Robert Koch had to develop a specific
staining process using alkaline dyes. Soon after, Ehrlich discovered the acid fast-
ness of the tubercle bacillus, which has been the prominent characteristic of myco-
bacteria up until now. The expression “acid-fastness” describes the resistance of
certain microorganisms to decolorization with acid-alcohol solutions after staining
with arylmethane dyes such as carbol fuchsin. This feature is of utmost practical
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importance in identifying the tubercle bacillus, particularly in pathological speci-
mens.

In spite of being a hallmark, the wall permeability to alkaline dyes and the mecha-
nisms preventing their removal by acids are still not totally understood in molecular
terms. Most of the current knowledge on this phenomenon was disclosed in pioneer
experiments. The beading observed inside the cells was interpreted as accumulation
of free dye rather than staining of particular structures, which led to the early hy-
pothesis that alkaline stains are retained in the cytoplasm (Yegian 1947). Later,
evidence was provided sustaining the role of lipids in trapping the dyes. Indeed,
there is a parallelism between the increasing degree of acid fastness displayed by
microorganisms in the genera Corynebacterium, Nocardia, and Mycobacterium,
and the increasing length of mycolic acid chains in their walls. This correspon-
dence suggests that the chemical binding of the dye to these molecules might be a
determinant for acid fastness.

Bacilli suspended in aqueous solution retain the acid fastness for a long time, even
after heating. However, the property is absolutely dependent on the integrity of the
bacillus. Unimpaired mycolic acids are required to hinder the penetration of water-
soluble dyes and bleaching acids (Goren 1978). The acid fastness of the bacillus is
obliterated by cell trauma or autolysis (Baisden 1942), infection by specific myco-
bacteriophages (Gangadharam 1976) or treatment with antibiotics targeting cell-
wall synthesis, such as isoniazid (INH) (Mohamad 2004). Acid fastness seems to
also be dependent on nutrients and oxygen tension, as suggested by fluctuations in
staining observed in different culture conditions (Nyka 1971). Dormant M. tuber-
culosis bacteria bearing cell wall alterations may remain undetected by the classic
Ziehl-Neelsen staining (Seiler 2003).

3.3.2. Cord formation

By microscopic observation, Robert Koch first described the arrangement of bacilli
in braided bunches and associated this phenomenon with virulent strains of M.
tuberculosis. He also detailed the aspect of cultures in blood serum as compact
scales which could be easily detached. In general, fresh virulent M. tuberculosis
bacilli produce rough textured colonies on solid media, expanded gummy veils on
the surface of liquid media and serpentines on microscopic smears. In contrast,
non-virulent mycobacteria and tubercle bacilli attenuated by prolonged cultures
usually develop smooth colonies on solid media, form discrete mats in liquid media
and distribute randomly in loose aggregates when smeared. The recognition of
these two peculiarities, cording and crumbly colony formation, provides a reliable
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and timely clue to the experienced microbiologist for the presumptive distinction of
M. tuberculosis from other mycobacteria in cultured specimens and even in sputum
smears (see chapter 12).

These distinctive characteristics of the virulent bacilli have been attributed to the
trehalose 6, 6’-dimycolate. This compound, also known as cord factor, was de-
scribed as an extractable glycolipid consisting of two mycolic acid molecules
loosely bound in the outer layer of the cell wall (Noll 1956). A myriad of biological
activities related to pathogenicity, toxicity, and protection against the host response
have been attributed to this molecule. However, it does not seem to be essential for
bacterial multiplication in vitro (Indrigo 2002).

Several models were used to identify the role of the trehalose 6, 6’-dimycolate
(TDM) in the microscopic and macroscopic morphology of M. tuberculosis. In this
way it was demonstrated that beads coated with this substance generate an oriented
hydrophobic interaction and aggregate in elongated structures similar to cords
(Behling 1993). Later, the molecular packing of TDM was imitated (Almond
1996). Recently, immunohistochemistry was used to investigate the distribution of
TDM in M. tuberculosis culture pellicles. According to the results of this experi-
ment it was proposed that the TDM released by the microorganism molds a rigid
hydrophobic interphase that is responsible for the cultural and microscopic appear-
ance of virulent bacilli (Hunter 2006).

However, this phenomenon is not yet clearly understood. One matter of confusion
is the fact that TDM is also present in other non-cording avirulent mycobacteria.
Taking this into consideration, the activity of the cord factor in M. tuberculosis has
been ascribed to a particular surface conformation (Schabbing 1994) and to the
large amounts of this molecule released by the tubercle bacilli (Hunter 2006). The
localization of DNA sequences encoding cording has not yet been elucidated. Five
genes probably associated with cord formation were identified, but their real impli-
cation has not been demonstrated (Gao 2004).

So far, the characteristics of the TDM of “M. canettii”, a human pathogen that
produces unusually smooth colonies, have not been described.

3.3.3. Permeability barriers

The tightly packed mycolic acids provide the bacillus with an efficient protection
and an exceptional impermeability. In addition to the capsule, an even thicker layer
of carbohydrate and protein outside the lipid layer impedes the diffusion of large
molecules, such as enzymes, and protects the lipid layer itself. The shell restricts
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the permeability to most lipophilic molecules. Other substances can bypass this
barrier through the porins, although this mechanism is not very efficient: M. tuber-
culosis possesses a low number of porins compared to other bacteria and the porins
admit only small water soluble molecules (Niederweis 2003).

Several experiments have been performed that have provided the rationale for the
long believed concept that impermeability is at least one of the determinants for
two M. tuberculosis characteristics: its slow growth and its intrinsic drug resis-
tance. The penetration rate of B-lactam antibiotics into M. tuberculosis was found
to be comparable to that of Pseudomonas aeruginosa and approximately 100 times
lower than that of Escherichia coli (Chambers 1995). In recombination experi-
ments, the expression of the M. smegmatis porin MspA was followed by increased
susceptibility of the tubercle bacillus to -lactam antibiotics and even to first-line
anti-tuberculous drugs. At the same time, the expression of the same porin in M.
bovis BCG stimulated the uptake of glucose and accelerated growth (Mailaender
2004).

Treatment with some drugs that are known to fray or somehow alter the surface
architecture of the cells was shown to increase the susceptibility of M. tuberculosis
(Verbelen 2006). In effect, at sub-inhibitory concentrations, ethambutol and di-
methyl sulfoxide enhanced the activity of anti-tuberculosis drugs against M. tuber-
culosis strains that were originally resistant to these drugs (Jagannath 1995). Simi-
larly, some antidepressants, such as chlorpromazine, have in vitro activity them-
selves against the tubercle bacillus (Ordway 2003).

3.4. Nutritional and environmental requirements for growth

The tubercle bacillus is prototrophic (i.e. it can build all its components from basic
carbon and nitrogen sources) and heterotrophic (i.e. it uses already synthesized
organic compounds as a source of carbon and energy). The microorganism macro-
molecular structure and physiological (metabolic) capabilities result in high adap-
tation to the specific environment. In turn, the nutritional quality of the environ-
ment determines the bacillus lifestyle and limitations, either in the natural habitat or
in culture media, as do various physical conditions such as oxygen availability,
temperature, pH and salinity.

As the environment changes, the bacillus is able to bring into play different
physiological pathways in order to survive even in harsh conditions. This is a
highly resourceful strategy, not only for pathogenicity but also for species persis-
tence. It has been shown that, during the course of infection in mice, M. tuberculo-
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sis metabolism may shift from an aerobic, carbohydrate-metabolizing mode to one
that is more microaerophilic and utilizes lipids (Segal 1956). These demonstrations,
which were reported a long time ago, were supported in recent times by the com-
plete sequencing of the M. tuberculosis genome in which an unusually high number
of genes putatively involved in fatty acid metabolism were identified. This phe-
nomenon may be related to the ability of the pathogen to grow or persist in host
tissues where fatty acids may be the major carbon source (Neyrolles 2006) (see
chapter 4).

In vitro, the members of the M. tuberculosis complex are not fastidious unless
damaged by some noxious agents. In fact, the medium used by Koch to cultivate
M. tuberculosis was simply sterile coagulated blood serum. The tubercle bacilli can
also grow in salt solutions using glycerol as a carbon source, ammonium ions and
asparagine as nitrogen sources, and micronutrients. M. tuberculosis is able to me-
tabolize glycerol into pyruvate, whereas M. bovis is not. Indeed, the genome se-
quence analysis confirmed that all the genes required for the formation of pyruvate
are non-functional in M. bovis. Being defective in this metabolic process, M. bovis
grows much better in the presence of a pyruvate salt as a source of carbon. Albu-
min, which is normally provided by adding eggs or bovine serum albumin to the
culture media, promotes the growth of these microorganisms. Other subsidiary
media components may be used, such as Tween 80, a detergent that disperses the
bacilli in liquid media. It was postulated that bovine serum albumin may bind the
excess of oleate that can be released from the detergent up to toxic amounts. Biotin
and catalase have been incorporated to the Middlebrook series media to stimulate
the revival of damaged bacilli in clinical specimens (Wayne 1982).

Trace elements found by the microorganism in the water, inorganic ions, small
molecules, and macromolecules have either a structural or a functional role in the
cell. Magnesium and iron are essential for life. A deficiency in these elements fre-
quently reduces the virulence of bacterial pathogens, including the tubercle bacil-
lus. As iron is usually in the form of insoluble ferric salts in the environment, spe-
cial iron systems are required to incorporate this element into the cell. Exochelins
and mycobactins are the major siderophores used by mycobacteria to perform this
function. The former are hydrophilic peptides secreted into the environment for
iron gathering. The latter are hydrophobic compounds located within the cell wall
to introduce the iron into the cytoplasm. The mbt operon is putatively involved in
the synthase activities required to produce the mycobactin core (De Voss 2000).
The incorporation of mycobactin into culture media can promote the growth of
ailing M. tuberculosis isolates.
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Figure 3-3: Mycobacteria growing on Lowenstein-Jensen slants. a. Mycobacterium gordonae;
b. Mycobacterium fortuitum; c. Mycobacterium avium; d. Mycobacterium tuberculosis.

The tubercle bacillus requires oxygen as a final electron acceptor in aerobic respi-
ration. Molecular oxygen is reduced to water in the last step of the electron trans-
port system. In nature, the bacillus grows most successfully in tissues with high
oxygen partial tension, such as the lungs, particularly the well-aerated upper lobes.
Carbon dioxide is essential and may be taken from the atmosphere and also from
carbonates or bicarbonates. In the laboratory, an atmosphere of 5 to 10 % carbon
dioxide favors culture growth, at least during the early stage of incubation. On the
other hand, M. bovis is microaerophilic, i.e. it grows preferentially at a reduced
oxygen tension.

M. tuberculosis is mesophile and neutrophile as its multiplication is restricted to
conditions offered by warm-blooded animals: about 37°C and a neutral pH. The
temperature and hydrogen ion concentration ranges, in which the bacillus is able to
multiply, are relatively narrow. High saline concentration such as that found in
media containing 5 % sodium chloride, inhibits the growth of the microorganism.
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3.5. Generation time

Under favorable laboratory conditions, M. tuberculosis divides every 12 to 24
hours. This pace is extremely slow compared to that of most cultivable bacteria,
which duplicate at regular intervals ranging from about 15 minutes to one hour.
Recently, the low multiplication rate of the tubercle bacillus was nicely exposed by
Chauhan et al. These authors demonstrated the small proportion of cells initiating
the septation process prior to division among tubercle bacilli growing either in
broth or inside macrophages (Chauhan 2006).

The slow growth rate might be partially determined by the cell wall impermeability
that limits nutrient uptake. However, only a minimal stimulus to bacterial multipli-
cation is achieved when the permeability is increased through treatment with some
compounds that interact with the cell envelope. Harshey and Ramakrishnan identi-
fied ribonucleic acid (RNA) synthesis to be a major factor associated with the long
generation time of the tubercle bacillus. They demonstrated that both the ratio of
RNA to DNA and the RNA chain elongation rate are ten-fold lower in M. tuber-
culosis compared to E. coli (Harshey 1977). Another unusual feature is the exis-
tence of a unique operon commanding RNA synthesis. Furthermore, when the
tubercle bacillus switches from the stationary to the active multiplying phase, its
total RNA content increases only twofold. Consequently, the protein synthesis must
be retarded (Verma 1999). The influence of nutrient availability on the ribosome
synthesis rate, which is a proxy of metabolic activity, remains controversial
(Hampshire 2004).

The low multiplication rate explains the typically sub-acute to chronic evolution of
the disease and the long time required to attain visible growth in vitro. Numerous
experiences using different nutrients and culture conditions have demonstrated that
some factors may abrogate a lag in adaptation of the bacilli in culture media but,
once growth is initiated, the replication cycle will still take no less than 12 hours.
This limitation in accelerating the tubercle bacillus growth could not be overcome.
Instead, the main achievements for diagnosis have been made through the use of
tools that enable the detection of a minimal quantity of bacilli in the media. First,
transparent agar medium allowing the detection of tiny colonies were introduced;
more recently, the addition of biosensors has been adopted to detect redox changes
produced by the bacilli metabolism (see chapters 12 and 14).



106 The Basics of Clinical Bacteriology

3.6. Metabolic and biochemical markers

In the laboratory, the classical phenotypic identification, speciation and subspecia-
tion of members of the M. tuberculosis complex include key diagnostic tests devel-
oped to detect certain metabolic intermediates and the activity of some enzymes
that are essential for life and pathogenicity. In addition to some susceptibility tests,
the investigation of niacin accumulation, nitrate reductase and urease activity al-
lows the distinction of M. tuberculosis complex and species differentiation within
the complex (see chapter 8). Most of the information on the structure and function
of these metabolites and enzymes has focused on M. tuberculosis and, to some
extent, on M. bovis. Much less is known about these features in other members of
the M. tuberculosis complex.

Niacin (nicotinic acid) plays a vital role in organic life, as it is involved in the oxi-
dation-reduction reactions of energy metabolism and in the DNA repair processes.
Although all mycobacteria produce niacin, most of them employ the majority of the
yielded metabolite in the synthesis of co-enzymes. In contrast, M. tuberculosis
produces and accumulates substantial amounts of niacin as a result of a very active
nicotinamide adenine dinucleotide degradation pathway and the inability to process
the resultant niacin (Kasarov 1972). In vitro, M. tuberculosis, “M. canettii”, and
some isolates of M. africanum excrete water-soluble niacin into the culture media,
the detection of which is extremely useful for definitive identification. This is an-
other hallmark that has not been investigated in molecular terms. Again, most of
the knowledge existing on this phenomenon and the tools for its detection were
produced a long time ago by bacteriological and chemical studies.

Like many aerobes, including other mycobacteria, the tubercle bacillus depends
upon certain enzymes to detoxify lethal oxygen radicals, such as peroxides and
H,0,, which are self-generated during respiration or produced by host phagocytes.
The main M. tuberculosis antioxidant enzyme that can hydrolyze H,0, is a heat-
labile catalase-peroxidase with both catalase and peroxidase activities. The thermal
lability of this enzyme is a marker of the M. tuberculosis complex. M. tuberculosis
also has an alternative alkyl-hydroperoxidase, which is postulated to compensate
for the lack of catalase activity. Paradoxically, the catalase is not only self-
protective but can also be self-destructive as it activates the anti-tuberculous pro-
drug INH. Mutations in the genes encoding both enzymes (katG and ahpC) are
involved in resistance to INH and thus, have been the subject of active investiga-
tion (see chapter 18). Understandably, resistance to INH may be associated with
irregular catalase activity. Among the biochemical markers commonly investigated
for mycobacteria identification in the clinical microbiological laboratory, this is the
only one that may be affected by drug resistance to some extent.
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Even though M. tuberculosis prefers ammonium and asparagine, it can deficiently
utilize nitrate and nitrite as sole sources of nitrogen in vitro. It has been speculated
that, in infected hosts, the microorganism might use nitrate as a nitrogen source
and/or as a terminal electron acceptor in the absence of oxygen. Whatever the
physiological function may be, M. tuberculosis has an enzyme bound to the cell
membrane that rapidly reduces nitrate and leads to the accumulation of nitrite.
Unlike those of other mycobacteria, M. tuberculosis nitrate reductase is perma-
nently very active in vitro regardless of the culture conditions. Under hypoxic con-
ditions or on exposure to nitric oxide, its activity may even be enhanced by induc-
tion of the protein NarK2. This protein is a nitrate transporter that might be able to
sense the redox state of the cell and adjust its own activity accordingly (Sohaskey
2005). The reductase activity may be hindered by very high concentrations of INH.
Furthermore, some isolates of the tubercle bacillus that are resistant to INH and
para-aminosalicylic acid (PAS) were found to be unable to reduce nitrate when
growing in minimal media (Hedgecock, 1962). The nitrate reductase activity seems
to be encoded by the constitutive narGHJI operon (Weber 2000), which is present
in both M. tuberculosis and M. bovis. However, M. bovis does not reduce nitrate. It
was demonstrated that a single nucleotide polymorphism at position 215 in the
promoter of this gene cluster determines different levels of enzyme activity in both
species (Sohaskey 2003). “M. canettii” and some isolates of M. africanum produce
detectable amounts of nitrite from nitrate in vitro.

M. tuberculosis is able to produce ammonia from urea by a urease-mediated reac-
tion. The ammonium can be then used by the microorganism for biosynthesis. The
urease is coded by the genes ureABC (Reyrat 1995) and it might also be important
for nitrogen acquisition as its activity increases when nitrogen sources are limited
(Clemens 1995). In addition, the consequent alkalinization of the microenviron-
ment by ammonium ions might inhibit the maturation of phagolysosomes and con-
tribute to the defective maturation of major histocompatibility complex class II
molecules of host monocytes (Sendide 2004).

3.7. Resistance to physical and chemical challenges

Although the tubercle bacillus is not a spore-forming bacterium, it has a remarkable
capacity to endure unfavorable conditions. The bacillus is able to circumvent de-
struction within the macrophages and to limit the access to the bacterial targets of
hydrophilic antiseptics and antibiotics (see Chapters 5, 11, and 18). For example,
chloride and bromide salts of cetylpyridium do not impair the viability of the tuber-
cle bacilli for at least 14 days (Tazir 1979, Pardini 2005). Therefore, these salts are
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used as preservatives when the processing of specimens is delayed. Likewise, the
natural impermeability of the bacterium to common hydrophilic antimicrobial
agents is used in the clinical mycobacteriology laboratory. In effect, some broad
spectrum antibiotics are added to selective media to isolate the tubercle bacillus.

As already mentioned, M. tuberculosis complex organisms multiply within narrow
temperature and pH ranges, and at a high oxygen tension, which is indicative of the
effect produced by these physical conditions on the rates of enzymatic reactions.
However, the tubercle bacilli can withstand conditions far distant from those opti-
mal for propagation. The bacillus survives to some extent in the acid or alkaline
microenvironment as a result of its interaction with the defensive mechanism of the
host, as well as the acid contents of the stomach. Similarly, a significant proportion
of the bacilli population present in clinical specimens can endure a brief treatment
with diluted solutions of acids and alkalis such as sulfuric acid or sodium hydrox-
ide. This property is peculiar as most microflora present in the specimens are killed
by this treatment; thus, it is exploited to isolate mycobacteria (see chapter 12). The
stress generated by a low pH is more severe in a nutrient-limited environment.
High levels of magnesium are required for growth in mildly acidic media (Cotter
2003).

The microorganism also withstands very low temperatures. Its viability may be
increasingly preserved for a long term between 2-4°C to -70°C. When ultrafrozen,
the viability of the bacilli remains almost intact as well as the taxonomic, serologic,
immunologic, and pathogenic properties. After thawing, they may require re-
adaptation to recover full metabolic activity (Kim 1979). On the other hand, the
bacilli are very sensitive to heat, sunlight and ultraviolet (UV) irradiation. In spu-
tum or in aqueous suspension, they progressively lose viability between 30 and
37°C within one week. Exposed to direct UV irradiation, moderate loads of tuber-
cle bacilli die in a few minutes (Huber 1970, Collins 1971).

In addition, M. tuberculosis tolerates low oxygen tension as demonstrated in un-
disturbed liquid culture media where the self-generated microaerophilic sediment
contains non-dividing, yet viable, bacilli. The bacilli may survive for many years in
this condition but need a minimal concentration of oxygen to induce the switch into
a fermentative metabolism (Wayne 1982, Wayne 1984). Adaptation to microaero-
philic conditions was further substantiated when it was found that, unlike aerobi-
cally-cultured bacilli, those persisting at low oxygen tension were susceptible to
metronidazole, a drug that is known to be effective against anaerobic bacteria.
Using transmission electron microscopy, Cunningham and Spreadbury demon-
strated that the cell wall of the microorganism thickens notoriously in microaerobic
and anaerobic cultures, which might be a strategy to endure oxygen depletion
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(Cunningham 1998). Under these conditions, a highly expressed and ubiquitous
16 kilo Dalton protein was identified. This heat-shock protein might play a role in
stabilizing the cell structures for long-term survival in the dormant state.

The tight structure of the cell wall of the tubercle bacillus is undoubtedly the shield
that preserves the posistion and function of the metabolic and replicating machin-
ery, even when inactive. At the same time, a succession of physiological mecha-
nisms, which are still poorly understood, are ready to shift this machinery towards
dormancy whenever necessary. This seems to be the main adaptive response of the
bacilli to almost all sub-optimal or even harsh conditions, in vitro, ex vivo, and in
vivo (see chapter 5).
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Chapter 4: Genomics and Proteomics

Patricia Del Portillo, Alejandro Reyes, Leiria Salazar, Maria del Carmen
Menéndez and Maria Jesus Garcia

4.1. Impact of new technologies on Mycobacterium tuberculo-
Sis genomics

A new wave in the analysis of the physiological secrets of microorganisms started
more than a decade ago with the reading of the first complete genome sequence,
corresponding to the bacterium Haemophilus influenzae (Fleishman 1995). Nowa-
days, the accessibility to hundreds of bacterial genome sequences has changed our
way of studying the bacterial world, including bacterial pathogens such as M. tu-
berculosis.

The overwhelming information displayed by genome sequences started the era of
“omics” technologies. These technologies are in accordance to the currently fast
times. A quick search in PubMed, limiting results to the last 10 years, showed more
than 27,000 papers devoted to “omics” issues: more than three thousand concerning
bacteria, and almost three hundred concerning Mycobacterium tuberculosis. Up to
five different “omics” methodologies have been described so far, all concerning the
global study of the target organism, analyzing all its genes, transcriptional products,
proteins, etc.

e Genomics involves the study of all genes that are present in the genomes

e Transcriptomics concerns the analysis of the cellular functions at the mes-
senger ribonucleic acid (mRNA) level

e Proteomics refers to the detection and identification of all proteins in a cell

e Metabolomics comprises the complete set of all metabolites formed by the
cell and its association with its metabolism

¢ Fluxomics compares the cellular networks (Fiechn 2003, Nielsen 2005)

In the tuberculosis (TB) field, only papers concerning genomics, transcriptomics,
and proteomics have been published. Integration of data derived from the several
“omics” by bioinformatics will probably allow a rational insight into M. tuberculo-
sis biology and its interactions with the host, leading to true control of the disease.

Undoubtedly, the biggest step in our knowledge on TB during the last decade was
the description of the complete genome sequence of the laboratory reference M.
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tuberculosis strain H37Rv (Cole 1998a). For example, the identification of genes
involved in the bacterial cell wall biosynthesis, the routes for lipid metabolism, the
location of insertion sequences and the variability in the PE_PPE genes allowed
scientists to merge the fragments of knowledge derived from the pre-genomic era
in a more comprehensive way. The sequence of the genome, and its comparison to
sequences of other microorganisms reported in several databases, allowed the as-
signation of precise functions to 40 % of the predicted proteins and the identifica-
tion of 44 % of orthologues (genes with very similar functions in a different spe-
cies), leaving 16 % as unique unknown proteins.

The elucidation of complete genome sequences and the development of microar-
ray-based comparative genomics have been powerful tools in the progress of new
areas by the application of robotics to basic molecular biology. Comparative ge-
nomics and genomic tools have also been used to identify factors associated with
the pathogenicity of M. tuberculosis, such as virulence factors and genes involved
in persistence of the pathogen in host cells. Moreover, these tools allowed a de-
scription of the evolutionary scenario of the genus (see Chapter 2).

Structural genomics was the starting point. As more accurate technologies became
available, the interest was focused into functional genomics. Thus, information on
specific mRNA actively synthesized by bacteria inside macrophages or during in
vitro starvation, opened ways to the analysis of gene expression. Microarray tech-
nology was applied to the detection of global gene activity in M. tuberculosis under
several environmental conditions. However, bacterial function cannot be under-
stood by looking at the mRNA level alone. A major barrier for genomic studies has
been the great number of genes with unknown function that have been identified.
Up to 60 % of the open reading frames (ORFs) had unknown functions after the
initial annotation of genes (identification of the protein unrevealed by the corre-
sponding ORF’s amino acid sequence) (Cole 1998a). The elucidation of protein
function was possible with the global analysis of bacterial proteins, giving insights
into the functional role of several so far unknown proteins. Thanks to the joint
contributions of biochemical techniques and mass spectrometry, up to 1,044 non-
redundant proteins were reported in different cellular fractions (Mawuenyega
2005). The upcoming task will be to assign them all a functional role. As more
results are obtained from the proteomic analysis, it is expected that the function of
more ORFs will be unveiled with the aid of new data on transcriptomics and pro-
teomics.

Genomics and other molecular tools allowed studies on gene expression and regu-
lation, which were unthinkable years ago. M. tuberculosis is a restricted human
pathogen; therefore it must have developed mechanisms enabling its quick and
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efficient adaptation to a variety of “intra-human” environments, which are, in fact,
its natural habitat. Understanding how the bacillus regulates its different genes
according to environmental changes will probably lead to the comprehension of
many interesting aspects of M. tuberculosis, including latency and host-adaptation.

This chapter will address the general basics, as well as the state-of-the-art ge-
nomics, transcriptomics and proteomics in relation to M. tuberculosis. Finally, a
general overview will be made on lipids, the most peculiar metabolites of this bac-
terium.

4.2. M. tuberculosis genome
4.2.1. Genomic organization and genes

TB research made huge progress with the availability of the genome sequence of
the type strain M. tuberculosis H37Rv (Cole 1998a). Expectations were generated
on the elucidation of some unique characteristics of the biology of the tubercle
bacillus, such as its characteristic slow growth, the nature of its complex cell wall,
certain genes related to its virulence and persistence, and the apparent stability of
its genome. This first available genome sequence of a pathogenic M. tuberculosis
strain helped to answer some of these questions and, what is even more stimulating,
to open many more. We describe herein the main characteristics of the M. tuber-
culosis genome sequences completed thus far and highlight some of the most inter-
esting questions answered and opened with this advance in TB research.

M. tuberculosis H37Rv (Cole 1998a) was revealed to possess a sequence of
4,411,529 bp, the second largest microbial genome sequenced at that time. The
characteristically high guanine plus cytosine (G+C content; 65.5 %) was found to
be uniform along most of the genome, confirming the hypothesis that horizontal
gene transfer events are virtually absent in modern M. tuberculosis (Sreevatsan
1997). Only a few regions showed a skew in this G+C content. A conspicuous
group of genes with a very high G+C content (> 80 %) appear to be unique in my-
cobacteria and belong to the family of PE or PPE proteins. In turn, the few genes
with particularly low (<50 %) G+C content are those coding for transmembrane
proteins or polyketide synthases. This deviation to low G+C content is believed to
be a consequence of the required hydrophobic amino acids, essential in any trans-
membrane domain, that are coded by low G+C content codons.

Fifty genes were found to code for functional RNAs. As previously described
(Kempsell 1992), there was only one ribosomal RNA operon (rrn). This operon
was found to be located at 1.5 Mbp from the origin of replication (oriC locus).
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Most eubacteria have more than one rrn operon located much closer to the oriC
locus to exploit the gene-dosage effect during replication (Cole 1994). The posses-
sion of a single rrn operon in a position relatively distant from oriC has been pos-
tulated to be a factor contributing to the slow growth phenotype of the tubercle
bacillus (Brosch 2000a).

One of the most thoroughly studied characteristic of M. tuberculosis is the presence
and distribution of insertion sequences (IS). Of particular interest is IS6/10, a se-
quence of the IS3 family that has been widely used for strain typing and molecular
epidemiology due to its variation in insertion site and copy number (van Embden
1993, see Chapter 9). Sixteen copies of [S6710 were identified in the genome of M.
tuberculosis H37Rv; some IS6710 insertion sites were clustered in sites named
insertional hot-spots. The same strain was found to harbor six copies of the more
stable IS/081, an insertion sequence that yields almost identical profiles in most
strains when analyzed by Restriction Fragment Length Polymorphism (RFLP)
(Sola 2001, Kanduma 2003). Another 32 different insertion sequences were found,
of which seven belonged to the 13E12 family of repetitive sequences; the other
insertion sequences had not been described in other organisms (Cole 1998b). Virtu-
ally all the ISs found in M. tuberculosis so far belong to previously described IS
families (Chandler 2002). The only exception is IS/556, which does not fit into any
known IS family (Cole 1999).

Two prophages were detected in the genome sequence; both are similar in length
and also similarly organized. One is the prophage PhiRv1, which in the M. tuber-
culosis H37Rv genome interrupts a repetitive sequence of the family 13E12. This
prophage is deleted or rearranged in other M. tuberculosis strains (Fleischmann
2002). The genome of M. tuberculosis possesses seven potential att sites for
PhiRv1 insertion, which explains the variability of its position between strains
(Cole 1999). The second prophage, PhiRv2 has proven to be much more stable,
with less variability among strains (Cole 1999).

Regarding protein coding genes, it was determined that M. tuberculosis H37Rv
codes for 3,924 ORFs accounting for 91 % of the coding capacity of the genome
(Cole 1998a). The alternative initiation codon GTG is used in 35 % of cases com-
pared to 14 % or 9 % in Bacillus subtilis or Escherichia coli respectively. This
contributes to the high G+C bias in the codon usage of mycobacteria.

A bias in the overall orientation of genes with respect to the direction of replication
was also found. On average, bacteria such as B. subtilis have 75 % of their genes in
the same orientation as that of the replication fork, while M. tuberculosis only has
59 %. This finding has led to the hypothesis that such a bias could also be part of
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the slow growing phenotype of the tubercle bacillus (Cole 1999). This conjecture,
however, does not take into account the fact that E. coli, a bacterium that grows
much faster than M. tuberculosis, has only 55 % of its genes in the same direction
as the replication origin (Li 2005).

From the predicted ORFs, all proteins have been classified in 11 broad functional
groups (Table 4-1), more precisely classified into COG functional categories
(http://www.ncbi.nlm.nih.gov/sutils/coxik.cgi?gi=135) according to the National
Center for Biotechnology Information (NCBI) of the United States (US). The
analysis of the codon usage showed a preference for G+C-rich codons. It was also
found that the number of genes that arose by duplication is similar to the number
seen in E. coli or B. subtilis, but the degree of conservation of duplicated genes is
higher in M. tuberculosis. The lack of divergence of duplicated genes is consistent
with the hypothesis of a recent evolutionary descent or a recent bottleneck in my-
cobacterial evolution (Brosch 2002, Sreevatsan 1997, see chapter 2).

From the genome sequence it is clear that M. tuberculosis has the potential to
switch from one metabolic route to another including aerobic (e.g. oxidative phos-
phorylation) and anaerobic respiration (e.g. nitrate reduction). This flexibility is
useful for survival in the changing environments within the human host that range
from high oxygen tension in the lung alveolus to microaerophilic/anaerobic condi-
tions within the tuberculous granuloma. Another characteristic of the M. tuberculo-
sis genome is the presence of genes for synthesis and degradation of almost all
kinds of lipids from simple fatty acids to complex molecules such as mycolic acids.
In total, there are genes encoding for 250 distinct enzymes involved in fatty acid
metabolism, compared to only 50 in the genome of E. coli (Cole 1999).

Concerning transcriptional regulation, M. tuberculosis codifies for 13 putative
sigma factors and more than 100 regulatory proteins (see section 4.3 of this chap-
ter).

Among the most interesting protein gene families found in M. tuberculosis are the
PE and PPE multigene families, which account for almost 10 % of the genome
capacity. The names PE and PPE derive from the motifs of Pro-Glu (PE) and Pro-
Pro-Glu (PPE) found near the protein N-terminus in most cases. These proteins are
believed to play an important role in survival and multiplication of mycobacteria in
different environments (Marri 2006). There are about 100 members of the PE fam-
ily, which is further divided into three sub-families, the most important of which is
the polymorphic GC-rich sequences (PGRS) class that contains 61 members. Pro-
teins in this class contain multiple tandem repetitions of the motif Gly-Gly-Ala,
hence, their glycine concentration is superior to 50 %. The PE PGRS proteins
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have been found to be exclusive to the M. tuberculosis complex (Marri 2006) and
resemble the Epstein-Barr virus nuclear antigens (EBNA), which are known to
inhibit antigen presentation through the histocompatibility complex (MHC) class I
(Cole 1999).

Interestingly, the analysis of the desoxyribonucleic acid (DNA) metabolic system
of M. tuberculosis indicates a very efficient DNA repair system, in other words,
replication machinery of exceptionally high fidelity. The genome of M. tuberculo-
sis lacks the MutS-based mismatch repair system. However, this absence is over-
come by the presence of nearly 45 genes related to DNA repair mechanisms
(Mizrahi 1998), including three copies of the mu¢T gene. This gene encodes the
enzyme in charge of removing oxidized guanines whose incorporation during repli-
cation causes base-pair mismatching (Mizrahi 1998, Cole 1999).

With the aim of making the information publicly available and the search and
analysis of information easier, the Pasteur Institute
(http://www.pasteur.fr/recherche/unites/Lgmb/) has created a database system in-
corporating not only all genes and annotation but other search tools such as Blast or
FastA, that allow the user to search for homologue sequences of a query sequence
inside the M. tuberculosis genome. This database is freely available for use on the
Internet and is known as the Tuberculist Web Server
http://genolist.pasteur.fr/TubercuList/).

As more information was generated, databases grew bigger, more experimental
information became available, and better and more accurate algorithms for gene
identification and prediction were released. The initial genome annotation in M.
tuberculosis H37Rv strain soon became out of date. For this reason, a re-annotation
of that genome sequence was published in 2002. This re-annotation incorporated 82
additional genes. The gene nomenclature was not altered; the new genes have the
name of the preceding gene followed by A, B or D, for example, two new ORFs
were described between Rv3724 and Rv3725, hence, they were named Rv3724A4
and Rv3724B. The letter C was not included since it usually stands for “comple-
mentary”, which means that the gene is located in the complementary strand. As
expected, the classes that exhibited the greatest numbers of changes were the un-
known category and the conserved hypothetical category (Table 4-1). The re-
annotation of the genome sequence allowed the identification of four sequencing
errors making the current sequence size change from 4,411,529 to 4,411,532 bp
(Camus 2002).
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As shown in Table 4-1, the information obtained from a single sequenced genome
is enormous. The advances made on the analysis of such information have acceler-
ated TB research.

Table 4-1: Functional classification of M. tuberculosis H37Rv and re-annotation*

Number of Number of

Class Function genes genes
(1998) (2002)

0 Virulence, detoxification, adaptation 91 99

1 Lipid metabolism 225 233

2 Information pathways 207 229

3 Cell-wall and cell processes 516 708

4 Stable RNAs 50 50

5 Insertion sequences and phages 137 149

6 PE and PPE proteins 167 170

7 Intermediary metabolism and respiration 877 894

8 Proteins of unknown function 606 272

9 Regulatory proteins 188 189

10 Conserved hypothetical proteins 910 1,051

* Data taken from Fleischman 2002

4.2.2. Comparative genomics

In recent times, new technologies have been developed at an overwhelming pace,
in particular those related to sequencing and tools for genome sequence data man-
agement, storage and analysis. As of April 2007, 484 microbial genomes have been
finished and projects are underway aimed at the sequencing of other 1,155 micro-
organisms (http://www.genomesonline.org/gold.cgi). Mycobacteria are not an
exception in this titanic genome-sequencing race; since 1998, when the first myco-
bacterial genome sequence was published (Cole 1998a); many genome projects
have been initiated. Until April 2007, 34 projects on the genome sequencing of
different mycobacterial species are finished or in-process. Of these, 15 are directed
towards M. tuberculosis strains, and 5 towards other members of the M. tuberculo-
sis complex. This information will be invaluable to improve the knowledge about
M. tuberculosis in the next few years. Currently, there are only two M. tuberculosis
(H37Rv and CDC1551) and two M. bovis (AF2122/97 and BCG Pasteur) genome
sequences annotated and published. For this reason, these are the strains that have
been used as reference strains for comparative genomics both in vitro and in silico.
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The pioneer of in vitro assays of comparative mycobacterial genomics involved
comparison of restriction profiles using low frequency restriction enzymes and
pulsed-field gel electrophoresis (PFGE). These studies allowed a rough analysis of
differences among M. bovis bacille Calmette-Guérin (BCG) isolates (Zhang 1995)
and most importantly, contributed to the construction of the first physical maps,
which were essential for the generation of the first genome sequence (Philipp
1996).

The next step in comparative genomics was the use of genomic subtractive hybridi-
zation or bacteria artificial chromosome hybridization for the identification of re-
gions of difference among the strains under analysis (Mahairas 1996, Gordon
1999). Mabhairas et al. (Mahairas 1996) used subtractive hybridization to identify
regions of difference that account for the avirulent phenotype of the vaccine strain
M. bovis BCG. As a result of their studies, they identified three regions of differ-
ence (RD1-RD3) in the genome of M. tuberculosis H37Rv that appeared to be
absent from M. bovis BCG. Further studies of these regions showed that RD3 cor-
responded to the prophage PhiRv1, a sequence that has been shown to vary among
M. tuberculosis clinical isolates and laboratory strains (see section 4.2.1). RD2 was
only deleted in isolates of M. bovis BCG that were re-cultured after 1925. Finally,
RD1 turned out to be the only sequence deleted from all M. bovis BCG strains and
present in pathogenic strains. However, complementation assays did not reconsti-
tute the full virulent phenotype in M. bovis BCG (Mahairas 1996). The RD1 region
contains eight ORFs, including members of the Early Secretory Antigenic Target 6
(ESAT-6) gene cluster (Brosch 2000a). The ESAT-6 proteins have been shown to
act as potent stimulators of the immune system (Brodin 2002).The genome of
H37Rv contains 23 copies of ESAT-6 family proteins distributed in 11 different
regions. Except for esxQ, all are clustered in pairs belonging to the ESAT-6 and
CFP-10 protein families (Stanley 2003, Gey Van Pittius 2001).

Gordon et al. (Gordon 1999) used ordered bacteria artificial chromosome arrays to
determine genomic differences between M. tuberculosis H37Rv and M. bovis BCG.
As a result, they identified 10 regions of difference, including the three previously
described (Mahairas 1996). Interestingly, two of the newly described regions (RD5
and RDS) also contained members of the ESAT-6 family of proteins. In addition,
RDS5 contained three genes coding for phospholipase C, a gene with a putative role
in mycobacterial pathogenesis (Johansen 1996). Several members of the PE and
PPE family proteins were also found in the regions of difference. One copy of
IS7532 was identified in RD6 and one copy of IS6/70 in RDS5. Furthermore, the
study searched for regions present in M. bovis BCG but absent from M. tuberculo-
sis H37Rv. Two regions with this characteristic were found and were named RvD1
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and RvD2 standing for H37Rv Deleted. Almost all ORFs from these regions code
for unknown proteins, so the role of these deletions has not been elucidated.

Until 2002, most studies concerning comparative genomics were based on differ-
ences among the strain type M. tuberculosis H37Rv and other tuberculous bacilli
(Behr 1999, Brosch 1999, Brosch 2002). Different approaches using DNA hybridi-
zation techniques, such as microarrays, allowed identification of regions of differ-
ence with more accuracy and sensitivity than previous methodologies. In total, 16
regions of difference have been found in M. tuberculosis H37Rv that were deleted
from M. bovis BCG. The basic idea behind the identification of regions of differ-
ence between the avirulent strain M. bovis BCG and the virulent laboratory strain
M. tuberculosis H37Rv was the identification of specific deletions in all BCG
strains that could be responsible for their lack of virulence. However, nine of the
regions of difference were also absent in pathogenic isolates of M. bovis.

Other studies have been done comparing M. tuberculosis H37Rv to its avirulent
counterpart M. tuberculosis H37Ra (Brosch 1999), in which other Rv-deleted re-
gions were identified. These regions, named RvD3 to RvDS5, were found to be
products of homologous recombination of adjacent IS6710, as with RvD2. Finally,
only RD1 was found to be absent in all M. bovis BCG strains and present in other
members of the complex.

The regions of difference were used as markers of the molecular evolution of M.
tuberculosis (Brosch 2002) and are represented in Figure 4-1. The use of deletions
as molecular markers has been described in Chapter 2.

Besides the above mentioned deletions, two duplications were identified in the M.
bovis BCG genome (Brosch 2000b). These duplications, named DUl and DU2,
apparently arose from independent events. DUI seems to be restricted to the BCG
Pasteur strain and comprises the OriC locus, indicating that BCG Pasteur is diploid
for OriC and some other neighboring genes. The DU2 region has been found in all
BCG substrains tested and includes the sigma factor sigH, which has been related
to the heat-shock response (Brosch 2001). Some excellent reviews are available on
comparative genomics, made before the publication of the second M. tuberculosis
genome (Cole 1998a, Brosch 2000a, Brosch 2000c, Brosch 2001, Domenech 2001,
Cole 2002a, Cole 2002b).

In 2002, the second M. tuberculosis genome sequence was completed, namely the
clinical strain CDC1551, which had been previously involved in a TB outbreak.
This strain was considered to be highly transmissible and virulent for human beings
(Fleischmann 2002). With the sequence of this second strain, a first approach to the
bioinformatic analysis of intraspecies variability became possible. In the initial
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comparison by sequence alignment, H37Rv presented a total of 37 insertions
(greater than 10bp) relative to strain CDC1551; from these, 26 affected ORFs while
the remaining 11 were intergenic. On the other hand, CDC1551 presented 49 inser-
tions relative to M. tuberculosis H37Rv; 35 affecting ORFs and 14 intergenic. A
total of 80 ORFs were inserted in either genome, 25 (31.2 %) of them were hypo-
thetical or conserved hypothetical ORFs, while 36 (45 %) corresponded to the
family of PE/PPE proteins, showing the potential role of this family of proteins in
antigenic variability and thus in pathogenicity.

Deletion | M. tuberculosis | M. africanum M. microti M. M. bovis
H37Rv bovis BCG

RD2
RD14
RD1
RD4
RD12
RD13
RD7
RD8
RD10
RD9
RvD1
TbD1
Figure 4-1: Distribution of deleted regions in M. tuberculosis complex members. Dark gray
filled cells indicate the presence in all strains tested, light gray indicate the presence in some

strains, white is absence from all strains tested. Data taken from (Gordon 1999, Brosch 2002,
Brosch 2000b, Marmiesse 2004)

Only one major rearrangement was found, consisting of the PhiRv1 (RD3),which
was found in the genome of M. tuberculosis H37Rv on coordinates 1,779,312 asso-
ciated with a protein of the REP13E12 family. On the genome of CDC1551, it was
found to be located on the complementary strand at coordinates 3,870,803, also
associated with a REP13E12 protein. M. tuberculosis CDC1551 was found to have
four copies of 1S6710 while M. tuberculosis H37Rv had 16. Interestingly, four of
the 16 IS61710 copies found in M. tuberculosis H37Rv lacked the characteristic 3 to
4 base pair direct repeat and were adjacent to regions deleted in M. tuberculosis
H37Rv relative to M. tuberculosis CDC1551, which suggests homologous recom-
bination.
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Since 2002, a large number of studies has been based on Large Sequence Polymor-
phisms (LSPs) and Single Nucleotide Polymorphisms (SNPs), identified by the
comparison of the first two M. tuberculosis genome sequences (Hughes 2002, Gu-
tacker 2002). These studies have been complemented with data obtained from the
genome sequence of a third organism of the M. tuberculosis complex. The com-
plete genome of Mycobacterium bovis AF2122/97, a fully virulent strain isolated
from a diseased cow in 1997 in Great Britain, was published in 2003 (Garnier
2003). This genome was composed of 4,345,492 bp with a G+C content of
65.63 %, 3,952 putative coding genes, one prophage (PhiRv2), and four IS ele-
ments. As expected, similarity of more than 99.95 % was found with a complete
colinearity, without evidence of extensive rearrangements. With regard to LSP,
most of them have been described above as regions of difference. Sequencing con-
firmed the absence of 11 regions of difference, and the presence of only one inser-
tion in comparison to the sequenced M. tuberculosis genomes: the region named M.
tuberculosis specific deletion 1 (TbD1), is a reflection that deletion events relative
to M. tuberculosis have shaped the M. bovis genome. The comparison of the three
genomes reflects the high degree of conservation among the members of the M.
tuberculosis complex, as well as the divergence of M. bovis related to M. tubercu-
losis strains.

For specific proteins or genes that vary between M. bovis and M. tuberculosis, a
detailed list can be found in Garnier et al. (Garnier 2003). However, it is important
to mention that the greatest degree of variation among these bacilli is found in
genes encoding cell wall components and secreted proteins. Extensive variations
have been found in genes of the PE/PPE family of proteins as well as in genes from
the ESAT-6 family, where six of the more than 20 members are absent or altered in
M. bovis. Some other changes are registered in genes coding for lipid synthesis and
secretion as the mmpL and mmpS family of genes. Deletions responsible for the M.
bovis requirement of pyruvate as a carbon source were also identified (Garnier
2003).

The analysis of the genome sequence of members of the M. tuberculosis complex
has led to great advances in the knowledge of the biology and pathogenesis of these
bacteria. The sequencing of whole genomes of Mycobacterium leprae (Cole 2001),
Mycobacterium avium subspecies paratuberculosis (Li 2005) and of other mem-
bers of the genus, such as Mycobacterium smegmatis and M. bovis, has also made
huge contributions to the understanding of the lifestyle of mycobacteria. Recently,
a report compared the metabolic pathways shared among five of the mycobacterial
genomes that have been sequenced (the genome sequence of M. smegmatis was not
included on this report) (Marri 2006). The characteristics of the sequenced ge-
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nomes of organisms in the genus Mycobacterium are presented in Table 4-2. The
main differences were found in ISs, the PE/PPE gene family, genes involved in
lipid metabolism and those encoding hypothetical proteins. The members of the M.
tuberculosis complex had the highest number of IS elements, which might suggest
higher intra-species variability in M. tuberculosis compared to other species of
mycobacteria.

Table 4-2: Features of sequenced genomes of species belonging to the Mycobacterium ge-
nus*

M. avium
M. tuberculo- .
M. tuberculo- . M. bovis subsp. M. smegma-
Feature n sis M. leprae .
sisH37Rv CDC1551 AF212297C gﬂ;’z?;fer— tis

Genome 411529 4403836 4345492 3268203 4,829,781 6,988,209
size (bp)

Protein

coding 3,927 4,186 3,920 1,604 4,350 6,897

genes
G+C (%) 65.6 65.6 65.6 57.79 69.3 67.40

Protein

coding 91.3 ~91 90.8 49.5 91.5 92.42

(%)

Gene

density 1,114 1,052 1,099 2,037 1,112 1,013
(bp/gene)
Average

gene 1,012 952 995 1,011 1,015 936

length

tRNAs 45 45 45 45 45 a7

rRNA 1 1 1 1 1 2

operon

*Data taken from Li 2005, Marri 2006

The comparison of the proteins encoded within the five sequenced genomes re-
vealed a core, or a number of shared proteins, of 1,326 proteins, compared to the
219 core genes described by macroarray and bioinformatic analyses (Marmiesse
2004). Unique genes ranged between 966 (M. avium subsp paratuberculosis) and
26 (M. tuberculosis H37Rv) depending on the genome, and most of these proteins
are hypothetical. Regarding the PE/PPE family proteins, it is worth mentioning that
M. tuberculosis and M. bovis contained the highest number of these proteins, while
neither M. leprae nor M. avium subsp paratuberculosis have PE_PGRS proteins.
Also, a wide variation has been noted in the mmpL gene family, known to partici-
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pate in lipid transport and secretion. It has been proposed that these variations
could be involved in host specificity (Marsh 2005).

4.2.3. Comparing genomes of clinical strains of M. tuberculosis

Genome comparison has shown that gene content can vary between strains of M.
tuberculosis. The analysis of complete genome sequences identified SNPs, LSPs,
and regions of difference (RDs) when clinical isolates of M. tuberculosis were
compared (Fleischmann 2002, Gutacker 2002, Tsolaki 2004, Filliol 2006).

The microarray approach allows the comparison of a large number of genomes,
providing information on the diversity, frequency, and phenotypic effects of poly-
morphisms in the population (Tsolaki 2004). This kind of genomic analysis is also
useful for the investigation of outbreaks. Particularly when applied to genomics,
DNA microarrays allow the identification of sequences present in the M. tuberculo-
sis reference strain, but absent from different clinical isolates. Unfortunately, the
microarray technique cannot detect genes present in a clinical isolate that are absent
in the reference strain. These changes can originate from small deletions, deletions
in homologous repetitive elements, point mutations, genome rearrangements,
frame-shift mutations, and multi-copy genes (Ochman 2001, Schoolnik 2002).
Fleischeman et al. suggested that genetic variation among M. tuberculosis strains
might denote selective pressure, and therefore might play an important role in bac-
terial pathogenesis and immunity (Fleischmann 2002). Although associations be-
tween host and pathogen populations seems to be highly stable, the evolutionary,
epidemiological, and clinical relevance of genomic deletions and genetic variation
regions remain ill-defined, as do the molecular bases of virulence and transmissi-
bility (Hirsh 2004).

Up to six M. tuberculosis linecages adapted to specific human populations have
been described by Gagneux et al. using comparative genomics and molecular
genotyping tools: the Indo-Oceanic lineage, East-Asian lineage, East-African-
Indian lineage, Euro-American lineage, and two West-African lineages (Gagneux
2006, see chapter 2). Specific deletions associated with the hypervirulent Bei-
jing/W strains of M. tuberculosis were identified (Tsolaki 2005). Evidently, these
differences cannot include sequences present in clinical isolates that are absent
from M. tuberculosis H37Rv, so they necessarily represent a small part of the total
potential genetic variability. Up to 13 complete genome sequences of representa-
tive M. tuberculosis clinical isolates are currently under progress
(http://www.genomesonline.org/gold.cgi). That number accounts for near half of all
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the mycobacterial strains that are currently undergoing complete genome sequenc-
ing.

All major functional categories are represented among deleted genes in clinical
isolates of M. tuberculosis. Mobile genetic elements (insertion sequences or pro-
phages) are frequently deleted. DNA loss frequently results from the activity of the
insertion sequence 1S67/10 (Brosch 1999, Gordon 1999). The rate of deletion in
genes involved in intermediary metabolism and respiration, and in cell wall synthe-
sis is surprisingly high. Some of the genes encoding for potential antigens (plcA,
pleD, IpgH, IppA, esx, or PE/PPE genes) might be deleted under the influence of
host selective pressures, which would confer an adaptational advantage during
infection or help transmission (Tsolaki 2005). Some of these missing genes (e.g.
esx genes) encode proteins from the ESAT-6 family (Marmiesse 2004).

The use of microarray-based comparative genomics for the study of the genetic
variability of pathogens provides interesting information. Not only the identifica-
tion of the deleted or absent genes is important, but also the differential hybridiza-
tion signal between samples is of interest. These differential signals can indicate
sequence divergence or a difference in the copy number, which may provide an
insight into strain evolution and pathogenesis (Taboada 2005).

4.2.4. Functional genomics

Functional genomics is the analysis of the biological function of the genes and their
products within a cell or organism. Unlike genomics and proteomics, functional
genomics focus on gene transcription, translation, and protein-protein interactions.
Genes operate as long as they are expressed and their expression is regulated at the
transcriptional or post-transcriptional level.

Functional genomics uses mRNA expression profiling to provide a picture of the
transcriptome in a specific condition or time, in order to identify co-regulated genes
that perform common metabolic and biosynthetic functions. A set of co-regulated
genes is known as a regulon.

Microarrays have additional applications in functional genomics apart from gene
expression studies, and other uses have also been reported. Using this new power-
ful technique, Sassetti ez al. developed a method to map transposon insertion sites
in order to identify essential genes in mycobacteria. The probes were synthesized
from a transposon library and then used for hybridization in the array. A number of
mutants carrying an insert in each gene were obtained, which were later isolated
and identified (Sassetti 2001).
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The results of studies on comparative mycobacterial genomics have been validated
by functional analysis, involving transcriptomics and proteomics. In fact, gene
knock-out followed by transcript analysis and proteome definition seems to be the
way to identify essential genes. For example, M. tuberculosis genes that encode
functions essential for growth are prime choices for further investigation as targets
for the development of new drugs or diagnostic methods (Cole 2002b).

Subsequently, research derived from comparative genomic studies was directed
towards the study of particular genes. That is the case of the deletion designated as
RD750 (corresponding to the Rv/519 gene) in the genome of the M. tuberculosis
strain named CH, from a large outbreak that occurred in a community of Indian
immigrants in the United Kingdom (Rajakumar 2004) and belonging to the East
African-Indian lineage. Complementation and combination of in vitro and in vivo
assay systems indicated the participation of the gene Rv/579 in the persistence and
outbreak potential of this M. tuberculosis lineage in human populations (Gagneux
2006, Newton 2006).

Construction and transcription analysis of the appropriate mutant have revealed the
functional role of the Rv3676 gene, a member of the cyclic adenosine monophos-
phate (cAMP) receptor protein family of transcription factors. This factor is re-
quired for virulence of M. tuberculosis in the mouse model. The functional map
obtained from the transcriptome revealed information about regulatory pathways.
The global transcription profiling experiments, comparing the wild type M. tuber-
culosis H37Rv strain and Rv3676 mutant grown in vitro, identified some of the
genes that are co-regulated, directly or indirectly, by Rv3676 in M. tuberculosis
(Rickman 2005).

4.3. Gene expression in M. tuberculosis
4.3.1. Control of gene expression

The ability of M. tuberculosis to survive within host cells requires a complex and
tightly controlled gene regulation. The genes that are used under different condi-
tions could be readily inferred from the corresponding mRNAs. Thanks to the de-
velopment of highly specific and sensitive technologies, such as microarrays and
quantitative real-time Polymerase Chain Reaction (QRT-PCR), it is now possible to
analyze the global expression from both the bacillus and the infected host. Taken
together, all this could help us to understand the adaptative machinery of M. tuber-
culosis.
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The deciphering of the complete M. tuberculosis genome sequence has unveiled its
well-equipped machinery, which accounts for its high degree of adaptability. Thir-
teen putative sigma (o) factors and 192 regulatory proteins seem to be involved in
the control of M. tuberculosis gene expression (Cole 1998a). Interchangeable o
factors regulate the function of RNA polymerase, initiating transcription and con-
ferring promoter specificity to the holoenzyme (Kazmierczak 2005, Mooney 2005).
To date, consensus promoter sequences have been proposed for six ¢ factors, be-
sides the housekeeping o factor, o* (for a review, see Rodriguez 2006). Gene ex-
pression levels could be further modified by the action of transcriptional activators
and repressors: regulatory proteins (Barnard 2004). These regulatory proteins in-
clude 11 two-component systems, five unpaired response regulators, seven wb/
genes, and more than 130 other putative transcriptional regulators (Cole 1998a).

The differential expression of these regulatory gene products throughout different
stages of the lifespan of M. tuberculosis must be determinant for the pathogen’s
successful infection and/or persistence within the human host. In recent years, a
number of reports have correlated the response of several of these transcriptional
regulators to a variety of environmental stresses (for a summary, see Table 4-3 at
http://www.tuberculosistextbook.com/pdf/Table 4-3.pdf), such as cold shock, heat
shock, hypoxia, iron or zinc starvation, nitric oxide, surface stress and oxidative
stress (Manganelli 1999, Raman 2001, Sherman 2001, Shires 2001, Manganelli
2002, Stewart 2002, Park 2003, Rodriguez 2003, Voskuil 2003, Canneva 2005,
Geiman 2006). However, the biological signals that stimulate the expression of the
majority of them are still poorly recognized. Likewise, the connections between the
different regulatory circuits of the complex network that controls gene expression
in M. tuberculosis are incompletely established. An example of the intricacy of this
network is the genetic regulation of sigB, which is induced by o in response to
surface stress (Manganelli 2001) or by " under heat shock and oxidative stress
(Manganelli 2002). The regulation of sigB expression seems to be more complex
than the above cited, given that o*- and o™-dependent promoters were identified in
the regulatory promoter region of sigB; and c"-dependent transcription was origi-
nated upstream to sigB (Dainese 2006). It has been shown that " is also responsi-
ble of the induction of sigE after heat shock and exposure to diamine (Raman
2001). DNA microarray experiments with M. tuberculosis mutants revealed that
some G factors control the expression of their own structural gene (Manganelli
2002, Geiman 2004, Sun 2004, Raman 2004, Dainese 2006). Autoregulation has
also been demonstrated for the six two-component systems studied so far in M.
tuberculosis, which are senX3-regX3 (Himpens 2000), #7c¢RS (Haydel 2002),
prrAB (Ewann 2004), dosRS (Bagchi 2005), mprAB (He 2005), and phoPR (Gupta
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2006). Two-component signal transduction systems are composed of a histidine
kinase sensor and a cytoplasmic response regulator that is activated by the cognate
histidine kinase (West 2001). One of these systems, dosRS, is induced by hypoxia,
exposure to ethanol or the nitric oxide donor S-nitrosoglutathione (Sherman 2001,
Voskuil 2003, Kendall 2004). This regulon is responsible for the transcriptional
changes during oxygen limitation, which is considered an important stimulus for
the entry of M. tuberculosis into a dormant state (Wayne 2001). For this reason, the
genes included under control of dosRS are considered members of the dormancy
regulon. Recently, the induction of sigB and sigE has been shown to depend on the
two-component system MprA/MprB when the bacilli are subjected to surface stress
(He 2006).

The transcriptional regulator WhiB3 seems to positively regulate the expression of
the housekeeping o factor named sigA, by interacting with the subregion 4.2 of
factor (Steyn 2002). WhiB3 is encoded by one of the seven whiB-like genes de-
scribed in the M. tuberculosis genome (Cole 1998a) and belongs to the whl family
of genes, which encodes putative transcription factors, which are unique to actino-
mycetes (Molle 2000, Soliveri 2000). A recent analysis has demonstrated that the
expression of M. tuberculosis whiB-like genes is modified in response to anti-
mycobacterial agents and environmental stress conditions (Geiman 2006). Addi-
tionally, whiB1 transcription is regulated by cAMP levels via direct binding of the
activated form of the product of Rv3676 (CRP protein-cAMP) to a consensus site
adjacent to the whiB1 promoter (Agarwal 2006).

A post-translational regulation has also been reported for several ¢ factors. An-
tagonist proteins, known as anti-c factors, can negatively regulate some o factors
by sequestering them and preventing their association with RNA polymerase.
Many of these anti-c factors are located downstream of their cognate ¢ factor-
encoding gene and both genes are usually co-transcribed (Bashyam 2004). The
functions of five specific anti-c factors of M. tuberculosis have so far been exam-
ined: RseA (Rodrigue 2006); RshA (Song 2003); RslA (Hahn 2005, Dainese 2006);
RsbW or UsfX (Beaucher 2002); and RskA (Said-Salim 2006). Interestingly,
RsbW, the oF-specific antagonist, is post-translationally regulated by two anti-anti-
o factors: RsfA and RskB (Beaucher 2002, Parida 2005).

Although the function of many of these mycobacterial transcriptional regulators
and signal transduction systems remains poorly defined, recent studies have begun
to provide evidence of the biological role of these regulatory circuits throughout
each stage of the lifecycle of M. tuberculosis inside the human host. The expression
of sigA, sigE and sigG (Manganelli 2001, Capelli 2006, Volpe 2006), that of some
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two-component systems (Ewann 2002, Haydel 2004, Walters 2006), as well as that
of the transcriptional regulator whiB3 are induced during macrophage infection.
The role of these transcriptional regulators in pathogenesis and virulence became
even more evident in animal model experiments, where disruption or deletion of
these genes was shown to affect M. tuberculosis virulence in mice (Parish 2003a,
Parish 2003b, Sun 2004, Manganelli 2004, Raman 2004, Hahn 2005, Walters
2000).

Studies on mutagenesis and the expression profile of several regulators during the
growth of M. tuberculosis in the macrophages and in organs of experimental ani-
mal models are currently underway. These regulators can modify bacterial physiol-
ogy and are able to modulate host-pathogen interactions in response to environ-
mental signals.

4.3.2. In vitro gene expression

M. tuberculosis is an obligate mammalian pathogen that is able to infect many
different cells, including macrophages, dendritic cells, alveolar-epithelial cells, and
neutrophils. It is also able to reside extracellularly in the lung, inside granulomas.
As mentioned previously, the tubercle bacillus adapts its transcriptome to the envi-
ronment in which it replicates. The adaptation of a bacterium to harsh environ-
ments involves the transcriptional activation of genes whose final products help the
bacterium to reprogram its physiology, thus ensuring survival. Among the genetic
determinants that the bacterium must modulate are those involved in intermediary
and secondary metabolism, cell wall processes, stress responses and signal trans-
duction pathways.

By utilizing the microarray technology, quantitative RT-PCR and laboratory gener-
ated mutants, studies on M. tuberculosis global gene expression have been under-
taken using broth cultures, cell cultures, and animal models. None of these models
reproduce several key features of TB in the human infection; and, unfortunately, no
data is available from human tissues.

Table 4-4 summarizes the most important genes whose expression is modulated by
the transcriptional regulators mentioned previously (see section 4.3.1).
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Table 4-4: Regulation of cell process genes

Transcrip-  Condition Cell process genes
tional U Down
regulation P
regulated regulated
oC Growth Two-component systems: senX3, mirA,
curve hspX (a-crystallin), fopC (antigen 85C)
oD Exponen- rofC  (resuscitation factor), Rv1815, PE_PGRS
tial growth  Rv3413c family genes
oH Diamine Heat shock proteins: hsp, clp, trxB2C
exposure, operon, transcriptional regulators: SigE,
heat sigB
stress®
oM Log-phase  Esx family genes, PPE1, PPE19 PPE6BO, kasA-
growth kasB, fas,
pks2, pks3
oE Exponen- Icl1 (isocitrate lyase), heat-shock proteins,
tial growth, transcriptional regulators: sigB, mprAB
SDS
exposure
oL sigL-rsiA, pks10-pks7, mpt53-Rv2877c,
Rv1139¢-Rv1138c
oF Stationary- HP and CHP family of proteins, transcrip-
phase tional regulators: sigC, sigF, and MarA,
growth GntR TetR family, cell envelope: murB

DosS-DosR  Standing hspX  (a-crystallin), Rv3130c (CHP),
cultures Rv1738 (CHP), Rv0572c (CHP)

PhoPR Exponen- Cell envelope components
tial growth

MprA Mid- ~95 genes of M. tuberculosis. PE/PPE
exponen- gene family, HP, CHP
tial phase

CHP = conserved hypothetical protein

For example, analysis of a mutant of M. tuberculosis sigC showed that this o factor
induces the expression of some virulence-associated genes. On the contrary, the
genes hspX (encoding the a-crystalline homologue), senX3 (sensor kinase), mtrA
(response regulator), and fbpC (mycolyl transferase and fibronectine binding pro-
tein or antigen 85C) were down-regulated in that mutant strain at different times of
the growth curve (Sun 2004). Genes induced by o include the resuscitation pro-
moting factor rfpC, several chaperone genes and genes involved in lipid metabo-
lism and cell wall processes (Raman 2004). Thirty-nine genes were shown to be
under the control of 6. These include genes coding for some heat shock proteins
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(hsp and clp), the trxB2C operon and some transcriptional regulators (Manganelli
2002). Quantification of mRNA by primer extension under different stresses dem-
onstrated that the transcription of t7xB2, dnaK, clp and sigE could be induced from
c'-dependent promoters located upstream of these genes (Raman 2001). " seems
to regulate the expression of proteins involved in fatty acid degradation, such as the
isocitrate lyase (coded by icl/l), two proteins related to fatty acid degradation
(fadE23 and fadE24), heat shock proteins, and the transcriptional regulators sigB
and mprAB (Manganelli 2001). Recently, it was reported that ¢™ induces the ex-
pression of two pairs of secreted proteins of the Esx family and two PPE genes,
while it negatively regulates PPE60 expression as well as the expression of several
genes involved in surface lipid biosynthesis and transport (Raman 2006).

At least four small operons appear to be directly regulated by c*: sigL-rsIA, pks10-
pks7, mpt53-Rv2877¢, and RvI139c-Rv1138c, which clearly have a c"-consensus
promoter sequence in their regulatory region (Hahn 2005, Dainese 2006). The pks
genes are involved in the biosynthesis of phthiocerol dimycocerosate, a component
of the cell envelope associated with virulence (Sirakova 2003); and the mpt operon
contains genes involved in fatty acid transport (Sonden 2005). DNA microarrays of
a mutant of M. tuberculosis lacking a functional sigF, have revealed that this o
factor is able to induce gene expression almost exclusively during the stationary
phase of growth, supporting the hypothesis of a major role of ¢* in the adaptation
to the stationary phase. Among the o' -targeted genes, 50 % coded for hypothetical
proteins or proteins of unknown function, some were transcriptional re-
pressor/activators (MarR, GntR and TetR family of DNA binding regulators) and
others were found to be involved in the biosynthesis and structure of the cell enve-
lope (Geiman 2004).

A complete genomic microarray analysis has also been performed on M. tuberculo-
sis strains mutated in two-component regulatory systems. The dormancy-related
two-component system dosRS was inactivated in M. tuberculosis using different
methodologies (Parish 2003b, Park 2003). It was shown that the expression of this
two-component system is highly induced under hypoxia (Sherman 2001b, Park
2003). A consensus dosR-specific binding motif was reported to be located up-
stream of hypoxic response genes (Park 2003, Kendall 2004). The microarray ex-
pression profiles of mutants in each of the components (dosR and dosS) showed
that DosR is required for the expression of genes usually induced under oxygen
limitation, such as hspX gene. Several putative operons with unknown function
were also strongly regulated by DosRS.
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Up to 30 genes were found to be up-regulated, and another 68 genes down-
regulated in a mutant of M. tuberculosis senX3-regX3. However, it has not been
clearly determined if the changes found in gene expression were directly or indi-
rectly related to the lack of this two-component regulatory system (Parish 2003a).
Recently, the global transcriptional profile of the two-component systems PhoP and
MprA has been reported. One of these studies provided evidence that the
PhoP/PhoR system is a positive transcriptional regulator of genes involved in the
synthesis of the cell envelope of M. tuberculosis (Walters 2006). On the other hand,
MprA regulates sigB and sigE and many other genes previously reported to be
associated to various stress conditions (He 2006).

In order to analyze the mechanisms involved in bacilli intracellular survival, myco-
bacterial gene expression was determined in M. tuberculosis infected macrophages
from different sources. Macrophages play a crucial role in TB infection because
they represent both the effector cells for bacterial killing and the primary habitat in
which the persisting bacilli reside. Macrophages have been investigated at different
time points post-infection for the differential expression of various two-component
system regulators (regX3, phoP, prrA, mprA kdpE, tcr, devR and tcrX) (Haydel
2004). More recently, the gene expression profile of M. tuberculosis grown in hu-
man macrophages compared to that of bacteria growing in synthetic culture me-
dium was published (Capelli 2006). In this work, the authors reported that ap-
proximately one-third (32 %) of the genes upregulated by M. tuberculosis in
macrophages correspond to conserved hypothetical proteins, with unknown func-
tion; this finding highlights the considerable gap that still remains in the knowledge
of how this bacterium survives intracellularly. Genes involved in cell wall proc-
esses (19.5 %), regulation and information pathways (16 %), and PE family pro-
teins (3.6 %) were also upregulated. Interestingly, the authors observed high induc-
tion of the sigma factor sigG and 13 other putative transcriptional regulators.
Upregulation of sigA, sigE, and sigG was also reported in a similar study (Volpe
2006). The whiB3 gene was also induced in M. tuberculosis during infection of
naive bone marrow-derived macrophages in comparison to bacteria in broth culture
mid-log growth (Banaiee 2006).

4.3.3. In vivo gene expression

The use of microarrays for profiling transcriptomes of bacteria inside the host cell
has been limited by the paucity of bacterial mRNA in samples containing a pre-
ponderance of mammalian RNA. Therefore, while significant work has been per-
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formed on the gene expression profile of the host, information on M. tuberculosis
expression inside infected hosts is still limited.

So far, there is only one publication concerning global mycobacterial transcription
expression in the animal model, using microarray as the analytical method (Talaat
2004). Differential expression levels of M. tuberculosis during infection in Balb/c
or Severe Combined Immunodeficiency (SCID) mice were evaluated and com-
pared to the levels found in mycobacteria grown in broth culture. These authors
identified up to 40 genes whose expression significantly changed during Balb/c and
SCID mouse infection. These genes include rubB, dinF, and fdxA. The same genes
were also found to be induced 24 hours post-infection in murine bone marrow
macrophages (Schnappinger 2003). Additionally, several genes were regulated up
or down only in Balb/c mice, such as proZ (transport system permease protein),
aceAa (probable isocitrate lyase involved in lipid metabolism), and genes encoding
for regulatory proteins, such as sigK, sigE and kdpE. The authors concluded that
the expression profile of M. tuberculosis in SCID mice resembles the profile found
in bacilli grown in vitro, while the expression profile in Balb/c mice resembles that
reported in multiplication within the macrophages (Schnappinger 2003). Excep-
tionally, some genes were found to be expressed only in Balb/c mice.

A small number of studies applied quantitative RT-PCR to investigate the expres-
sion of mycobacterial genes in the animal model. These studies focused on the
analysis of a few particular genes. Examination of lungs of infected C57BL/6 mice
showed that the transcriptional regulator genes whiB3, fdxA (electron transfer),
hspX (a-crystalline), acg (unknown function), RvI738 (unknown function), and
Rv2626¢ (unknown function) were markedly induced during the course of infection
(Banaiee 2006). A gene required for extrapulmonary dissemination (hbhA) was
also upregulated in the lung but not in the spleen during the early stages of infec-
tion (Delogu 2006). While the expression of PE_PGRS16 was up-regulated in the
spleens and lungs of infected mice, the expression of PE PGRS26 was down-
regulated (Dheenadhayalan 2006). A study on human lung biopsies revealed a high
variability in expression profiles of specific M. tuberculosis genes among the
specimens analyzed (Timm 2003). The biopsies were obtained from four HIV-
negative patients with chronic active TB that was unresponsive to therapy. Al-
though some differences were observed when comparing human and murine lung,
the authors admitted that it was difficult to ascertain whether the infection stage in
the analyzed human lung specimens could be correlated with the persistent infec-
tion in mice.
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4.4. M. tuberculosis proteome

With the availability of the genomes of M. tuberculosis H37Rv, M. tuberculosis
CDC1551, M. bovis, and the ongoing sequencing projects, attention in the coming
years must be focused on the interpretation of the sequences determining the
structure and function of the proteins. Proteomics, the global study of proteins that
are translated in a given physiological state is one of the most important and ambi-
tious goals in M. tuberculosis research. The proteome of an organism implies not
only an inventory of its gene products but also the transduction rate and the post-
transcriptional events that occur in the organism (Betts 2002). Classical studies of
proteomics involve two dimensional electrophoresis (2-DE), in which proteins are
first separated by the isoelectric point and then by the molecular weight (O’Farrel
1975). Every spot of protein is then isolated, hydrolyzed and subjected to tech-
niques of mass spectrometry (MS), tandem MS (MS/MS); matrix-assisted laser
desorption/ionization mass spectrometry (MALDI/MS) and, matrix-assisted laser
desorption/ionization time of flight mass spectrometry (MALDI-TOF/MS). For a
good review on the different techniques used in protein mapping, readers are re-
ferred to Patterson et al (2000). Techniques different from two dimensional elec-
trophoresis have also been implemented. For instance, the use of one dimension
electrophoresis has been shown to be very useful for the separation of hydrophobic
proteins (Simpson 2000). Other approaches that do not involve the use of gels, such
as two-dimensional liquid chromatography (LC) and the subsequent analysis by
MS (2 DLC/MS), have been shown to be very efficient in the identification of
hydrophobic and membrane proteins (Isobe 1991). In 1999, the isotope-coded
affinity tag (ICAT) technology was reported (Gygi 1999). In this, mixtures of pro-
teins from bacteria in two different conditions are covalently labeled with isotopi-
cally labeled heavy or light forms of the reagents. The samples are combined and
subjected to proteolysis. After purification of the labeled peptides through affinity
tag, which is part of the reagents, they are analyzed by LC-MS/MS. This new tech-
nology has proven to be very useful in the quantitation of complex mixtures of
proteins.

Before the disclosure of the M. tuberculosis genome, antigens and proteins were
identified by one- and two-dimension polyacrilamyde gel electrophoresis, and the
use of cumbersome immunological methods (Nagai 1991, Garbe 1996). With the
advance in high-resolution 2-DE and analytical chemistry, M. tuberculosis pro-
teome is at present a reality. Pioneering studies in the proteomic field included the
mapping of 32 N-terminal sequences by MS and the identification of culture filtrate
proteins by 2-DE and immunodetection (Sonnenberg 1997).
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Very soon after the publication of its genome, bioinformatic tools were applied to
predict the proteomic profile of M. tuberculosis (Tekaia 1999). The in silico analy-
sis showed characteristics of the tubercle bacillus as the duplication of numerous
genes, especially those involved in gene regulation and in lipid metabolism, and
those coding for the PE/PPE protein family. The study also showed a reduced rep-
ertoire of proteins devoted to transport, which might reflect the intracellular life-
style. The bioinformatics-predicted proteome was compared to 2-DE protein maps
obtained from M. tuberculosis whole cell lysates, which were separated in a broad
pH range between 2.3 and 11.0. This work demonstrated that proteins with a mo-
lecular mass below 10 kDa were not predicted from the genome sequence and also
that experimentally basic and high molecular mass proteins could not be resolved
by 2-DE (Urquhart 1998). Since 1999, the huge amount of data in proteomics has
led to the creation of 2-DE databases, where images generated in different laborato-
ries can be stored and analyzed. These databases are accessible on the internet at:
http://web.mpiib-berlin.mpg.de/cgi-bin/pdbs/2d-page/extern/overview.cgi?gel=16
(Mollenkopf 1999) and http://www.ssi.dk/sw14644.asp (Rosenkrands 2000b).

4.4.1. Structural proteomics of M. tuberculosis

Thanks to recent technological advances, the subcellular protein profile of M. fu-
berculosis can now be drawn. The global analysis of compartmentalized proteins
will shed light on host-pathogen interactions, metabolic pathways and cell commu-
nication, just to mention some of the mechanisms related to pathogenesis. In addi-
tion, many pathogenic bacteria secrete proteins that are involved in virulence (Fin-
lay 1997) and thus culture filtrates of M. tuberculosis could be a source for identifi-
cation of virulence factors. Cell wall proteins play a fundamental role in cell archi-
tecture, resistance of the pathogen to chemical injury and dehydratation, and many
other key functions of this microorganism. Thus, the identification of proteins lo-
calized in this subcellular fraction may lead, in the near future, to the development
of new diagnostic tests and drugs. Membrane proteins demand special attention,
because they are involved in host-pathogen interactions, nutrient transport, quorum
sensing mechanisms, etc. Knowledge of these proteins could be the clue to the
development of novel vaccines. Finally, the identification of cytosol proteins and
the intricate network of their interaction will reveal metabolic pathways that can be
targets for the design of rational drugs against TB. Even though we are still far
from identifying the almost 4,000 genes predicted by genomics, the number of
identified proteins increases each year and shows how genomic and proteomic
technologies complement each other.
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The biochemical methods developed for the separation of the cell wall, membrane
and cytosol fractions have facilitated proteomic studies in M. tuberculosis (Hirsch-
field 1990, Lee 1992). Jungblut ef a/. identified 53 proteins from cell lysates and 54
from culture filtrates using 2-DE and MALDI/MS (Jungblut 1999). These authors
performed comparative proteomics in M. tuberculosis, which will be discussed
later in this chapter.

Reference maps of cellular fractions and culture filtrate proteins were constructed
using 2-DE, N-terminal sequencing and antibodies against previously identified
antigens (Rosenkrands 2000b). As many as 1,184 spot proteins were visualized
after silver staining. Only 10 % of them were identified. In order to map less abun-
dant proteins, different methods were applied for their separation, which allowed
the identification of 12 novel proteins, five of them with a known function (Ro-
senkrands 2000b). The study also showed the identification of a protein that was
not predicted by genomics and revealed the presence of alternative start codons.

The implementation of immobilized pH gradient for 2-DE and MALDI/MS al-
lowed the identification of 288 proteins (Rosenkrands 2000a). Six proteins were
identified, all of them with molecular masses between 13,200 and 7,200 kDa and
with isoelectric point (pl) ranges between 4.5 and 5.9. Five of these proteins were
correctly identified in the genome of the clinical strain CDC1551 (Jungblut 2001).

In spite of the enormous usefulness of 2-DE in proteomic studies, there are certain
disadvantages inherent to its technique, such as the low resolution of proteins with
very high or very low molecular masses, or proteins that are very acidic, very basic
or hydrophobic. But in particular, the technique is biased towards the preferential
identification of the most abundant proteins. Therefore, less abundant proteins,
such as transcriptional regulators, are rarely detected when whole cell lysates are
analyzed (Gygi 1999). To overcome these inconveniences, alternative techniques
have been applied in proteomic studies. For example ICAT reagent method and
LC-MS/MS were used as a complement of 2-DE-MS/MS. Using these approaches,
388 M. tuberculosis proteins were quantified and identified. Each one of these
techniques has been shown to be adequate for the identification of certain classes of
proteins. For example, the ICAT method performed better for the identification of
cell membrane and high molecular mass proteins, while 2-DE showed better results
in the identification of low molecular mass and cysteine-free proteins (Schmidt
2004). Interestingly, none of these techniques allowed the identification of proteins
in the following subclasses: cell division, IS elements, repeated sequences, phages,
PE/PPE families, cytochrome P450 enzymes, cyclases, and chelatases.
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By 2004, only about 400 proteins had been identified in the proteome of M. tuber-
culosis, probably due to the limitations of 2-DE-based separation methods. The use
of automated two-dimensional, capillary high-performance liquid chromatography
(HPLC) coupled with MS gave a wider and more accurate proteomic profile of M.
tuberculosis (Mawuenyega 2005). Proteins of the cell wall, membrane and cytosol
subcellular fractions could be identified. The number of identified proteins in-
creased to 1,044 non-redundant proteins, 67 % more than those obtained by con-
ventional 2-DE. This study identified proteins in extreme pl ranges, among them
the most acidic proteins ( PE_PGRS, Rv3572) with a pl of 3.89 and the most basic
proteins (rps2, a 30S ribosomal protein) with a pl of 12.18. Proteins of high mo-
lecular mass, such as the 230,621 Da polyketide synthase ppsC, were also identi-
fied. A total of 705 proteins were identified in the membrane, 306 were localized in
the cell wall, and 356 in the cytosol fraction. Forty-seven were present in all ana-
lyzed fractions. The study also included a computational analysis of protein net-
works, one of the most exciting fields in the coming years. Readers are invited to
consult the supplementary table of this work (Mawuenyega 2005).

M. tuberculosis is an intracellular pathogen, the bacillus is engulfed by alveolar
macrophages where it can survive and grow by altering the intracellular compart-
ments to preclude the normal maturation to phagolysosomes or to prevent fusion of
phagosomes to lysosomes (Clark-Curtiss 2003). The interaction between host and
pathogen is thought to be mediated by membrane proteins. Therefore, the charac-
terization of membrane proteins is a topic of intensive research. As mentioned
before, most of the studies regarding M. tuberculosis proteomics have been carried
out by 2-DE. However, the number of membrane and membrane-associated pro-
teins has been underestimated by the 2-DE technology due to the hydrophobic
nature of this class of proteins and their low solubility. In order to overcome these
problems, fractions of cellular membranes were prepared by differential centrifu-
gation and separated by one-dimensional electrophoresis. The separated bands were
then excised and hydrolyzed prior to LC and MS/MS (Gu 2003). This approach
allowed the identification of up to 739 membrane and membrane-associated pro-
teins. Very hydrophobic proteins, including those with 15 transmembrane helices,
were detected in this study. The use of alternative solubilizing agents, such as Tri-
ton X-114, has proven to be a good choice for membrane fractionation. The deter-
gent was shown to be useful in the identification of nine novel proteins that have
been already incorporated in the M. tuberculosis proteome (Sinha 2005). Interest-
ingly, when analyzing the interferon-gamma (IFN-y) response of BCG-vaccinated
healthy individuals from an endemic area to these newly identified proteins, the
strongest response was found to be that against ribosomal proteins. Other mem-
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brane associated proteins, such as ESAT-6, did not contribute significantly to the
T-cell response in these individuals.

4.4.2. Comparative proteomics

The comparative proteomic analysis using 2-DE and MALDI/MS was applied to
compare proteins present in two virulent laboratory M. tuberculosis strains (H37Rv
and Erdman strains) with those present in two M. bovis BCG strains (Chicago and
Copenhagen BCG strains) (Jungblut 1999). The results showed that, as expected,
the two M. tuberculosis strains differed from each other in only a few proteins. Of
the 18 variant proteins, 16 were identified. L-alanine dehydrogenase (Rv2780) was
not detected in the Erdman strain, and the protease IV was absent in this strain. On
the other hand, the Soj protein and the hypothetical protein Rv264/ were absent
from the M. tuberculosis H37Rv proteome. Some of the 18 proteins were over-
expressed in one or the other strain, and some shifted their mobility probably due to
the presence of amino acid substitutions. The comparison of M. tuberculosis
H37Rv with M. bovis BCG revealed the presence of 13 protein spots exclusive to
the tubercle bacilli, six of which were identified. The differential proteins com-
prised L-alanine dehydrogenase (40 kDa protein), isopropyl malate synthase nico-
tinate-nucleotide pyrophosphatase (RvI596), MPT64 (Rvi1980c), and two hypo-
thetical conserved proteins (Rv2449c and Rv0036¢). On the other hand, M. tuber-
culosis H37Rv lacked eight spots compared to M. bovis BCG.

In another study using 2-DE and MS, a comparison of the proteins present in M.
tuberculosis and M. bovis BCG revealed the presence of 56 unique protein spots in
M. tuberculosis and 40 in the attenuated strain BCG (Mattow, 2001). Of these, 32
were identified as exclusive proteins of M. tuberculosis, of which 12 had been
previously reported to be deleted in M. bovis BCG. The remaining 20 spots were
newly identified as absent from M. bovis BCG.

A third comparative proteomic study of M. tuberculosis and M. bovis BCG was
performed using 2-DE and ICAT technology (Schmidt 2004). This work demon-
strated the presence of only three exclusive proteins in M. tuberculosis H37Rv. One
is Rv0223c, a protein belonging to the aldehyde dehydrogenase family. The second
is Rv0570, a ribonucleotide reductase class II. The third is a hypothetical protein
named RvI513.

The studies on comparative proteomics allowed the identification of isopropyl
malate synthase exclusively in the M. tuberculosis proteome. Recently, this enzyme
was included in a new class of virulence factors known as ‘anchorless adhesins’



140 Genomics and Proteomics

(Kinhicard 2006) that were absent from the avirulent BCG, thus proving the use-
fulness of this methodology.

Of special interest in the coming years will be the proteomic comparison between
circulating M. tuberculosis strains differing in virulence, transmissibility, tissue
tropism, and/or ability to acquire drug resistance. As a matter of fact, the proteomic
profile of M. tuberculosis H37Rv has already been compared with that of the clini-
cal strain CDC1551 at different time points during in vitro growth (Betts 2000).
Subscribing the low structural DNA polymorphism observed in M. tuberculosis
(Sreevatsan 1997), the resulting patterns of the protein-spot were found to be both
highly reproducible and highly similar between the two strains during growth. One
unique protein was identified in M. tuberculosis CDC1551, namely Rv0927c, a
probable alcohol dehydrogenase. Similarly, a spot corresponding to the HisA pro-
tein, which is involved in the histidine biosynthetic pathway, was detected in the M.
tuberculosis H37Rv proteome but was absent from the M. tuberculosis CDC1551
protein profile. Oddly enough, both genes were found to be present in both M.
tuberculosis strains. Thus, the described proteomic differences between H37Rv and
CD1551 might be ascribed to post-translational events or to degradation during the
manipulation of the specimens. Another interesting feature in the same study was
the mobility variations of the transcriptional regulator MoxR, which the authors
attributed either to amino acid changes or to post-translational modifications. A
BlastP analysis of both genomes showed a single amino acid substitution of histid-
ine in M. tuberculosis H37Rv to asparagine in M. tuberculosis CDC1551 that might
explain the variation in mobility.

Transcriptional regulation differences between strains might be the key to under-
standing how virulence factors are involved in a variety of roles, including host-cell
invasion, survival within the host cell, and long-term persistence. Therefore, com-
parative proteomic studies are of special interest in the post genomic era, helping to
understand the manifestation of disease produced by different strains involved in
the current TB epidemic.

4.4.3. Environmental proteomics

The information obtained by genomic studies is static, because DNA is not essen-
tially affected by the environment. In contrast, the proteomic profile of an organism
in a particular physiological situation complements and helps to decipher its inter-
action with the environment. The study of the M. tuberculosis proteome in different
physiological states is one of the most fascinating fields of research. Being an in-
tracellular pathogen, the bacillus is challenged by a variety of environmental
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changes. Inside the mammalian macrophage, the microorganism is subjected to a
series of different weapons. Inside the granuloma, it faces low oxygen tension,
starvation, low pH, reactive nitrogen, and reactive oxygen species, among other
offenses (Schnappinger, 2006). The bacillus has developed adaptive mechanisms
for survival and persistence in these hostile environments. The identification of
proteins expressed under such conditions is a matter of demanding research.

M. tuberculosis has another outstanding characteristic: it is able to persist for years
in its host causing latent infection, in a state known as dormancy. The mechanisms
governing this state are still not fully understood and the protein expression profile
in models mimicking the dormant state is an issue of intense research. Different in
vitro models have been developed, aimed at simulating the in vivo conditions in-
ducing dormancy (Wayne 1996, Betts 2002, Voskuil 2003). In the Wayne’s model,
which has been applied in proteomic studies, the level of oxygen is gradually de-
pleted due to bacterial growth, defining two non-replicating stages: a microaero-
philic stage NRP-1 (non-replicating persistance-1), followed by an anaerobic stage
NRP-2. Still, the evidence linking human M. tuberculosis latent infection with M.
tuberculosis dormant stages attained in vitro remains merely circumstantial.

Hypoxia is among the most conspicuous conditions encountered by the tubercle
bacilli in the central part of the granuloma, where bacilli are considered to remain
dormant. The hypoxic response of M. tuberculosis in the Wayne’s model was in-
vestigated by performing a proteomic study of cell lysates and culture filtrates
(Rosendkrands, 2002). The comparison of the protein content between aerobic and
anaerobic cultures identified up to seven proteins that were more abundant in hy-
poxic conditions. The main proteins characterized were fructose biphosphate aldol-
ase (in culture filtrate only), hypothetical protein Rv0569, and alpha-crystallin pro-
tein, also known as HspX. Other proteins identified included hypothetical proteins
Rv2623 and Rv2626c, L-alanine dehydrogenase (only in culture filtrates), and
BfrB, a bacterioferritin involved in iron uptake and storage.

Using a modified Wayne’s model, Stark ef al. (Stark 2004) visualized 13 unique
and 37 more abundant spots under hypoxia, revealed by 2-DE and MALDI-
TOF/MS. Of these 50 spots, 16 proteins were identified, including some that had
not been previously detected such as GroEL2, KasB, Ef-Tu, ScoB, TrxB2, and
CmaA2. Among the hypothetical proteins found were Rv2005¢, with similarity to
universal stress proteins, Rv0560c, Rv2185¢, and Rv3866.

Applying the ICAT technology to the comparison of the physiological NRP-
I/NRP-2 states versus active growth (logarithmic phase), the number of newly
identified proteins increased up to 875 (Cho 2006). A total of 586 proteins were
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identified and quantified in the microaerobic stage of nonreplicating persistence
stage (NRP-1), 628 others were detected in the anaerobic dormancy state (NRP-2),
and 339 were common to both non-replicating persistence stages. Proteomic com-
parison between the NPR-1 and the logarithmic phase of growth showed that 6.5 %
of the proteins were up-regulated in NRP-1, while 20.4 % of the proteins were up-
regulated in NRP-2. The analysis of the proteomic profile showed that the NRP-1
state displayed a significant increase in proteins involved in small molecule degra-
dation and the NRP-2 state a significant increase in energy metabolism, altogether
suggesting an adaptive mechanism of M. tuberculosis to enter into the anaerobic
environment.

M. tuberculosis pathogenicity is directly associated with its ability to establish
invasion and division inside the host’s macrophages, despite the antimicrobial
properties of these cells. The study of the M. tuberculosis proteome in this physio-
logical environment is a crucial step towards understanding the mechanisms in-
volved in its pathogenicity. In spite of the enormous advances in biochemical ana-
lytical techniques, the purification and identification of proteins is not always an
easy task. In a recent paper, Mattow et al. (Mattow 2006) applied subcellular frac-
tionation of infected murine bone marrow-derived macrophages in combination
with high-resolution 2-DE and MS/MS to analyze the proteome of M. tuberculosis
inside the phagosome. The proteome was compared with that derived from broth
cultures. Using this approach, 121 unique spots were detected in intra-phagosomal
mycobacteria. Only 11 of them were identified as M. tuberculosis proteins, the
remaining 110 were identified as murine proteins. The 11 identified proteins were:
Rvi240 (Malate dehydrogenase, MdH), RvI077 (Cystathione (beta)-synthase,
CysM2), Rv3396c (GMP synthase, GuaA), Rv0489 (Phosphoglycerate mutase I,
Gpm), Rv2773¢ (Dihydrodipicolinate reductase, DapB), Rv0009 (Peptidyl-prolyl
cis-trans isomerase, PpiA), Rv1627c¢ (lipid carrier protein), Rv2961 (putative potas-
sium uptake protein, TrkA), and hypothetical protein Rv/130, which was detected
in two separates spots, Rv0428c, and RvI191. Some of these proteins (CysM2,
DapB, GuaA, MdH and PpiA) had previously been detected using 2-DE patterns of
whole cell lysates and/or culture supernatants of M. tuberculosis H37Rv, indicating
that they are not exclusive of the phagosomal millieu.

Proteomic studies seem to be a successful way to discover new virulence factors,
drug target molecules and proteins involved in pathogenic mechanisms. Thousands
of proteins have now been identified and many more await identification.
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4.5. An insight into M. tuberculosis metabolomics
4.5.1. Metabolomics state-of-the-art

The term metabolomics was first coined in 1998 (Oliver 1998) to describe the
“change in the relative concentrations of metabolites as the result of deletion or
over-expression of a gene”. At the same time, the term metabolome analysis re-
ferred to the analysis of metabolites in the phenotypic profile of E. coli (Tweeddale
1998). Later on, metabolomics was considered the detection and measurement,
under defined conditions, of cellular metabolites such as low molecular weight
molecules present in an organism or biological sample. The field also includes
information on the level of metabolite activities in the cell. Metabolites are in gen-
eral defined as those small molecules, usually intermediate and final products of
metabolism, but the definition also applies to high molecular weight molecules
such as lipids, peptides and carbohydrates (sometimes referred to as “lipidomics”,
etc).

Metabolomic approaches are now feasible due to the rapid improvements that have
taken place during the last decade in two areas: analytical chemistry and bioinfor-
matics. Metabolomic methodologies include the combination of classical technolo-
gies, such as gas chromatography-mass spectrometry (GC-MS), or nuclear mag-
netic resonance (NMR), with new developments to achieve improved sensitivity
and discriminative power. Sophisticated informatic analysis and data mining are an
important part of the methodology. The complete analysis involves in silico models
on metabolite-protein interactions. This analysis can be qualitative or quantitative.
In the latter case, all the conditions required for an accurate quantification should
be considered, such as the use of appropriate data standards, etc (Nielsen 2005).
Metabolomics can also help to validate in silico pathways prepared on the basis of
available genome sequences and established databases (Park 2005).

Metabolomic analysis has mainly been used in studies on plants and human pathol-
ogy; in this latter case, the attention was focused on searching for metabolites asso-
ciated with disease, in other words, “metabolites as biomarkers of disease”
(Weckwerth 2005). Microbial metabolomics has initially been devoted to explore
bacterial or fungal strains carrying improved phenotypes with a certain biotechnol-
ogy usefulness value (Wang 2006). Metabolomic approaches have also been di-
rected to the development of new drugs addressed against novel microbial targets.
A review on the basics and applications of microbial metabolomics can be read in
van der Werf et al. (Werf 2005).
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4.5.2. Has the metabolomic analysis of tuberculosis actually started?

From the beginning, a unique property of mycobacterial cells called the attention of
scientists: the remarkably high lipid content of the cell envelope, which accounts
for the most conspicuous mycobacterial features, including physiology and patho-
genicity (Asselineau 1998, Barry 2001) (see Chapter 3). Many studies have been
published on identification, characterization, and even practical applications (e.g.
diagnostics) of several mycobacterial lipids. Almost all books on TB or mycobacte-
ria have at least one chapter dedicated to lipids. Older books refer in more depth to
the structural and chemical characterization of the envelope, as well as to the bio-
synthesis of lipids (Ratledge 1982, Kubica 1984); more recent books lay stress on
the genetics and genes related to lipid metabolism (Cole 2005). Thus, the analysis
of the lipid metabolic profiling cannot be regarded as a new field in mycobacteria,
at least when considering all lipids as metabolites (Ortalo-Magne 1996). The main
objection to doing so is the size of mycobacterial lipids. Indeed, mycobacterial
lipids are rather big and complex. Most of them have a fatty acid backbone cova-
lently linked to other kind of molecules, most frequently several types of saccha-
rides (Asselineau 1998). Many lipids also belong to the molecular structure of
bacterial lipoproteins (Sutclife 2004).

A detailed revision of mycobacterial lipids has been published relatively recently
(Kremer 2005). The most representative lipids in mycobacteria are the mycolic
acids. These molecules are larger in mycobacteria, compared to those of other re-
lated bacteria, such as Corynebacterium or Nocardia. Mycolic acids are the lipid
component in the structure of complex glycolipids, including Mycolyl-
ArabinoGalactan (mAG) and Trehalose-6-6’-Dimycolate (TDM). Another impor-
tant group of lipids also contains trehalose as the glycosyl radical molecules and
their fatty acids chains are multi-methylated. This group includes Di- Tri- and
Pentaacyl Trehalose (DAT, TAT and PAT) and Sulfolipids (SL); the Phthiocerol
Dimycocerosates (PDIMs) are also very important. These compounds and the
closely related Phenolic Glycolipids (PGL) participate in the integrity of the cell
envelope of M. tuberculosis. A last group of glycolipids contain D-mannan and D-
arabinan in their molecules and have been considered of relevance in bacterial
pathogenicity for a long time: Lipomannans (LM) and Lipoarabinomannans (LAM)
(see Chapter 3).

Many lipids are unique to mycobacteria and therefore their metabolic analysis
cannot be addressed by comparative lipidomic studies with other bacteria. Such
specific metabolic pathways are viewed, in turn, as excellent targets for the design
of new specific drugs (Draper 2000). Renewed efforts have been applied to the
detection of metabolic routes and genes that participate in the biosynthesis and
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degradation of complex lipids (Brennan 2003, Reed 2004, Portevin 2004, Veyron-
Churlet 2004, Trivedi 2005, Kaur 2006), as well as genes involved in lipid trans-
portation (Domenech 2004, Jain 2005). A review has recently been published on
the biosynthesis, regulation and transport of long-chain multiple methyl-branched
fatty acids, such as PDIM, PGL, and SL (Jackson 2006). This paper updates the
knowledge on these complex topics, indicating that mycobacterial lipids share
mechanisms in their metabolic routes, and that changes in a pathway could influ-
ence another pathway; in fact, some small molecules, namely metabolites, could be
precursors of the more complex synthesis of lipids, and also be synthesized them-
selves during the lipids’ metabolic pathway, thus being by-products or secondary
products of the lipid’s metabolism.

Few studies deal with the small metabolites from mycobacterial. A recent study on
Rv2221, coding for a highly efficient M. tuberculosis adenyl-cyclase, indicates that
its catalytic activity is regulated by fatty acids. Thus, M. tuberculosis lipids seem to
be involved in signal transduction through the main metabolite cAMP (Abdel-
Motaal 2006). In fact, small metabolites are often involved in signaling transmis-
sion in many bacteria. The relevant PhoP/PhoR two-component system was dem-
onstrated to be related to lipid metabolism in M. tuberculosis (Gonzalo Asensio
2006). Although the specific signal sensed by PhoR is still unknown (Jackson
2006), some small molecules (metabolites) might behave as its signaling effectors.
In fact, the homologous two-component system (PhoP/PhoQ) is sensored by mag-
nesium in other bacteria (Martin-Orozco 2006).

The association of mycobacterial lipids to M. tuberculosis pathogenicity is a matter
of renewed interest (Riley 2006). A role in the establishment and progress of the
pathology caused by the tubercle bacilli has been classically assigned for years to
many of those lipids (Bloom 1994). However, most of the studies were conducted
using lipids as isolated molecules, overlooking the interactions with other mole-
cules within the bacterial cell and the environment. In fact, the lipid contents of the
bacillus change according to the environmental conditions. Garton et al. described
an increase of lipophilic inclusions according to the lipid content in the in vitro
culture medium where bacteria were grown (Garton 2002). Lipid availability is
probably not low inside man, the natural host, and in vivo bacilli could be lipolitic
rather than lipogenic (Wheeler 1994). Trafficking of mycobacterial lipids from
bacterial vacuoles to the endosomes of macrophages was demonstrated in M. tu-
berculosis infected macrophages, and mycobacterial lipids were detected even in
uninfected cells. These findings indicate that through its own lipids, M. tuberculo-
sis exerts a wide influence on its environment that extends beyond truly infected
cells (Beatty 2000). Altogether, these data underline the great importance of the
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metabolomic analysis for the interpretation of the biology of the tubercle bacillus
and its relation with the host.

4.6. Concluding remarks

The availability of the first M. tuberculosis genome sequences triggered an over-
whelming amount of knowledge on the genetics and the biology of M. tuberculosis.
The way was opened for comparative and functional genomics. Scientists and
medical doctors started to appreciate the potential coding capacity of this extraor-
dinary organism. A broad picture of the M. tuberculosis gene content and coding
capacity has been revealed. Sequencing and comparison with other genomes have
shown the close relations that exist among the members of the M. tuberculosis
complex, and have allowed the identification of a core mycobacterial genome, a
minimal set of genes conserved in the different mycobacterial species. These ad-
vances were generated in a little more than seven years by no more than five pub-
licly available genomes. Now, with the advent of new technologies and 21 genome
projects in process, the study of mycobacteria and comparative genomics seems not
only promising but very exciting. The application of new technologies, such as
DNA microarray for the comparison of M. tuberculosis wild isolates, is a promis-
ing approach towards understanding its natural biology and adaptative evolution in
the human population.

As research on the biology of TB expands, new and more accurate information is
generated. In the coming years, knowledge about the real coding capacity of the
tubercle bacillus will increase exponentially, and genome sequences will feed back
from transcriptome and proteome analysis, filling old gaps and opening new ones
in the understanding of M. tuberculosis biology. Functional genomics has become a
key tool in the understanding of the biology of M. tuberculosis. By providing in-
formation about the pathogenesis of the disease, it is expected to promote the dis-
covery of vaccine candidates and the investigation of novel drug targets. Investiga-
tions on complex biological systems can be now envisaged under a metabolomic
perspective (Forst 2006). Metabolomics is a newborn methodology in microbiology
and is even younger in mycobacteriology, therefore, almost everything remains to
be learned in TB concerning that discipline.

It is clear that a long way still remains to be walked to understand how the tubercle
bacillus behaves inside the host, its unique known environment. A more compre-
hensive integration of the knowledge generated by genomics, transcriptomics,
proteomics and various molecular tools will surely provide a clearer picture of the
amazing pathogen M. tuberculosis and the illness that it causes.



References 147

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

Abdel Motaal A, Tews |, Schultz JE, Linder JU. Fatty acid regulation of adenylyl cyclase
Rv2212 from Mycobacterium tuberculosis H37Rv. FEBS J 2006; 273: 4219-28.

Agarwal N, Raghunand TR, Bishai WR. Regulation of the expression of whiB1 in Myco-
bacterium tuberculosis: role of cAMP receptor protein. Microbiology 2006; 152: 2749-56.

Asselineau J, Laneelle G. Mycobacterial lipids: a historical perspective. Front Biosci
1998; 3: 164-74.

Bagchi G, Chauhan S, Sharma D, Tyagi JS. Transcription and autoregulation of the
Rv3134c-devR-devS operon of Mycobacterium tuberculosis. Microbiology 2005; 151:
4045-53.

Banaiee N, Jacobs WR Jr, Ernst JD. Regulation of Mycobacterium tuberculosis whiB3 in
the mouse lung and macrophages. Infect Immun 2006; 74: 6449-57.

Barnard A, Wolfe A, Busby S. Regulation at complex bacterial promoters: how bacteria
use different promoter organizations to produce different regulatory outcomes. Curr
Opin Microbiol 2004; 7: 102-8.

Barry CE 3rd. Interpreting cell wall "virulence factors” of Mycobacterium tuberculosis.
Trends Microbiol 2001; 9: 237-41.

Bashyam MD, Hasnain SE. The extracytoplasmic function sigma factors: role in bacte-
rial pathogenesis. Infect Genet Evol 2004; 4: 301-8.

Beaucher J, Rodrigue S, Jacques P-E, Smith I, Brzezinski R, Gaudreau L. Novel Myco-
bacterium tuberculosis anti-c factor antagonists control o activity by distinct mecha-
nisms. Mol Microbiol 2002; 45: 1527-40.

Beatty WL, Rhoades ER, Ullrich HJ, Chatterjee D, Heuser JE, Russell DG. Trafficking
and release of mycobacterial lipids from infected macrophages. Traffic 2000; 1: 235-47.

Behr MA, Wilson MA, Gill WP, et al. Comparative genomics of BCG vaccines by whole-
genome DNA microarray. Science 1999; 284: 1520-3.

Betts JC, Dodson P, Quan S, et al. Comparison of the proteome of Mycobacterium
tuberculosis strain H37Rv with clinical isolate CDC 1551. Microbiology 2000; 146: 3205-
16.

Betts JC. Transcriptomics and proteomics: tools for the identification of novel drug
targets and vaccine candidates for tuberculosis. IUBMB Life 2002; 53: 239-42.

Bloom BR (Ed.) Tuberculosis. Pathogenesis, protection and control. ASM Press.
Washington DC. 1994.

Brennan PJ. Structure, function, and biogenesis of the cell wall of Mycobacterium tuber-
culosis. Tuberculosis (Edinb) 2003; 83: 91-7.

Brodin P, Eigimeier K, Marmiesse M, et al. Bacterial artificial chromosome-based com-
parative genomic analysis identifies Mycobacterium microti as a natural ESAT-6 deletion
mutant. Infect Immun 2002; 70: 5568-78.

Brosch R, Philipp WJ, Stavropoulos E, Colston MJ, Cole ST, Gordon SV. Genomic
analysis reveals variation between Mycobacterium tuberculosis H37Rv and the attenu-
ated M. tuberculosis H37Ra strain. Infect Immun 1999; 67: 5768-74.

Brosch R, Gordon SV, Pym A, Eigimeier K, Garnier T, Cole ST. Comparative genomics
of the mycobacteria. Int J Med Microbiol 2000a; 290: 143-52.
Brosch R, Gordon SV, Buchrieser C, Pym AS, Garnier T, Cole ST. Comparative ge-

nomics uncovers large tandem chromosomal duplications in Mycobacterium bovis BCG
Pasteur. Yeast 2000b; 17: 111-23.



148

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.
30.

31.
32.

33.

34.

35.

36.

37.

38.

39.

Genomics and Proteomics

Brosch R, Gordon SV, Eiglmeier K, Garnier T, Cole ST. Comparative genomics of the
leprosy and tubercle bacilli. Res Microbiol 2000c; 151: 135-42.

Brosch R, Pym AS, Gordon SV, Cole ST. The evolution of mycobacterial pathogenicity:
clues from comparative genomics. Trends Microbiol 2001; 9: 452-8.

Brosch R, Gordon SV, Marmiesse M, et al. A new evolutionary scenario for the Myco-
bacterium tuberculosis complex. Proc Natl Acad Sci U S A 2002; 99: 3684-9.

Camus JC, Pryor MJ, Medigue C, Cole ST. Re-annotation of the genome sequence of
Mycobacterium tuberculosis H37Rv. Microbiology 2002; 148: 2967-73.

Canneva F, Branzoni M, Riccardi G, Provvesi R, Milano A. Rv2358 and FurB: two tran-
scriptional regulators from Mycobacterium tuberculosis which respond to zinc. J Bacte-
riol 2005; 187: 5837-40.

Capelli G, Volpe E, Grassi M, Liseo B, Colizzi V, Mariani F. Profiling of Mycobacterium
tuberculosis gene expression during human macrophage infection: upregulation of the
alternative sigma factor G, a group of transcriptional regulators, and proteins with un-
known function. Res Microbiol 2006; 157: 445-55.

Chandler M, Mahillon J. Insertion sequences revisited. In: Mobile DNA 1l Craig NL,
Craigie R, Gellert M, Lambowitz AM (Eds.) ASM Press. 2002.

Cho SH, Goodlett D, Franzblau S. ICAT-based comparative proteomic analysis of non-
replicating persistent Mycobacterium tuberculosis. Tuberculosis (Edinb) 2006; 86: 445-
60.

Clark-Curtiss JE, Haydel SE. Molecular genetics of Mycobacterium tuberculosis patho-
genesis. Annu Rev Microbiol 2003; 57: 517-49.

Cole ST, Saint Girons |. Bacterial genomics. FEMS Microbiol Rev 1994; 14: 139-60.

Cole ST, Brosch R, Parkhill J, et al. Deciphering the biology of Mycobacterium tubercu-
losis from the complete genome sequence. Nature 1998a; 393: 537-44.

Cole ST. Comparative mycobacterial genomics. Curr Opin Microbiol 1998b; 1: 567-71.

Cole ST. Learning from the genome sequence of Mycobacterium tuberculosis H37Rv.
FEBS Lett 1999; 452: 7-10.

Cole ST, Eigimeier K, Parkhill J, et al. Massive gene decay in the leprosy bacillus. Na-
ture 2001; 409: 1007-11.

Cole ST. Comparative and functional genomics of the Mycobacterium tuberculosis
complex. Microbiology 2002a; 148: 2919-28.

Cole ST. Comparative mycobacterial genomics as a tool for drug target and antigen
discovery. Eur Respir J Suppl 2002b; 36: 78s-86s.

Cole ST, Eisenack KD, McMurray DN, Jacobs WR. (Eds.) Tuberculosis and the tubercle
bacillus. ASM Press. Washington DC. 2005.

Dainese E, Rodrigue S, Delogu G, et al. Posttranslational regulation of Mycobacterium
tuberculosis extracytoplasmic-function sigma factor " and roles in virulence and in
global regulation of gene expression. Infect Immun 2006; 74: 2457-60.

Delogu G, Sanguinetti M, Posteraro B, Rocca S, Zanetti S, Fadda G. The hbhA gene of
Mycobacterium tuberculosis is specifically upregulated in the lungs but not in the
spleens of aerogenically infected mice. Infect Immun 2006; 74: 3006-11.

Dheenadhayalan V, Delogu G, Sanguinetti M, Fadda G, Brennan MJ. Variable expres-
sion patterns of Mycobacterium tuberculosis PE_PGRS genes: evidence that
PE_PGRS16 and PE_PGRS26 are inversely regulated in vivo. J Bacteriol 2006; 188:
3721-5.



40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

References 149

Domenech P, Barry CE 3rd, Cole ST. Mycobacterium tuberculosis in the post-genomic
age. Curr Opin Microbiol 2001; 4: 28-34.

Domenech P, Reed MB, Dowd CS, Manca C, Kaplan G, Barry CE 3rd. The role of
MmpL8 in sulfatide biogenesis and virulence of Mycobacterium tuberculosis. J Biol
Chem 2004; 279: 21257-65.

Draper P. Lipid biochemistry takes a stand against tuberculosis. Nat Med 2000; 6: 977-
8.

Ewann F, Jackson M, Pethe K, et al. Transient requirement of the PrrA-PrrB two-
component system for early intracellular multiplication of Mycobacterium tuberculosis.
Infect Immun 2002; 70: 2256-63.

Ewann F, Loch C, Supply P. Intracellular autoregulation of the Mycobacterium tubrecu-
losis PrrA response regulator. Microbiology 2004; 150: 241-6.

Fiehn O, Weckwerth W. Deciphering metabolic networks. Eur J Biochem 2003; 270:
579-88.

Filliol I, Motiwala AS, Cavatore M, et al. Global phylogeny of Mycobacterium tuberculo-
sis based on single nucleotide polymorphism (SNP) analysis: insights into tuberculosis
evolution, phylogenetic accuracy of other DNA fingerprinting systems, and recommen-
dations for a minimal standard SNP set. J Bacteriol 2006; 188: 759-72.

Finlay BB, Falkow S. Common themes in microbial pathogenicity revisited. Microbiol Mol
Biol Rev 1997; 61: 136-69.

Fleischmann RD, Adams MD, White O, et al. Whole-genome random sequencing and
assembly of Haemophilus influenzae Rd. Science 1995; 269: 496-512.

Fleischmann RD, Alland D, Eisen JA, et al. Whole-genome comparison of Mycobacte-
rium tuberculosis clinical and laboratory strains. J Bacteriol 2002; 184: 5479-90.

Forst CV. Host-pathogen systems biology. Drug Discov Today 2006; 11: 220-7.

Gagneux S, DeRiemer K, Van T, et al. Variable host-pathogen compatibility in Myco-
bacterium tuberculosis. Proc Natl Acad Sci U S A 2006; 103: 2869-73.

Garbe TR, Hibler NS, Deretic V. Isoniazid induces expression of the antigen 85 complex
in Mycobacterium tuberculosis. Antimicrob Agents Chemother 1996; 40: 1754-6.

Garnier T, Eigimeier K, Camus JC, et al. The complete genome sequence of Mycobac-
terium bovis. Proc Natl Acad Sci U S A 2003; 100: 7877-82.

Garton NJ, Christensen H, Minnikin DE, Adegbola RA, Barer MR. Intracellular lipophilic
inclusions of mycobacteria in vitro and in sputum. Microbiology 2002; 148: 2951-8.

Geiman DE, Kaushal D, Ko C, et al. Attenuation of late-stage disease in mice infected
by the Mycobacterium tuberculosis mutant lacking the sigF alternate sigma factor and
identification of sigF-dependent genes by microarrays analysis. Infect Immun 2004; 72:
1733-45.

Geiman DE Raghunan TR, Agarwal N, Bishai WR. Differential gene expression in re-
sponse to exposure to antimycobacterial agents and other stress conditions among
seven Mycobacterium tuberculosis whiB-like genes. Antimicrob Agents Chemother
2006; 50: 2836-41.

Gey Van Pittius NC, Gamieldien J, Hide W, Brown GD, Siezen RJ, et al. The ESAT-6
gene cluster of Mycobacterium tuberculosis and other high G+C Gram-positive bacteria.
Genome Biol 2001; 2: research0044.1-0044.18.

Gonzalo Asensio J, Maia C, Ferrer NL, et al. The virulence-associated two-component
PhoP-PhoR system controls the biosynthesis of polyketide-derived lipids in Mycobacte-
rium tuberculosis. J Biol Chem 2006; 281: 1313-6.



150

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Genomics and Proteomics

Gordon SV, Brosch R, Billault A, Garnier T, Eigimeier K, Cole ST. Identification of vari-
able regions in the genomes of tubercle bacilli using bacterial artificial chromosome ar-
rays. Mol Microbiol 1999; 32: 643-55.

Gupta S, Sinha A, Sarkar D. Transcriptional autoregulation by Mycobacterium tubercu-
losis PhoP involves recognition of novel direct repeat sequences in the regulatory region
of the promoter. FEBS Lett 2006; 580: 5328-38.

Gutacker MM, Smoot JC, Migliaccio CA, et al. Genome-wide analysis of synonymous
single nucleotide polymorphisms in Mycobacterium tuberculosis complex organisms:
resolution of genetic relationships among closely related microbial strains. Genetics
2002; 162: 1533-43.

Gygi SP, Rist B, Gerber SA, Turecek F, Gelb MH, Aebersold R. Quantitative analysis of
complex protein mixtures using isotope-coded affinity tags. Nat Biotechnol 1999; 17:
994-9.

Gu S, Chen J, Dobos KM, Bradbury EM, Belisle JT, Chen X. Comprehensive proteomic
profiling of the membrane constituents of a Mycobacterium tuberculosis strain. Mol Cell
Proteomics 2003; 2: 1284-96.

Hahn MY, Raman S, Anaya M, Husson RN. The Mycobacterium tuberculosis extracyto-
plasmic-function sigma factor SigL regulates polyketide synthases and secreted or
membrane proteins and is requiered for virulence. J Bacteriol 2005; 187: 7062-71.

Haydel SE, Benjamin Jr WH, Dunlap NE, Clark-Curtiss JE. Expression, autoregulation
and DNA binding properties of the Mycobacterium tuberculosis TrcR response regulator.
J Bacteriol 2002; 184: 2192-203.

Haydel SE, Clark-Curtiss. Global expression analysis of two-component system regula-
tor genes during Mycobacterium tuberculosis growth in human macrophages. FEMS Mi-
crobiol Lett 2004; 236: 341-7.

He H, Zahrt TC. Identification and characterization of a regulatory sequence recognized
by Mycobacterium tuberculosis persistence regulator MprA. J Bacteriol 2005; 187: 202-
12.

He H, Hovey R, Kane J, Singh V, Zahrt TC. MprA is a stress-responsive two-component
system that directly regulates expression of sigma factors SigB and SigE in Mycobacte-
rium tuberculosis. J Bacteriol 2006; 188: 2134-43.

Himpens S, Loch C, Supply P. Molecular characterization of the mycobacterial SenX3-
RegX3 two-component system: evidence for autoregulation. Microbiology 2000; 146:
3091-8.

Hirschfield GR, McNeil M, Brennan PJ. Peptidoglycan-associated polypeptides of My-
cobacterium tuberculosis. J Bacteriol 1990; 172: 1005-13.

Hirsh AE, Tsolaki AG, DeRiemer K, Feldman MW, Small PM. Stable association be-
tween strains of Mycobacterium tuberculosis and their human host populations. Proc
Natl Acad Sci U S A 2004; 101: 4871-6.

Isobe T, Uchida K, Taoka M, Shinkai F, Manabe T, Okuyama T. Automated two-
dimensional liquid chromatographic system for mapping proteins in highly complex
mixtures. J Chromatogr 1991; 588: 115-23.

Hughes AL, Friedman R, Murray M. Genomewide pattern of synonymous nucleotide
substitution in two complete genomes of Mycobacterium tuberculosis. Emerg Infect Dis
2002; 8: 1342-6.

Jackson M, Stadthagen G, Gicquel B. Long-chain multiple methyl-branched fatty acid-
containing lipids of Mycobacterium tuberculosis: Biosynthesis, transport, regulation and
biological activities. Tuberculosis (Edinb) 2007; 87: 78-86.



75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

References 151

Jain M, Cox JS. Interaction between polyketide synthase and transporter suggests
coupled synthesis and export of virulence lipid in M. tuberculosis. PLoS Pathog 2005; 1:
12-9.

Johansen KA, Gill RE, Vasil ML. Biochemical and molecular analysis of phospholipase
C and phospholipase D activity in mycobacteria. Infect Immun 1996; 64: 3259-66.

Jungblut PR, Schaible UE, Mollenkopf HJ, et al. Comparative proteome analysis of
Mycobacterium tuberculosis and Mycobacterium bovis BCG strains: towards functional
genomics of microbial pathogens. Mol Microbiol 1999; 33: 1103-17.

Jungblut PR, Muller EC, Mattow J, Kaufmann SH. Proteomics reveals open reading
frames in Mycobacterium tuberculosis H37Rv not predicted by genomics. Infect Immun
2001; 69: 5905-7.

Kanduma E, McHugh TD, Gillespie SH. Molecular methods for Mycobacterium tubercu-
losis strain typing: a users guide. J Appl Microbiol 2003; 94: 781-91.

Kaur D, Berg S, Dinadayala P, et al. Biosynthesis of mycobacterial lipoarabinomannan:
role of a branching mannosyltransferase. Proc Natl Acad Sci U S A 2006; 103: 13664-9.
Kazmierczak MJ, Wiedmann M, Boor KJ. Alternative sigma factors and their roles in
bacterial virulence. Microbiol Mol Biol Rev 2005; 69: 527-43.

Kempsell KE, Ji YE, Estrada IC, Colston MJ, Cox RA. The nucleotide sequence of the
promoter, 16S rRNA and spacer region of the ribosomal RNA operon of Mycobacterium
tuberculosis and comparison with Mycobacterium leprae precursor rRNA. J Gen Micro-
biol 1992; 138: 1717-27.

Kendall SL, Movahedzadeh F, Rison SCG, Wernisch L, Paris T, Duncan K, Betts JC,
Stoker NG. The Mycobacterium tuberculosis dosRS two-component system is induced
by multiple stresses. Tuberculosis 2004; 84: 247-55.

Kinhikar AG, Vargas D, Li H, et al. Mycobacterium tuberculosis malate synthase is a
laminin-binding adhesin. Mol Microbiol 2006; 60: 999-1013.

Kremer L, Besra GS. A waxy tale, by Mycobacterium tuberculosis. Chapter 19, pgs:287-
305. In Tuberculosis and the tubercle bacillus. Cole ST (Ed.) ASM Press. 2005.

Kubica GP, Wayne LG (Eds.) The Mycobacteria: A sourcebook. Part A. Dekker mdi.
Microbiology series Vol 15. 1984.

Lee BY, Hefta SA, Brennan PJ. Characterization of the major membrane protein of
virulent Mycobacterium tuberculosis. Infect Immun 1992; 60: 2066-74.

Li L, Bannantine JP, Zhang Q, et al. The complete genome sequence of Mycobacterium
avium subspecies paratuberculosis. Proc Natl Acad Sci U S A 2005; 102: 12344-9.
Mahairas GG, Sabo PJ, Hickey MJ, Singh DC, Stover CK. Molecular analysis of genetic

differences between Mycobacterium bovis BCG and virulent M. bovis. J Bacteriol 1996;
178: 1274-82.

Manganelli R, Dubnau E, Tyagi S, Kramer FR, Smith |. Differential expression of 10
sigma factor genes in Mycobacterium tuberculosis. Mol Microbiol 1999; 31: 715-24.
Manganelli R, Voskuil MI, Schoolnik GK, Smith I. The Mycobacterium tuberculosis ECF
sigma factor ¢": role in global gene expression and survival in macrophages, Mol Micro-
biol 2001; 41: 423-37.

Manganelli R, Voskuil MI, Schoolnik GK, Dubnau E, Gomez M, Smith I. Role of the
extracytoplasmic-function " in Mycobacterium tuberculosis global gene expression. Mol
Microbiol 2002; 45: 365-74.

Manganelli R, Fattarini L, Tan D, et al. The extra cytoplasmic function sigma factor ctis

essential for Mycobacterium tuberculosis virulence in mice. Infect Immun 2004; 72:
3038-41.



152

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Genomics and Proteomics

Marmiesse M, Brodin P, Buchrieser C, et al. Macro-array and bioinformatic analyses
reveal mycobacterial ‘core” genes, variation in the ESAT-6 gene family and new phylo-
genetic markers for the Mycobacterium tuberculosis complex. Microbiology 2004; 150:
483-96.

Marri PR, Bannantine JP, Golding GB. Comparative genomics of metabolic pathways in
Mycobacterium species: gene duplication, gene decay and lateral gene transfer. FEMS
Microbiol Rev 2006; 30: 906-25.

Marsh IB, Whittington RJ. Deletion of an mmpL gene and multiple associated genes
from the genome of the S strain of Mycobacterium avium subsp. paratuberculosis iden-
tified by representational difference analysis and in silico analysis. Mol Cell Probes
2005; 19: 371-84.

Martin-Orozco N, Touret N, Zaharik ML, et al. Visualization of vacuolar acidification-
induced transcription of genes of pathogens inside macrophages. Mol Biol Cell 2006;
17: 498-510.

Mattow J, Jungblut PR, Schaible UE, et al. Identification of proteins from Mycobacterium
tuberculosis missing in attenuated Mycobacterium bovis BCG strains. Electrophoresis
2001; 22: 2936-46.

Mattow J, Siejak F, Hagens K, et al. Proteins unique to intraphagosomally grown Myco-
bacterium tuberculosis. Proteomics 2006; 6: 2485-94.

Mawuenyega KG, Forst CV, Dobos KM, et al. Mycobacterium tuberculosis functional
network analysis by global subcellular protein profiling. Mol Biol Cell 2005; 16: 396-404.

Mizrahi V, Andersen SJ. DNA repair in Mycobacterium tuberculosis. What have we
learnt from the genome sequence? Mol Microbiol 1998; 29: 1331-9.

Molle V, Palframan WJ, Findlay KC, Buttner MJ. WhiD and WhiB, homologous proteins
required for different stages of sporulation in Streptomyces coelicolor A3 (2). J Bacteriol
2000; 182: 1286-95.

Mollenkopf HJ, Jungblut PR, Raupach B, et al. A dynamic two-dimensional polyacryla-
mide gel electrophoresis database: the mycobacterial proteome via Internet. Electropho-
resis 1999; 20: 2172-80.

Mooney RA, Darst SA, Landick R. Sigma and RNA polymerase: an on-again, off-again
relationship? Molecular Cell 2005; 20: 335-45.

Nagai S, Wiker HG, Harboe M, Kinomoto M. Isolation and partial characterization of
major protein antigens in the culture fluid of Mycobacterium tuberculosis. Infect Immun
1991; 59: 372-82.

Newton SM, Smith RJ, Wilkinson KA, et al. A deletion defining a common Asian lineage
of Mycobacterium tuberculosis associates with immune subversion. Proc Natl Acad Sci
U S A 2006; 103: 15594-8.

Nielsen J, Oliver S. The next wave in metabolome analysis. Trends Biotechnol 2005; 23:
544-6.

Ochman H, Moran NA. Genes lost and genes found: evolution of bacterial pathogenesis
and symbiosis. Science 2001; 292: 1096-9.

O’Farrell PH. High resolution two-dimensional electrophoresis of proteins. J Biol Chem
1975; 250: 4007-21.

Oliver SG, Winson MK, Kell DB, Baganz F. Systematic functional analysis of the yeast
genome. Trends Biotechnol 1998; 16: 373-8.

Ortalo-Magne A, Lemassu A, Laneelle MA, et al. Identification of the surface-exposed

lipids on the cell envelopes of Mycobacterium tuberculosis and other mycobacterial spe-
cies. J Bacteriol 1996; 178: 456-61.



112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

References 153

Parida BK, Douglas T, Nino C, Dhandayuthapani. Interactions of anti-sigma factor an-
tagonists of Mycobacyerium tuberculosis in the yeast two-hybrid system. Tuberculosis
(Edinb) 2005; 85: 347-55.

Parish T, Smith DA, Roberts G, Betts J, Stoker NG. The senX3-regX3 two-component
regulatory system of Mycobacterium tuberculosis is required for virulence. Microbiology
2003a; 149: 1423-35.

Parish T. Smith DA, Kendall S, Casali N, Bancroft GJ, Stoker NG. Deletion of two-
coponent regulatory systems increases the virulence of Mycobacterium tuberculosis.
Infect Immun 2003b; 71: 1134-40.

Park H-D, Guinn KM, Harrell MI, Liao R, Voskuil MIl, Tompa M, Schoolnik GK, Sherman
DR. Rv3133c/dosR is a transcription factor that mediates the hypoxic response of My-
cobacterium tuberculosis Mol Microbiol 2003; 48: 833-43.

Park SJ, Lee SY, Cho J, et al. Global physiological understanding and metabolic engi-
neering of microorganisms based on omics studies. Appl Microbiol Biotechnol 2005; 68:
567-79.

Patterson SD. Proteomics: the industrialization of protein chemistry. Curr Opin Biotech-
nol 2000; 11: 413-8.

Philipp WJ, Poulet S, Eigimeier K, et al. An integrated map of the genome of the tuber-
cle bacillus, Mycobacterium tuberculosis H37Rv, and comparison with Mycobacterium
leprae. Proc Natl Acad Sci U S A 1996; 93: 3132-7.

Portevin D, De Sousa-D"Auria C, Houssin C, et al. A polyketide synthase catalyzes the
last condensation step of mycolic acid biosynthesis in mycobacteria and related organ-
isms. Proc Natl Acad Sci U S A 2004; 101: 314-9.

Rajakumar K, Shafi J, Smith RJ, et al. Use of genome level-informed PCR as a new
investigational approach for analysis of outbreak-associated Mycobacterium tuberculo-
sis isolates. J Clin Microbiol 2004; 42: 1890-6.

Raman S, Song T, Puyang X, Bardarov S, Jacons Jr. WR, Husson RN. The alternative
sigma factor SigH regulates major components of oxidative and heat stress response in
Mycobacterium tuberculosis. J Bacteriol 2001; 183: 6119-25.

Raman S, Hazra R, Dascher CC, Hussin RN. Transcription regulation by the Mycobac-
terium tuberculosis alternative sigma factor SigD and its role in virulence. J Bacteriol
2004; 186: 6605-16.

Raman S, Puyang X, Cheng T-Y, Young DC, Moody DB, Husson RN. Mycobacterium
tuberculosis SigM positively regulates Esx secreted proteins and nonribosomal peptide
synthetase genes and down regulates virulence-associated surface lipid synthesis. J
Bacteriol 2006; 188: 8460-8.

Ratledge C, Stanford J. (Eds.) The Biology of the Mycobacteria. Vol I. Academic Press.
London/NewYork. 1982.

Reed MB, Domenech P, Manca C, et al. A glycolipid of hypervirulent tuberculosis strains
that inhibits the innate immune response. Nature 2004; 431: 84-7.

Rickman L, Scott C, Hunt DM, et al. A member of the cAMP receptor protein family of
transcription regulators in Mycobacterium tuberculosis is required for virulence in mice
and controls transcription of the rpfA gene coding for a resuscitation promoting factor.
Mol Microbiol 2005; 56: 1274-86.

Riley LW. Of mice, men, and elephants: Mycobacterium tuberculosis cell envelope lipids
and pathogenesis. J Clin Invest 2006; 116: 1475-8.

Rodrigue S, Provvedi R, Jacques P-E, Gaudreau L, Manganelli R. The ¢ factors of
Mycobacterium tuberculosis. FEMS Microbiol Rev 2006; 30: 926-41.



154

129.

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Genomics and Proteomics

Rodriguez GM, Smith I. Mechanisms of iron regulation in mycobacteria: role in physiol-
ogy and virulence. Mol Microbiol 2003; 1485-94.

Rosenkrands |, Weldingh K, Jacobsen S, et al. Mapping and identification of Mycobacte-
rium tuberculosis proteins by two-dimensional gel electrophoresis, microsequencing and
immunodetection. Electrophoresis 2000a; 21: 935-48.

Rosenkrands |, King A, Weldingh K, Moniatte M, Moertz E, Andersen P. Towards the
proteome of Mycobacterium tuberculosis. Electrophoresis 2000b; 21: 3740-56.

Rosenkrands |, Slayden RA, Crawford J, Aagaard C, Barry CE 3rd, Andersen P. Hy-
poxic response of Mycobacterium tuberculosis studied by metabolic labeling and pro-
teome analysis of cellular and extracellular proteins. J Bacteriol 2002; 184: 3485-91.

Said-Salim B, Mostowy S, Kristof AS, Behr MA. Mutations in Mycobacterium tuberculo-
sis Rv0444c, the gene encoding anti-SigK, explain high level expression of MPB70 and
MPB83 in Mycobacterium bovis. Mol Microbiol 2006; 62: 1251-63.

Sassetti CM, Boyd DH, Rubin EJ. Comprehensive identification of conditionally essential
genes in mycobacteria. Proc Natl Acad Sci U S A 2001; 98: 12712-7.

Schnappinger D, Ehrt S, Voskuil MI, et al. Transcriptional adaptation of Mycobacterium
tuberculosis within macrophages: insights into the phagosomal environment. J Exp Med
2003; 198: 693-704.

Schnappinger D, Schoolnik GK, Ehrt S. Expression profiling of host pathogen interac-
tions: how Mycobacterium tuberculosis and the macrophage adapt to one another. Mi-
crobes Infect 2006; 8: 1132-40.

Schmidt F, Donahoe S, Hagens K, et al. Complementary analysis of the Mycobacterium
tuberculosis proteome by two-dimensional electrophoresis and isotope-coded affinity tag
technology. Mol Cell Proteomics 2004; 3: 24-42.

Schoolnik GK. Functional and comparative genomics of pathogenic bacteria. Curr Opin
Microbiol 2002; 5: 20-6.

Sherman DR, Voskuil M, Schnappinger D, Liao R, Harrel Ml, Schoolnik GK. Regulation
of the Mycobacterium tuberculosis hypoxic response gene encoding alpha-crystallin
Proc Natl Acad Sci USA 2001; 98: 7534-9.

Shires K, Steyn L. The cold-shock stress response in Mycobacterium smegmatis in-
duces the expression of a histone-like protein. Mol Microbiol 2001; 39: 994-1009.

Sinha S, Kosalai K, Arora S, et al. Immunogenic membrane-associated proteins of
Mycobacterium tuberculosis revealed by proteomics. Microbiology 2005; 151: 2411-9.

Simpson RJ, Connolly LM, Eddes JS, Pereira JJ, Moritz RL, Reid GE. Proteomic analy-
sis of the human colon carcinoma cell line (LIM 1215): development of a membrane
protein database. Electrophoresis 2000; 21: 1707-32.

Sirakova TD, Dubey VS, Kim HJ, Cynamon MH, Kolattukudy PE. The largest open
reading frame (pks12) in the Mycobacterium tuberculosis genome is involved in patho-
genesis and dimycocerosyl phthiocerol synthesis. Infect Immun 2003; 71: 3794-801.

Sola C, Filliol I, Legrand E, Mokrousov |, Rastogi N. Mycobacterium tuberculosis phy-
logeny reconstruction based on combined numerical analysis with IS1081, 1IS6110,
VNTR, and DR-based spoligotyping suggests the existence of two new phylogeographi-
cal clades. J Mol Evol 2001; 53: 680-9.

Soliveri JA, Gomez J, Bishai WR, Chater KF. Multiple paralogous genes related to the
Streptomyces coelicolor developmental regulatory gene whiB are present in Streptomy-
ces and other actinomyetes. Microbiology 2000; 146: 333-43.



146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

References 155

Sonden A, Kocincova D, Deshayes C, et al. Gap, a mycobacterial specific integral
membrane protein, is requiered for glycolipid transport to the cell surface. Mol Microbiol
2005; 58: 426-40.

Song T, Dove SL, Lee KH, Husson RN. Rsh, an anti-sigma factor that regulates the
activity of the mycobacterial stress response sigma factor SigH. Mol Microbiol 2003; 50:
949-59.

Sonnenberg MG, Belisle JT. Definition of Mycobacterium tuberculosis culture filtrate
proteins by two-dimensional polyacrylamide gel electrophoresis, N-terminal amino acid
sequencing, and electrospray mass spectrometry. Infect Immun 1997; 65: 4515-24.

Sreevatsan S, Pan X, Stockbauer KE, et al. Restricted structural gene polymorphism in
the Mycobacterium tuberculosis complex indicates evolutionarily recent global dissemi-
nation. Proc Natl Acad Sci U S A 1997; 94: 9869-74.

Stanley SA, Raghavan S, Hwang WW, Cox JS. Acute infection and macrophage sub-
version by Mycobacterium tuberculosis require a specialized secretion system. Proc
Natl Acad Sci U S A 2003; 100: 13001-6.

Starck J, Kallenius G, Marklund BI, Andersson DI, Akerlund T. Comparative proteome
analysis of Mycobacterium tuberculosis grown under aerobic and anaerobic conditions.
Microbiology 2004; 150: 3821-9.

Stewart GR, Wernisch L, Stabler R, et al. Disecction of the heat-shock response in
Mycobacterium tuberculosis using mutants and microarrays. Microbiology 2002; 148:
3129-38.

Steyn AJ, Collins DM, Hondalus MK, Jacobs WR Jr, Kawakami RP, Bloom BR. Myco-
bacterium tuberculosis WhiB3 interacts with ProV to affect host survival but is dispensa-
ble for in vivo growth. Proc Natl Acad Sci USA 2002; 5: 3147-52.

Sun R, Converse PJ, Ko Ch, Tyagi S, Morrison NE, Bishai WR. Mycobacterium tuber-
culosis ECF sigma factor sigC is required for lethality in mice and for the conditional ex-
pression of a defined gene set. Mol Microbiol 2004; 52: 25-38.

Sutcliffe IC, Harrington DJ. Lipoproteins of Mycobacterium tuberculosis: an abundant
and functionally diverse class of cell envelope components. FEMS Microbiol Rev 2004;
28: 645-59.

Taboada EN, Acedillo RR, Luebbert CC, Findlay WA, Nash JH. A new approach for the
analysis of bacterial microarray-based Comparative Genomic Hybridization: insights
from an empirical study. BMC Genomics 2005; 6: 78.

Talaat AM, Lyons R, Howard ST, Johnston SA. The temporal expression profile of
Mycobacterium tuberculosis infection in mice. Proc Natl Acad Sci USA 2004; 101: 4602-
7.

Tekaia F, Gordon SV, Garnier T, Brosch R, Barrell BG, Cole ST. Analysis of the pro-
teome of Mycobacterium tuberculosis in silico. Tuber Lung Dis 1999; 79: 329-42.

Timm J, Post FA, Bekker L-G, et al. Differential expression of iron-, carbon-, and oxy-
gen-responsive mycobacterial genes in the lungs of chronically infected mice and tuber-
culosis patients. Proc Natl Acad Sci USA 2003: 100: 14321-6.

Trivedi OA, Arora P, Vats A, et al. Dissecting the mechanism and assembly of a com-
plex virulence mycobacterial lipid. Mol Cell 2005; 17: 631-43.

Tsolaki AG, Hirsh AE, DeRiemer K, et al. Functional and evolutionary genomics of
Mycobacterium tuberculosis: insights from genomic deletions in 100 strains. Proc Natl
Acad Sci U S A 2004; 101: 4865-70.

Tsolaki AG, Gagneux S, Pym AS, et al. Genomic deletions classify the Beijing/W strains
as a distinct genetic lineage of Mycobacterium tuberculosis. J Clin Microbiol 2005; 43:
3185-91.



156

163.

164.

165.

166.

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

Genomics and Proteomics

Tweeddale H, Notley-McRobb L, Ferenci T. Effect of slow growth on metabolism of
Escherichia coli, as revealed by global metabolite pool ("metabolome") analysis. J Bac-
teriol 1998; 180: 5109-16.

Urquhart BL, Cordwell SJ, Humphery-Smith |. Comparison of predicted and observed
properties of proteins encoded in the genome of Mycobacterium tuberculosis H37Rv.
Biochem Biophys Res Commun 1998; 253: 70-9.

van der Werf MJ, Jellema RH, Hankemeier T. Microbial metabolomics: replacing trial-
and-error by the unbiased selection and ranking of targets. J Ind Microbiol Biotechnol
2005; 32: 234-52.

van Embden JD, Cave MD, Crawford JT, et al. Strain identification of Mycobacterium
tuberculosis by DNA fingerprinting: recommendations for a standardized methodology. J
Clin Microbiol 1993; 31: 406-9.

Veyron-Churlet R, Guerrini O, Mourey L, Daffe M, Zerbib D. Protein-protein interactions
within the Fatty Acid Synthase-Il system of Mycobacterium tuberculosis are essential for
mycobacterial viability. Mol Microbiol 2004; 54: 1161-72.

Volpe E, Cappelli G, Grassi M, et al. Gene expression profiling of human macrophages
at late time of infection with Mycobacterium tuberculosis. Immunology 2006; 118: 449-
60.

Voskuil MI, Schnappinger D, Visconti KC, et al. Inhibition of respiration by nitric oxide
induces a Mycobacterium tuberculosis dormancy program. J Exp Med 2003; 198: 705-
13.

Walters SB, Dubnau E, Kolesnikova |, Laval F, Daffe M, Smith |. The Mycobacterium
tuberculosis PhoPR two-component system regulates genes essential for virulence and
complex lipid biosynthesis. Mol Microbiol 2006; 60: 312-30.

Wang QZ, Wu CY, Chen T, Chen X, Zhao XM. Integrating metabolomics into a systems
biology framework to exploit metabolic complexity: strategies and applications in micro-
organisms. Appl Microbiol Biotechnol 2006; 70: 151-61.

Wayne LG, Hayes LG. An in vitro model for sequential study of shiftdown of Mycobacte-
rium tuberculosis through two stages of nonreplicating persistence. Infect Immun 1996;
64: 2062-9.

Wayne LG, Sohaskey CD. Nonreplicating persistance of Mycobacterium tuberculosis.
Annu Rev Microbiol 2001; 55: 139-63.

Weckwerth W, Morgenthal K. Metabolomics: from pattern recognition to biological inter-
pretation. Drug Discov Today 2005; 10: 1551-8.

Wheeler PR, Ratledge C. Metabolism of Mycobacterium tuberculosis. Chapter 23,
pgs:353-385. In Tuberculosis and the tubercle bacillus Bloom BR (Ed.) ASM Press.
Washington DC. 1994.

West AH, Stock AM. Histidine kinases and response regulator proteins in two-
component signaling systems. Trends Biochem Sci 2001; 26: 369-76.

Zhang Y, Wallace RJ Jr, Mazurek GH. Genetic differences between BCG substrains.
Tuber Lung Dis 1995; 76: 43-50.



157

Chapter 5: Immunology, Pathogenesis, Virulence

Rogelio Hernandez-Pando, Rommel Chacoén-Salinas, Jeanet Serafin-
Lépez, and Iris Estrada

5.1. Immune response against Mycobacterium tuberculosis

The immune response against tuberculosis (TB) plays a fundamental role in the
outcome of M. tuberculosis infection. It is clear that the immune system reacts
efficiently in the vast majority of infections. This is particularly evident in the case
of TB, where most people infected by the tubercle bacillus (~ 90 %) do not develop
the disease throughout their lifetimes. Nevertheless, the risk of developing the
disease increases considerably when TB infection co-exists with an alteration in the
immune system, such as co-infection with human immunodeficiency virus (HIV).

Also, it is well known that bacille Calmette-Guérin (BCG) vaccination has not been
completely efficient in the prevention of pulmonary TB. Thus, the design of vac-
cines against TB is a field in which much effort has been invested with the aim of
fighting this disease. Recently, it has become clear that, in order to develop a more
efficient vaccine, a better understanding of the relation between the immune re-
sponse of the host and the tubercle bacillus is needed.

In view of this, the present chapter provides an updated overview of the cellular
and molecular immune mechanisms involved in the development of the disease.

5.1.1. Innate immune response
5.1.1.1. Neutrophil leukocytes

Even though macrophages are considered the main targets for infection by Myco-
bacterium tuberculosis, it has been recently proposed that other cell populations
can also be infected by mycobacteria and therefore may be important in the devel-
opment of the disease. Neutrophils are found within this group of cells (Figure 5-
1). Characteristically, they are among the earliest cells recruited into sites where
any noxious agent enters into the body and/or inflammatory signals are triggered.
They also have well-characterized microbicidal mechanisms such as those depend-
ent on oxygen and the formation of neutrophil extracellular traps (Urban 2006).

Using the murine experimental model, the role played by neutrophils in TB is con-
troversial. These cells have been detected at the beginning of infection as well as
several days after infection (Pedrosa 2000, Fulton 2002) and were thought to have
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an important role in the control of mycobacterial growth. Indeed, if neutrophils are
eliminated before infection, mycobacterial growth increases in the lungs of experi-
mentally infected animals; and conversely, if mice are treated with an agent that
increases neutrophils, the bacillary growth rate decreases (Appelberg 1995, Fulton
2002). However, when the microbicidal ability of neutrophils against mycobacteria
was analyzed, controversial results were obtained. There are reports of neutrophils
being able to kill mycobacteria (Jones 1990) and other reports where this phe-
nomenon was not observed (Denis 1991). Nevertheless, it is believed that the func-
tion of neutrophils goes beyond their microbicidal ability. Therefore, these cells are
thought to contribute to the control of infection through the production of chemoki-
nes (Riedel 1997), the induction of granuloma formation (Ehlers 2003) and the
transference of their own microbicidal molecules to infected macrophages (Tan
2000).

Figure 5-1: Neutrophils ingest Mycobacterium tuberculosis. Human purified neutrophils were
incubated with Mycobacterium tuberculosis H37Rv and DNA was stained with SYTOX™
Green. Fluorescent rods on the left are intracellular bacilli.

On the other hand, neutrophils have recently been ascribed a role in the develop-
ment of the pathology, rather than the protection of the host. TB susceptible ani-
mals were found to have a larger and longer accumulation of neutrophils in TB
lesions compared to TB resistant animals (Eruslanov 2005). This event seems to be
influenced by the differential expression of molecules which are chemoattractant to
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neutrophils (Keller 2006). The different susceptibility of the hosts may explain the
discrepancies in the results of these recent studies and those of earlier ones, which
suggested a protective role of neutrophils in the control of TB infection. While
those early studies showing protection were conducted in mouse strains that were
naturally resistant to TB, the later studies mainly focused on the role of these cells
in TB susceptible mouse strains. Evidently, a more precise definition of the role
played by neutrophils during infection will depend on an evaluation of the kinetics
and magnitude of the response that these cells have in the early stages of the dis-
ease.

5.1.1.2. Mast cells

Mast cells are effector cells with a relevant role in allergic reactions (Woodbury
1984, Miller 1996, Galli 1999, Williams 2000); and are also critical for the devel-
opment of a T helper 2 (Th2) response (Galli 1999, Metcalfe 1997). They are found
in the mucosa of the respiratory, gastrointestinal, and urinary tracts and can also be
observed in the vicinity of blood and lymph vessels.

These cells express a receptor with high affinity for IgE (FceRI) and therefore this
immunoglobulin is bound to their membrane. Upon the union of the antigen to the
active sites of FceRI-bound IgE, mast cells liberate several molecules, including
preformed mediators and mediators synthesized de novo (Metzger 1992, Turner
1999, Williams 2000). Among the preformed mediators contained in mast cell
granules are histamine, tryptase, chymase, carboxypeptidase, and heparin, while
mediators synthesized de novo include leukotriene C4, prostaglandin D2, platelet-
activating factor (PAF), tumor necrosis factor alpha (TNF-a), transforming growth
factor (TGF-P), fibroblast growth factor 2 (FGF-2), vascular endothelial growth
factor (VEGF), and interleukins IL-4, IL-5 and IL-8 (William 2000, Turner 1999,
Sayama 2002).

Besides this interaction between IgE and the antigen, other agents are able to in-
duce the activation of mast cells and the liberation of cytokines and other media-
tors. For instance, microbial products (Di Nardo 2003, Feger 2002) stimulate mast
cells via two members of the toll-like receptor (TLR) family, TLR-2 and TLR-4
(Supajatura 2002, Sabroe 2002, McCurdy 2003).

The locations where mast cells are usually found are common gateways for infec-
tious agents and there is evidence of these cells being excellent mediators of the
inflammatory response (Williams 2000, Metcalfe 1997). At least in bacterial infec-
tions by Klebsiella pneumoniae and Escherichia coli, mast cells are required for the
triggering of innate immunity (Malaviya 1996, Malaviya 2001). In addition, due to
their strategic distribution within the lung, mast cells have a fundamental role in the



160 Immunology, Pathogenesis, Virulence

defense of the host against mycobacteria. An early study showed an increased
number of mast cells and their degranulation in the lungs of animals experimentally
infected with M. tuberculosis (Ratnam 1977). The presence of mast cells has also
been described in the duodenum and the ileum of cows infected with Mycobacte-
rium paratuberculosis, a microorganism that causes granulomatous enteropathic
lesions (Lepper 1988). Muiioz et al (2003) demonstrated that there is an interaction
between mast cells and M. tuberculosis through the CD48 molecule. This interac-
tion triggers the release of preformed mediators, such as histamine and f-
hexosamidase, and the liberation of de novo synthesized cytokines, such as IL-6
and TNF-o, which are involved respectively in the activation of neutrophils and the
maintenance of the integrity of the granuloma (Mufioz 2003, Law 1996, Adams
1995). The secretory proteins Mycobacterium tuberculosis secreted antigen
(MTSA-10) and 6-kiloDalton (kDa) early secretory antigenic target (ESAT-6)
contribute to the activation not only of macrophages and dendritic cells but also of
mast cells for the liberation of their pro-inflammatory mediators (Muiloz 2003,
Trajkovic 2004).

5.1.1.3. Macrophages

The macrophage is the paradigmatic cell with regard to M. tuberculosis infection.
Indeed, alveolar macrophages have been shown to play an essential role in the
elimination of particles that enter the organism through the airways; and have long
been considered the first cell population to interact with the tubercle bacillus. More
macrophages are recruited afterwards from the bloodstream, and are in charge of
maintaining the infection in the host (Dannenberg 1991, Dannenberg 1994).

The initial interactions of the bacilli with the macrophage take place through cellu-
lar receptors, such as receptors for Fc, complement (Schlesinger 1990), mannose
(Schlesinger 1993), surfactant protein (Zimmerli 1996), CD14 (Peterson 1995), and
CD43 (Randhawa 2005). Though it is unknown if the bacteria interact with one or
more of these receptors during in vivo infection, the results of in vitro experiments
suggest that the macrophage response depends on the type of receptor with which
the bacteria interact. Their interaction with Fc receptors increases the production of
reactive oxygen intermediates and allows the fusion of the bacteria-containing
phagosomes with lysosomes (Armstrong 1975). On the other hand, interaction of
the bacteria with the complement receptor 3 (CR3) prevents the respiratory burst
(LeCabec 2000) and blocks the maturation of phagosomes harboring the bacteria,
thus preventing fusion with lysosomes (Sturgill-Koszycki 1996).

The interactions of mycobacteria with members of the Toll-like receptor family
have been studied for some years. TLR-2 (Brightbill 1999) and TLR-4 (Jeans
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1999) are activated by several M. tuberculosis components. Among others, the 19-
kDa lipoprotein and lipoarabinomanann (LAM) activate macrophages through
TLR-2, promoting the production of IL-12 and inducible nitric oxide synthase
(INOS) (Brightbill 1999).

Regardless of the receptor with which the bacteria interact, it has been observed
that the cellular cholesterol present in the macrophage cell membrane is an essen-
tial molecule for the internalization of the bacteria (Gatfield 2000). It is believed
that cellular cholesterol works as a direct anchorage point for the bacterium and
stabilizes its interaction with the macrophage membrane. Afterwards, the bacterium
is efficiently internalized (Pieters 2001).

Once the bacteria enter the macrophage, they generally locate themselves in the
mycobacterial phagosome (Armstrong 1971, Armstrong 1975). This structure de-
rives from the plasma membrane and presents some cell surface receptors (Russell
1996, Hasan 1997). In contrast to normal phagocytosis, during which the phagoso-
mal content is degraded upon fusion with lysosomes, the mycobacteria block this
process (Armstrong 1971, Armstrong 1975).

This inhibition depends on an active process induced by viable mycobacteria, since
dead bacilli can be easily found in lysosomal compartments (Armstrong 1971,
Armstrong 1975). Besides having a different morphology, the vacuoles in which
the bacteria reside present “early” endosomal compartment markers instead of the
characteristic “late” endosomes (Hasan 1997, Clemens 1996, Baker 1997). In addi-
tion, these mycobacterial phagosomes retain “early” markers, such as Rab5 and
Rab14 GTPases, and do not acquire the “late” Rab7 molecule; a finding which is
also consistent with a blockage of the maturation process from early to late en-
dosome (Via 1997, Kyei 2006).

Another characteristic of the mycobacterial phagosome is its limited acidification
(Crowle 1991). Normally, material transported through an endosomal route finds
an acidic medium due to the action of the vesicular proton-pump adenosine tri-
phosphatase (V-ATPase) in the late endosome. It is suggested that such reduced
acidification is the result of a low or zero concentration of V-ATPase in the myco-
bacterial phagosome (Sturgill-Koszycki 1994). A more recently described property
is that this mycobacterial phagosome can not physically associate with iNOS
(Miller 2004).

The inability of the mycobacterial phagosome to mature has been attributed to the
active retention of a protein present in phagosomes, known as tryptophan aspartate
coat protein (TACO), which was elegantly demonstrated by Ferrari et al. When
these authors infected TACO-deficient cells, the maturation of mycobacterial
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phagosomes was not arrested and therefore these cells were able to eliminate bacilli
by fusion of phagosomes with lysosomes (Ferrari 1999). It is also worth noting that
TACO binds itself to the plasmatic membrane of macrophages through cholesterol,
which also plays an essential role in mycobacterial uptake by macrophages. These
events show both molecules to be importantly associated in the mycobacterial
mechanisms for survival (Gatfield 2000).

The inhibition of phagosome maturation by mycobacteria may be reverted by cyto-
kines, such as interferon-gamma (IFN-y) and TNF-a, which also stimulate microbi-
cidal mechanisms, including the production of reactive oxygen and nitrogen inter-
mediates (Flesch 1990, Chan 1992). The protective role of nitrogen intermediates
has been demonstrated in different murine models (MacMicking 1997, Flynn
1998), and a similar function has been suggested for these molecules in human TB
(Nicholson 1996). In contrast, the role played by the reactive oxygen intermediates
during infection has not been completely explained, though it is known that hydro-
gen peroxide produced by macrophages activated by cytokines has a mycobacteri-
cidal activity (Walter 1981). Also, it has been found that the tubercle bacillus pres-
ents molecules, such as LAM and phenolic glycolipid I, which work as oxygen
radical scavenger molecules (Chan 1989, Chan 1991).

5.1.1.4. Dendritic cells

Dendritic cells are clearly involved in the protective immune response to M. tuber-
culosis infection. As explained above, when M. tuberculosis bacilli are inhaled and
phagocytosed by the pulmonary macrophages, they remain, and even replicate,
within the cell phagosome. Dendritic cells recruited from blood, and probably also
from lung tissues, may play a role in protective immunity since they are found in
increased numbers in TB lesions (Sturgill-Koszycki 1994, Pedroza-Gonzalez 2004,
Garcia-Romo 2004).

Dendritic cells recognize, capture and process antigens, thus being able to present
them in the context of major histocompatibility complex (MHC) molecules, as well
as through CD1 (Banchereau 1998, Gumperz 2001). Dendritic cells bind antigens
via C-type lectin receptors and Fcy/Fce receptors, and internalize them by endocy-
tosis (Engering 1997, Fanger 1996, Jiang 1995). M. tuberculosis endocytosis is
carried out through known C-type lectin receptors, such as dendritic cell-specific
intercellular-adhesion-molecule-grabbing non-integrin (DC-SIGN) (Geijtenbeek
2003, Tailleux 2003). This molecule interacts with mannose capped-LAM, a com-
ponent of the mycobacterial cell wall (Geijtenbeek 2003, Figdor 2002). In addition,
peripheral blood dendritic cells and immature dendritic cells derived from mono-
cytes express TLR-2 and TLR-4 (Jarrossay 2001, Kadowaki 2001), two Toll-like
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receptors with which mycobacteria seem to interact. Thus, it can be assumed that a
protective host response may be induced through these signals. Additional signals
generated by the association of mannose capped-LAM to DC-SIGN induce IL-10
production (Geijtenbeek 2003), while the union of a 19 kDa M. tuberculosis lipo-
protein to TLR-2 induces production of IL-12, TNF-a, and IL-6 (Means 2001,
Means 1999, Underhill 1999).

Once the antigens have been captured and internalized, dendritic cells become
mature (indicated by phenotypical and functional changes) and efficiently migrate
to peripheral lymph nodes. There is evidence of in vivo M. tuberculosis and BCG
transport from lung tissues to the lymph nodes inside infected dendritic cells (Dieu
1998). This migration of infected dendritic cells requires the expression of the
chemokine receptor 7 (CCR7) on their surface, which makes them sensitive to
chemokines (CC) CCL19 and CCL21 (Dieu 1998, Gunn 1998, Krichuber 2001,
Bhatt 2004). It is important to mention that maturation of dendritic cells is not only
accompanied by an increased synthesis of MHC class I and II, but also by the ex-
pression of co-stimulating molecules, such as CD80 and CD86 (Turley 2000), and
the production of IL-12 (Steinmann 2001).

The internalization of M. tuberculosis into human and murine dendritic cells has
been observed in several in vitro (Bodnar 2001, Fortsh 2000, Giacomini 2001,
Hanekom 2002, Henderson 1997, Inaba 1993) and in vivo (Jiao 2002, Pedroza-
Gonzalez 2004, Garcia-Romo 2004) studies. Reportedly, when dendritic cells de-
rived from monocytes are infected with M. tuberculosis, their ability to present
lipidic antigens is impaired and thus the expression of CD1 decreases (Stenger
1998). Components of the mycobacterial cell wall were also shown to inhibit the
phenotypical maturation of dendritic cells induced by lipopolysaccharides. Differ-
ent lineages of M. tuberculosis may vary in the degree by which they affect the
dendritic cells. In particular, the enhanced virulence ascribed to Beijing strains
might well be related to their inability to stimulate dendritic cell maturation (Lopez
2003, Ebner 2001).

In a protective immune response, dendritic cells induce maturation of T cells to-
wards a T helper 1 (Thl) profile by secreting cytokines, such as IL-12, IL-18, IL-
23, and probably IFN-a and B, but not IFN-y (Wozniak 2006, Kadowaki 2001,
Kalinski 1999, Thurnher 1997). Th1 cells expand in response to the BCG antigens
presented by the dendritic cells in the lymphoid nodules and migrate toward infec-
tion sites, such as the lung tissue, where they liberate IFN-y, thus activating local
macrophages that control bacilli replication (Humphreys 2006).
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5.1.1.5. Natural killer cells

Natural killer cells play a very important role in the development of the innate
immune response. Their main function has been associated with the development
of cytotoxicity to target cells and they are among the first cell populations to pro-
duce IFN-y during the immune response. For a long time, the study of this cell
population was focused on their role in viral and tumoral diseases. More recently,
however, increasing interest has arisen in their eventual function in several bacte-
rial infections.

The number of natural killer cells was shown to increase in the lungs of C57BL/6
mice during the first 21 days after aerosol infection with M. tuberculosis complex
strains. This cell expansion was associated with an increased expression of activa-
tion and maturation markers, and IFN-y production. However, the depletion of
natural killer cells had no influence on the lung’s bacterial load, indicating that
although these cells become activated during the early response in pulmonary TB,
they are not essential for host resistance (Junqueira-Kipnis 2003). Natural killer
cells also play an important role in human TB by regulating different aspects of the
immune response. Human natural killer cells have been shown to have an enhanced
cytotoxicity for macrophages infected with M. tuberculosis. They also optimize the
ability of CD8+ T lymphocytes to produce IFN-y and to lyse M. tuberculosis in-
fected cells, thus joining innate to adaptive immune responses (Vankayalapati
2002, Vankayalapati 2004).

5.1.1.6. CD1d-restricted natural killer T cells

These are a unique subset of human natural killer T cells characterized by the ex-
pression of an invariant V alpha 24 T cell receptor that recognizes the nonclassical
antigen-presenting molecule CD1d. The activity of CD1d-restricted killer cells is
notably enhanced by the marine glycolipid alpha-galactosylceramide derived from
sponges. Once activated by alpha-galactosylceramide, CDI1d-restricted natural
killer T cells contribute to human host defense against M. tuberculosis infection.
Human monocyte-derived macrophages expressing CD1d can induce effector
functions of natural killer T cells against cells infected with M. tuberculosis when
activated with alpha-galactosylceramide. These functions include IFN-y secretion,
proliferation, lytic activity, and anti-mycobacterial activity; this latter via the anti-
microbial peptide granulysin, which damages the mycobacterial surface. There is
further support of the potential interaction of natural killer T cells with CD1d-
expressing cells at the site of disease, since CD1d can be readily detected in
granulomas of TB patients (Gansert 2003). Such a role has not been proved in M.
tuberculosis infected mice. Rather, natural killer T cells have been shown to play a
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detrimental role, at least in the late phase of mouse experimental infection (Suga-
wara 2002).

5.1.1.7. Epithelial cells

Alveolar macrophages have been considered for a long time to be the first cell
population to interact with M. tuberculosis. However, the number of epithelial cells
in the alveoli is 30 times higher than the number of macrophages and thus, the
likelihood that they are the first cells exposed to the infecting bacilli is similarly
higher. The first indication of the involvement of epithelial cells in M. tuberculosis
infection was derived from a study where the presence of mycobacterial DNA was
detected in necropsy specimens from people who had died from diseases other than
TB. In that study, M. tuberculosis DNA was detected in macrophages, type II
pneumocytes, fibroblasts, and endothelial cells (Hernandez-Pando 2000). In addi-
tion, several in vitro studies have characterized the interaction between epithelial
cells and M. tuberculosis. These cells can host M. tuberculosis bacilli and allow
their replication (Bermudez 1996). Moreover, epithelial cells are able to establish
an initial pro-inflammatory environment by secreting IL-8 (Wickremashinge 1999)
and inducing the production of nitric oxide (NO) (Roy 2004). Obviously, in vivo
experiments are necessary to better understand the role played by alveolar epithe-
lial cells in M. tuberculosis infection.

5.1.1.8. Defensins

A conspicuous element of the innate immune response against microorganisms is a
group of small endogenous antimicrobial peptides known as defensins (Diamond
1998). These cationic peptides, consisting of approximately 30 to 50 amino acids,
are present in myeloid and epithelial cells of all animal species. They were shown
to display antibacterial (Gabay 1989, Ganz 1985, Selsted 1987), antifungal (Selsted
1985), and antiviral (Daher 1986) activities. These molecules are classified as al-
pha, beta, and theta defensins based on the position of cysteine residues and the
number of disulfur bonds (Bals 2000, Hoover 2000, Lehrer 1993). In phagocytic
cells, defensins represent the main microorganism destruction components inde-
pendent of oxygen metabolism (Miyakawa 1996, Ogata 1992). Allegedly, these
peptides break the membrane of several microorganisms and some of them are
even able to pass through the cytoplasmic membrane and enter the infected cell
(Ganz 2003, Rivas-Santiago 2006).
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Defensins were first described in guinea pig and rabbit neutrophils (Zeya 1963,
Zeya 1966). There is no report of human monocytes and macrophages having de-
fensins, although neutrophils have been reported to have four known human neu-
trophil defensins peptides (Ganz 1990), of which three (HNP-1, HNP-2 and HNP-
3) were found to be active against Mycobacterium avium-intracellulare and M.
tuberculosis (Ogata 1992, Miyakawa 1996).

In vitro, the human alpha defensins present in human neutrophils directly attracts
CD4+/CD45RA+ T cells, CD8+ cells, and dendritic cells. The expression of human
beta-defensin 1 is constitutive in epithelial cells but the expression of human beta-
defensins 2 and 3 is inducible by IL-1, TNF-a, and by Toll-like receptor recogni-
tion of bacteria and fungi (Kaiser 2000, Lehrer 1993, Stolzenberg 1997). Human
beta-defensins are also chemoattractants for T CD4+/CD45RO+ cells through re-
ceptor CCR6 (Chertov 2000).

Mice infected with M. tuberculosis express murine beta defensins mBD-3 and
mBD-4 n. In the first stages of infection, the epithelial cells of the respiratory tract
express both defensins, which correlates to the early control of bacterial prolifera-
tion. However, their expression decreases as the disease progresses. In the latent
infection model, mBD-3 and MBD-4 are continuously expressed, but their expres-
sion is suppressed if the infection is reactivated (Rivas-Santiago 2006).

Genetic expression of human beta-defensin 2 (HBD-2) has been identified in
epithelial cells of the skin, lung, trachea, and urogenital system (Bals 1998, Kaiser
2000, Lehrer 1993, Linzmeier 1999, Singh 1998, Stolzenberg 1997). This defensin
was also detected in bronchial lavage cells from patients infected with M. avium-
intracellulare (Ashitani 2001). Peripheral blood monocytes transfected with human
beta-defensin HBD-2 have a better control of M. tuberculosis growth than non-
transfected monocytes (Kishik 2001). Human alveolar epithelial cells infected with
M. tuberculosis were also found to express human beta-defensin HBD-2 (Rivas-
Santiago 2005).

M. tuberculosis infected mice that have been treated with the defensin peptide
HNP-1 show a reduction of bacterial load in the lungs, liver, and spleen (Sharma
2001). This observation suggests that defensins could represent important compo-
nents of the innate response mechanisms against M. tuberculosis and could be used
as new therapeutic tools.
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5.1.2. Acquired immune response against M. tuberculosis

In contrast to innate mechanisms, the specific or adaptive immune response re-
quires the specific recognition of foreign antigens. The innate immune system has a
profound influence on the type of acquired immune mechanisms generated, and
vice versa, the specific immune response executes several of its effector functions
via the activation of components of the innate immunity. Specific immune re-
sponses can be divided into cell-mediated mechanisms, which include T-cell acti-
vation and effector mechanisms, and the humoral immune response, consisting of
B-cell maturation and antibody production. Both mechanisms are not mutually
exclusive, and T helper cells are required for antibody maturation, isotype switch-
ing and memory. B cells also function as antigen presenting cells by activating T
cells in a specifically driven manner. In the following pages we will focus on the
generation of both humoral and cellular immune responses against M. tuberculosis.

M. tuberculosis is the most conspicuous example of an intracellular bacterium that
persists for long periods within the host, causing a latent infection, namely a
chronic asymptomatic infection without tissue damage. This is best illustrated by
the fact that two billion people worldwide are infected with M. tuberculosis, but
more than 90 % of them remain healthy and free of clinical disease and the tubercle
bacilli remain within them in a state of dormancy. Therefore, although the host
cell-mediated immunity is enough to control the progression of disease, it fails to
exert sterile eradication and hence, those two billion infected persons suffer the
latent form of TB (Collins 2002).

As for other intracellular infections, the primary protective immune response is cell
mediated rather than antibody mediated. M. fuberculosis resides inside the macro-
phage and is relatively resistant to microbicidal mechanisms that efficiently elimi-
nate other phagocytosed bacteria. This is due in part to the ability of the tubercle
bacilli to hinder macrophage activation by IFN-y and IL-12. Several studies have
confirmed the critical importance of these cytokines in both human and mice M.
tuberculosis infection. In addition, deficiencies in IL-12 or IFN-y, or their recep-
tors, render the individual more susceptible to mycobacterial infections (Jouanguy
1999, Alcais 2005). For the last 20 years, it has been assumed that the induction of
a Thl-type immune response affords the host the greatest protective capacity.

Despite the fact that there are hundreds of studies published on TB immunity, still
there is a lack of information regarding important issues, such as the role of lung
antigen presenting cells in vivo during pulmonary TB (Pedroza-Gonzalez 2004).
This type of information would allow a better understanding of the induction of



168 Immunology, Pathogenesis, Virulence

specific immune responses against M. tuberculosis, and therefore the development
of tools that could control the disease more effectively.

5.1.2.1. Humoral immune response

Because of their intracellular location, it is frequently assumed that tubercle bacilli
are not exposed to antibody and therefore this type of immune response is consid-
ered to be non-protective. However, during the initial steps of infection, antibodies
alone or in conjunction with the proper cytokines may provide important functions,
such as prevention of entry of bacteria at mucosal surfaces. Even though the issue
remains controversial, the role of antibodies in intracellular bacterial infections has
gained renewed attention. Lately, their participation in the control of acute infec-
tions, such as chlamydial respiratory infection (Skelding 2006), and chronic infec-
tions produced by Actinomycetes, including M. tuberculosis (Salinas-Carmona
2004, Williams 2004, Reljic 2006), was explored.

Antibodies can be exploited in two ways in the clinical management and control of
TB: as serological diagnostic tools; and as active participants in protection. Sero-
logical methods have been regarded for a long time as attractive tools for the rapid
diagnosis of TB due to their simplicity, rapidity, and low cost. As early as 1898,
Arloing showed that sera from TB patients could agglutinate tubercle bacilli (cited
in Daniel 1987). With the introduction of the enzyme-linked immunosorbent assay
in the *70s, interest was renewed and several groups of investigators committed
themselves to finding an optimum antigen for TB serodiagnosis. At that time, com-
plex antigens were used in most cases, such as whole bacteria, culture filtrates,
bacterial extracts, tuberculins and their purified derivates (PPD). More recently,
individual purified antigens have also been assayed, including proteins, lipopoly-
saccharides and glycolipids, i.e., Ag 85, 38-kDa protein, LAM or diacylthrehaloses.
To date, however, no test has shown sufficiently high sensitivity and specificity
values for diagnostic purposes (Al Zahrani 2000, Bothamley 1995, Singh 2003,
Raqib 2003, Julian 2004, Lopez-Marin 2003, see also chapter 13).

As for their use in protection against TB, antibodies could enhance immunity
through many mechanisms including neutralization of toxins, opsonization, com-
plement activation, promotion of cytokine release, antibody-dependent cytotoxic-
ity, and enhanced antigen presentation. In this sense, data from several laboratories
indicate that anti-mycobacterial antibodies play an important role in various stages
of the host response to TB infection (Costello 1992, Hoft 1999, Hoft 2002, Teitel-
baum 1998, Williams 2004, De Valliére 2005). In particular, De Valliére et al.
showed that specific antibodies increased the internalization and killing of BCG by
neutrophils and monocytes/macrophages. Moreover, antibody-coated BCG bacilli
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were more effectively processed and presented by dendritic cells for stimulation of
CD4+ and CD8+ T-cell responses.

This enhanced anti-mycobacterial activity of phagocytes by antibody-coated bacilli
is extremely important in the context of mucosal immunity. IgG and IgA antibody
classes have been shown to be present in the mucosal secretions of the human
lower respiratory tract (Boyton 2002). The specific mycobacterial targets for anti-
body-mediated enhanced interiorization and/or killing are not known, but surface
antigens such as LAM or proteins expressed under stress conditions, such as alpha
crystallin protein, may be relevant. In an experiment where 17 recombinant myco-
bacterial protein antigens, native Ag85 complex, LAM, and M. tuberculosis lysate
were used to detect antibody responses induced by BCG vaccination, only LAM-
reactive serum IgG responses were significantly increased in both BCG vaccinated
individuals and active TB patients. As expected, oral BCG vaccination leads to a
significant increase in LAM-reactive secretory IgA (Brown 2003).

A new approach toward protection against TB, using passive inoculation with IgA
antibodies, was tested in an experimental mouse model of TB lung infection (Wil-
liams 2004). Intranasal inoculation of mice with an IgA monoclonal antibody
against alpha crystallin protein reduced the M. tuberculosis colony up to 10-fold,
forming units (cfu) in the lungs nine days after either aerosol or intra-nasal chal-
lenge. Both monomeric and polymeric IgA reduced cfu to the same extent, sug-
gesting that the antibody may target the Fc alpha receptor (Fc-aR) rather than
polymeric immunoglobulin receptor (poly-IgR) in infected lung macrophages. As
expected, protection was of short duration, probably due to the rapid degradation of
the intranasally-applied IgA.

More recently, in a follow-up of this study (Reljic 2006), the duration of protection
was extended by inoculation of IFN-y three days before infection, and further co-
inoculation with IgA at different time points (2 h, 2 and 7 days) after aerosol infec-
tion with M. tuberculosis H37Rv. Instead of a 10-fold reduction in cfu, a 17-fold
reduction was observed, as well as lower granulomatous infiltration of the lungs.
Thus, the combined administration of IFN-y and IgA shows promise as a prophy-
lactic treatment of immunodeficient patients or as an adjunct to chemotherapy.

Taken all together, these findings suggest an urgent need to reassess the role of
antibody responses in TB. In particular, the mechanism involved in antibody-
mediated enhancement of innate and cell-mediated immunity should be addressed,
in order to analyze whether these mechanisms could be exploited to develop better
TB vaccines or to design alternative immunotherapeutic tools.
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5.1.2.2. Cellular immune response

Since the tubercle bacilli reside inside a compartment within the macrophage, their
antigens are presented by MHC class II molecules to CD4+ T lymphocytes. These
cells play an important role in the protective response against M. tuberculosis and,
when they are absent, growth of the bacilli cannot be controlled (Caruso 1999,
Muller 1987). This is the case in patients with an immunodeficiency, such as that
caused by HIV infection.

The main function of CD4+ T cells is the production of cytokines including IFN-y,
which activates macrophages and promotes bacilli destruction. Recently, another
function has been ascribed to these cells, i.e., helping to develop the CD8+ T cell-
mediated response (Scanga 2000, Serbina 2001). In the same way, CD4+ T cells
may participate in the induction of apoptosis of infected cells and the subsequent
reduction of bacterial viability through the CD95 Fas ligand system (Oddo 1998).

The participation of CD8+ T cells in the control of the infection is well recognized.
Mice deficient in molecules such as CD8a, transporter associated with antigen
processing (TAP), and perforin, were shown to be more susceptible to M. tubercu-
losis infection than animals which produced these molecules (Flynn 1992, Behar
1999). The mechanisms used by these cells for the control of TB seem to be mainly
cytokine production and bacterial lysis.

In the lungs of infected mice, CD8+ T cells showed to be able to secrete [FN-y
through activation of the T-cell receptor or by interaction with infected dendritic
cells (Serbina 1999). Once again, the function performed by this IFN-y is the acti-
vation of the macrophage and promotion of bacterial destruction.

In addition, CD8+ T cells proved to be efficient in lysing infected cells and in re-
ducing the number of intracellular bacteria (Stenger 1997, Cho 2000). The mecha-
nisms of control of the bacterial load seem to be associated with granular exocyto-
sis involving perforin and granzymes. Still, granulysin, which is found in CD8+
T granules, is the molecule responsible for killing the bacterium (Stenger 1998).

5.1.2.3. Gammal/delta T cells

Previously, the CD4- CDS8- T cells, known as y3 T cells, were considered to play a
low-profile role in the immune response. They were believed to proliferate only in
response to non-peptidic antigens (Schoel 1994). As they were found in early le-
sions, they were thought to react to infected macrophages only through the produc-
tion of IFN-y (Ferrick 1995). In the last few years, however, yd T cells proved to be
relevant for the regulation of the immune response.
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High levels of yd T cells are usually found in the peripheral blood of TB patients
(Ito 1992). Ex vivo, yd T cells from human TB patients display a lytic activity that
is independent of the MHC. While the lytic activity of CD4+ and CD8+ T cells
decreases gradually as the disease becomes more severe, Y0 T cells increase their
activity, lysing target cells infected with M. tuberculosis through the Fas-FasL
mechanism and the perforin pathway (De la Barrera 2003).

In a murine model of TB infection, Y0 T cells were shown to contribute to the
elimination of M. tuberculosis and to have an anti-inflammatory effect. Indeed,
when these cells are eliminated by genetic manipulation or by using a specific
monoclonal antibody, inflammatory damage is accelerated in the lungs of mice
infected with M. tuberculosis (D’Souza 1997, Ladel 1995). In addition, yd T cells
produce IL-17 during early infection, which probably promotes the flow of cells
towards infection sites. This IL-17 secretion may be produced in response to 1L-23
secretion by dendritic cells infected with M. tuberculosis (Lockhart 2006).

The role of yd T cells in protective immunity is not limited to cytokine secretion
(such as IL-17 and IFN-y) and cytotoxic activity. These cells also behave as anti-
gen-presenting cells. Like dendritic cells, they can process and efficiently present
antigens and give the co-stimulating signals needed to induce proliferation of aff T
cells (Brandes 2005). As noted, y0 T cells act as a link between the innate immune
response and the adaptive immune response, although other roles played by these
cells still remain unknown.

5.2. Tuberculosis pathogenesis and pathology related to the
immune response

An important reason for the current failure to control TB is that, even when apply-
ing the best available chemotherapy, treatment must be continued for at least six
months. This treatment regimen is not a realistic option in limited-resource coun-
tries, or even in large cities of developed countries, because after a few weeks of
treatment the patients start to feel well again and stop taking the drugs.

There are two main reasons for prescribing such long-term treatments. The first is
that the antibiotics kill the vast majority of the bacilli within a few days, but per-
sisting bacteria are not killed by the drugs. These persisting bacilli may be in a true
stationary phase with very low metabolism, and may be non-replicating or repli-
cating very slowly (latent infection). The other reason is the necrotizing tissue
response that is analogous to the Koch phenomenon (Koch 1891). Robert Koch



172 Immunology, Pathogenesis, Virulence

demonstrated that the intradermal challenge of guinea pigs with whole organisms
or culture filtrate, four to six weeks after the establishment of infection, resulted in
necrosis at both the inoculation site and the original tuberculous lesion site. A
similar phenomenon occurs in persons with active TB, in whom the PPD test site
may become necrotic. Koch tried to exploit this phenomenon for the treatment of
TB and found that subcutaneous injections of large quantities of culture filtrate (old
tuberculin) into TB patients evoked necrosis in their tuberculous lesions. In fact,
this treatment was shown to have extremely severe consequences associated with
extensive tissue necrosis and was discontinued (Anderson 1891). Still today, the
task for the researchers working in this field is to understand the differences be-
tween protective immunity and progressive disease, including the Koch phenome-
non (Rook 1996). The final aim is to learn how to replace the pathological immune
response by the protective one, and with such knowledge, to design short-course
chemotherapy schemes supplemented with immunotherapy, which would enable
TB control worldwide. These important topics on immunopathology and immuno-
therapy are revised in the following sections.

The role of individual immune cells in the protection against M. tuberculosis has
been described in previous sections of this chapter. The next paragraphs of the 5.2
section describe patterns of immune response to infection and disease.

5.2.1. Mechanism of protective immunity

In the experimental murine TB model, the protective response has a distinct Thl
type of cytokine pattern, as demonstrated by manipulation of the immune system
through genetic knockout or the administration of specific monoclonal antibodies
(Cooper 1995, Dalton 1993, Flynn 1993). The same cytokine pattern seems to be
protective in humans because children with defective receptors for [IFN-y or IL-12
are susceptible to mycobacterial disease (Jouanguy 1999, Alcais 2005).

In addition to these Thl-type cytokines, TNF-a is also essential for immunity to M.
tuberculosis in mice (Kindler 1989) as well as in humans (Keane J 2001). These
observations further suggest a role for NO, because TNF-a triggers the release of
NO from IFN-y-activated cells. In fact, iNOS expression is essential to control
infection in mice (Chan 1992) and is also highly expressed in human tuberculous
lesions (Schon 2004).
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5.2.2. The immune response related to progressive disease: mecha-
nisms of immunopathology

In the early *90s, some researchers reported an increased expression of Th2 cytoki-
nes, especially IL-4, in patients with advanced pulmonary TB (Schauf 1993, San-
chez 1994). Later, other authors failed to detect IL-4 and the issue remained con-
troversial (Lin 1996). More recent data indicate that these failures could be attrib-
uted to technical problems (Rook 2004), and now there is substantial evidence that
demonstrates a Th2 response in human TB (Seah 2000, Van Crevel 2000, Marchant
2001, Leinhardt 2002). Interestingly, IL-4 levels tend to be higher in patients living
close to the Equator, possibly as a consequence of simultaneous infection with
helminths and/or higher mycobacterium inoculum (Malhotra 1999). Indeed, TB
patients have several IL-4-dependent manifestations, including high IgE anti-
mycobacterial antibodies (Yong 1989), antibodies against cardiolipin (Fisher
2002), and high expression of DC-SIGN in dendritic cells (Relloso 2002). IL-4 has
been detected in human TB lung lesions by in-situ hybridization (Fenhalls 2000).
Also, IL-4 messenger ribonucleic acid (mRNA) and T-cells containing IL-4 are
increased in human pulmonary TB. This high IL-4 expression correlates signifi-
cantly with serum IgE, serum soluble CD-30, and also with the extent of cavitation
(Seha 2000, van Crevel 2000, Lienhardt 2002). It has been demonstrated that CD8+
cells are another source of IL-4, and this correlates with cavitation (van Crevel
2000). The presence of IL-4 at late stages of the disease has a direct pathogenic role
because it downregulates the protective Thl responses (Biedermann 2001).

Similar abnormalities are also observed in the lungs of Balb/c mice, which have
been experimentally infected via the trachea with a high dose of M. tuberculosis
H37Rv (Hernandez- Pando 1996, Hernandez-Pando 1998). In this model, there is
an initial phase of partial resistance dominated by Thl cytokines plus activated
macrophages that produce TNF-o and express iNOS. The phase of progressive
disease starts after one month of infection. This late phase is characterized by a
drop in the number of cells expressing INF-y, IL-2, TNF-a, and iNOS, progressive
pneumonia, extensive interstitial fibrosis, high bacillary counts and very high levels
of IL-4 and TGF-p, produced by a distinctive type of macrophage with numerous
cytoplasmic vacuoles (foamy macrophages) (Figures 5-2 and 5-3). It is important to
point out that this animal model resembles the disease in developing countries,
where the infecting dose is usually high and the progressive disease tends to show a
high IL-4 response (Rook 2004). This Balb/c model can be considered a suitable
model for human TB because it mimics the well-characterized response observed
in the progressive human disease that consists of an increased expression of Th2
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cytokines and TGF-f. This switch to Th2 cytokine production seen in Balb/c mice
and, albeit to a lesser extent, in humans, is absent in the experimental TB model
developed in C57Bl mice, which is characterized instead by progressive lung
granulomas and extensive lung consolidation with a strong and sustained Thl re-
sponse (Flynn 2006).

Figure 5-2: Immunohistochemical detection of IFN-y (Th1 cells) and IL-4 (Th2 cells) in lung
granulomas during the course of experimental TB in Balb/c mice infected by the intratracheal
route. (A) Numerous IFN-y immunostained cells (brown staining) exist in early granulomas,
after 2 weeks of infection. (B) In contrast, few IL-4 positive cells (arrows) are seen in a serial
section from the same granuloma exhibited in A. (C) After 4 months of infection, during active
and advanced disease, there are some IFN-y immunostained cells in granulomas. (D) Numer-
ous IL-4 immunostained cells are seen in the same late granuloma exhibited in C. Thus, during
early infection (first month) there is a predominance of Th1 cells, while during progressive
disease a mixed Th1/Th2 pattern exist in this animal model.

In the Balb/c model of progressive pulmonary TB described above, the mixed
Th1/Th2 cytokine pattern is associated with the pathology and reduced protection
(Rook 1996). When pre-sensitized with 107 cfu of Mycobacterium vaccae, a sapro-
phytic, highly immunogenic mycobacteria, mice infected with M. tuberculosis
mount a strong Thl response and are partially protected. In sharp contrast, when
pre-immunized with a higher dose of the same mycobacterial preparation (10° cfu),
mice develop a response with a mixed Th1/Th2 pattern that leads to increased se-
verity of infection with the disease, and death (Hernandez-Pando 1994, Hernandez-
Pando 1997). Thus, pre-exposure to saprophytic mycobacteria can determine either
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resistance or susceptibility to M. tuberculosis infection, and the effect seems to be
dose dependent. The nature, route, and dose of mycobacterial exposure depend on
where and how an individual lives, because mycobacteria are not part of the usual
commensal flora of human beings. This variable priming of antimycobacterial
responses by saprophytes can either protect or predispose to infection, and might
well be responsible for the uneven efficacy of BCG vaccination in different parts of
the world (Rook 2005).

Figure 5-3: Representative immunohistochemical and electron microscopic features of lung
macrophages during experimental pulmonary TB in Balb/c mice. (A) Subcellular structure of
activated macrophage during early infection, numerous primary lysosomes (arrows) and occa-
sional bacteria (asterisk) are distinctive elements in the abundant cytoplasm of this cell type.
(B) These activated macrophages show strong TNF-a immunostaining. (C) During progressive
disease, vacuolated or foamy macrophages containing numerous cytoplasmic vacuoles (V)
and bacilli (arrows) are the predominant cells in the areas of pneumonia (E) These foamy
macrophages show strong TGF- immunostaining. Thus, activated macrophages are efficient
producers of pro-inflammatory cytokines, such as TNF-a, and contribute to the control of the
infection, while vacuolated macrophages are severely infected cells and efficient producers of
anti-inflammatory cytokines that enable bacilli growth, such as TGF-f.

Various symptoms of TB, such as fever, weight loss and tissue damage, resemble
the pathological effects of TNF-a. Evidence that such symptoms may be produced
by this cytokine has come from experiments with thalidomide, a compound that
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decreases the half-life of TNF-a mRNA (Moreira 1993). TB patients treated with
this drug show rapid symptomatic relief and weight gain (Kaplan 1994). Thus,
TNF-a has a paradoxical participation in the immunopathology of TB: it plays an
essential role in protection but may also be a significant factor in its pathology.
This ambiguous activity of TNF-a might be defined on site in the light of the pre-
dominant cytokine pattern, Thl or Th2. In fact, the sensitivity of a given inflam-
matory site to TNF-a is dependent on the cytokine profile of the prevailing CD4+
T cells.

This ambiguous effect of TNF-a was also observed in Balb/c mice immunized with
different doses of M. vaccae two months before challenge with fully pathogenic M.
tuberculosis. Only a Thl cytokine response was elicited in response to 10’ cfu of
M. vaccae, as demonstrated by high INF-y production by splenocytes and high
cutaneous delayed type hypersensitivity (DTH) against mycobacterial antigens. If
1 ug of TNF-a was injected into the site of the DTH response (right footpad) that
had been elicited 24 h earlier in such animals, no necrosis was caused. However, in
mice that had been sensitized with a 100-fold higher dose (10%) of M. vaccae, a
mixed Th1/Th2 cytokine pattern was evoked, with very high IL-4 production that
elicited much lower DTH reactions. In these animals, the injection of TNF-a at the
site of DTH response elicited massive inflammation and local necrosis (Hernandez-
Pando 1997). Therefore, a possible explanation of the TNF-a paradox can be pro-
posed: it seems that the TNF-a was released into a relatively pure Thl-mediated
inflammatory site, where it may act merely as a supplementary macrophage-
activating cytokine. But, when released into a mixed Th1/Th2 site with high 1L-4
concentration, it causes damage. These observations were confirmed in a further
study using the Balb/c model of progressive pulmonary TB (Hernandez-Pando
2004). In the early stage of infection (21 days after infection), while the Thl cyto-
kine response predominated and controlled the growth of bacilli, the DTH response
was the highest and DTH sites were not vulnerable to necrosis by TNF-a. In con-
trast, during the progressive phase of the disease (50 days after infection) extensive
tissue damage and high IL-4 production are manifested, the DTH response was
very low, and TNF-o administration in the DTH sites provoked extensive inflam-
mation with necrosis. Moreover, mice that have been preimmunized with a high
dose (10%) of killed M. vaccae, which induces mixed Th1/Th2 cytokine responses
with high IL-4 production, developed higher and more rapid TNF-a-sensitive DTH
response and became more susceptible to intratracheal M. tuberculosis challenge
than unimmunized control animals (Hernandez-Pando 1997). Thus, this immu-
nopathological response is a clear reminder of the Koch phenomenon. Another
experimental confirmation of the TNF-o-mediated immunopathology associated
with IL-4 comes from IL-4 gene knockout of tuberculous Balb/c mice that exhib-
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ited not only diminished bacterial proliferation, but also complete absence of TNF-
a-mediated toxicity following a TNF-a challenge in the DTH sites (Hernandez-
Pando 2004).

We have explained above that an inappropriate Th2 component is present in both
murine and human TB. Its effect becomes more striking when the disease becomes
more severe. What then are the likely causes of this shift in cytokine profile, and
what is the participation of other factors that deregulate the protective immunity
against TB? These questions will be addressed in the next section, but it is certain
that there are many significant participant factors that we do not yet know about,
and their characterization will contribute significantly to the knowledge of the
immunopathology and control of this significant infectious disease.

5.2.3. Factors that deregulate the protective type 1 response

Figure 5-4 graphically summarizes the participating factors in protection and pro-
gression of pulmonary TB. An increase in antigen load is clearly a participating
factor, as shown by the striking linkage of the Th1/Th2 balance to the dose after
immunization with particulate antigens such as mycobacteria (Hernandez-Pando
1994) or Leshmania (Bretscher 1992). Thus, low antigen loads, such as the low
dose of M. vaccae (107 cfu) used to presensitize mice in the above-mentioned ex-
periments, or the relatively low bacterial lung burden during early infection in the
Balb/c model of progressive pulmonary TB, prime the Thl response. In contrast,
high antigen loads, for example the 10° cfu of M. vaccae or the high bacillary loads
produced in the lungs during the progressive phase of the Balb/c model, efficiently
induce the Th2 response.

Another mechanism that participates in the declination of the Thl cytokine pattern
during progressive disease in the Balb/c model is the selective apoptosis of
CD4+/Thl cells (Rios Barrera 2006). Indeed, Thl cell apoptosis can partly be in-
duced by foamy macrophages through a Fas/Fas ligand mechanism. Foamy macro-
phages predominate in advanced TB, they contain numerous bacilli, and their cyto-
plasmic vacuoles display strong immunostaining for mycobacterial lipids such as
LAM. Vacuolated macrophages show little immunostaining for TNF-a or iNOS,
but strong TGF-B immunoreactivity (Hernandez-Pando 1997, Hernandez-Pando
2001), and also express high levels of the anti-apoptotic Bcl2 molecule. Due to
these properties, foamy macrophages are long-lived cells that harbor mycobacteria
for long periods, and at the same time are a significant source of immunosuppress-
ing cytokines that facilitate bacilli proliferation.
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Figure 5-4: Left: Relevant immunopathological events during experimental pulmonary TB in
Balb/c mice. During early infection, bacilli are efficiently phagocytosed by lung macrophages,
which also secrete proinflammatory cytokines such as TNF-a and IL-1, and present bacillary
antigens to Th1 cells. Th1 cells thus activated produce IL-12. Right: During progressive dis-
ease, Th2 cells emerge to deactivate Th1 cells, which together with overproduction of anti-
inflammatory and immunosuppressive molecules such as cortisol, prostaglandin E (PGE) and
TGF-B, deactivate macrophages, enabling bacilli growth and progressive tissue damage that
causes death.

Another factor that deregulates the protective immune response against TB is
prostaglandin production. Prostaglandins, in particular PGE-2, are potent mediators
of intercellular communication. Indeed, at high concentrations PGE-2 is immuno-
suppressive for T-cell-mediated immunity (Phipps 1991). In the Balb/c model of
M. tuberculosis infection, pulmonary PGE-2 concentrations remain relatively low
and stable during the early phase, and if mice are promptly treated with niflumic
acid, a potent and specific blocker of cyclo-oxygenase 2 (the rate limiting enzyme
of prostaglandin production), infected lungs show a higher degree of inflammation
and expression of TNF-a, IL-1a and IFN-y, but almost complete disappearance of
iNOS expression, which coexists with a significant increment of the bacterial load.
Interestingly, during the late progressive phase in this experimental model, foamy
macrophages from the pneumonic areas exhibit strong PGE-2 immunostaining, and
PGE-2 concentrations four fold higher than those of the early phase. When prosta-
glandin production was suppressed in animals suffering from advanced disease, a
significant reduction of pneumonia and bacillary load, with a striking increment in
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the size of the granuloma was seen, and the expression of IFN-y, TNF-a and iNOS
was also improved. Therefore, PGE-2 is a significant factor participating in the
pathogenesis of pulmonary TB and has contrasting functions depending on its con-
centrations. During the early phase of the infection, the low PGE-2 concentrations
contribute to iNOS expression, permitting the temporal control of bacilli growth;
while the high PGE-2 concentrations during the late phase contribute to the down-
regulation of cell-mediated immunity, allowing disease progression (Rangel 2002).

Excessive release of TGF-f3 has been implicated in the pathogenesis of human and
murine TB. Blood mononuclear cells from TB patients were found to release in-
creased levels of TGF-B, which was found in abundance in tuberculous lung le-
sions (Tossi 1995). Serum levels of TGF-3 were strikingly raised in patients with
advanced disease (Fiorenza 2005). The mannose-capped lipoarabinomannan from
the cell wall of M. tuberculosis is a potent inducer of TGF- (Dahl 1996). Interest-
ingly, human blood monocytes and alveolar macrophages produced bioactive TGF-
B upon stimulation with M. tuberculosis, so a signal from the organism was causing
activation of TGF-f, as well as its secretion (Aung 2005). Several reports indicate
that TGF-f also suppresses protective immunity to TB in vivo. In a mouse model,
latency-associated peptide, a natural modulator of TGF-f function, decreased BCG
growth in the lung and enhanced expression of IFN-y (Wilkinson 2000). When
mycobacterial infected guinea pigs were given intraperitoneal injections of recom-
binant human TGF-f, mycobacterial loads increased significantly (Dai 1999). In
the Balb/c mouse model, high expression of TGF-f3 during the progressive phase of
the infection was seen, and when TGF-f3 was blocked by recombinant -glycan
(type III TGF-B receptor) expression of IFN-y and IL-2 increased with strong
downregulation of IL-4, in co-existence with a significant reduction in bacterial
counts in the lungs (Hernandez-Pando 2006), but with more lung consolidation by
pneumonia than in non-treated control animals. Thus, TGF- is a downregulator of
cell-mediated immunity and a suppressor of excessive inflammation preventing
tissue damage. This implies that the participation of classical regulatory cytokines,
such as IL-10 or TGF-p, is necessary in order to avoid excessive inflammation, and
to preserve the architecture and function of the lungs. Therefore, the fine balance
between proinflammatory and anti-inflammatory cytokines seems to be a key factor
in the immunopathogenesis of TB.

Fibrosis is a major cause of permanent respiratory dysfunction in TB. In human
TB, fibrosis might be related to a high production of the potent fibrogenic cytokine
TGF-f and to the presence of the Th2 response. Interestingly, pulmonary fibrosis in
systemic sclerosis is associated with CD8+ cells secreting IL-4 (Atamas 1999).
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Also, when IL-4 genes are knocked-out in Balb/c mice, the subsequent absence of
IL-4 is associated with very low TGF- production during the progressive phase of
the disease, with lesser fibrosis and diminished bacterial growth (Hernandez-Pando
2004), confirming that Th2 cytokines are directly involved in the development of
fibrosis, probably by inducing TGF-f production (Lee 2001).

Adrenal steroids may also contribute to the dysfunction of Thl responses in TB.
Reactivation or progression of infection is sensitive to activation of the hypotha-
lamic-pituitary adrenal axis. The exposure of humans to the stress of war or poverty
(Spence 1993), or cattle to the stress of transportation, is efficient in causing
reactivation of latent infection. In mice, it has been demonstrated that this is due to
glucocorticoid release (corticosterone in mice) (Brown 1995, Tobach 1956), which
reduces macrophage activation and Thl-cell activity (Daynes 1991), while syner-
gizing with some Th2 functions (Rook 1994). Tuberculous patients lose the cir-
cadian glucocorticoid rhythm, provoking constant exposure of peripheral lympho-
cytes to cortisol (Sarma 1990). In addition, the total output of cortisol derivatives
and of androgens is frequently reduced (Rook 1996). Cortisol undergoes reduced
conversion to inactive cortisone, producing normal serum cortisol concentrations in
TB patients (Post 1994). The lung enzyme 11-beta-hydroxysteroid dehydrogenase
converts inactive cortisone to active cortisol, producing higher concentrations of
cortisol in the tuberculous lung (Rook 2000). In the Balb/c model the high produc-
tion of TNF-a by activated macrophages in mature granulomas during the early
phase of the infection (day 21), activates para-ventricular neurons in the hypo-
thalamus, inducing higher expression of corticotrophin-releasing factor (Hernan-
dez-Pando 1998). This factor induces adrenocorticotropic hormone production in
the pituitary and in turn, this hormone stimulates the adrenals to produce glucocor-
ticoid. The stimulus is so strong that both adrenals duplicate their weight due to
nodular and diffuse hyperplasia (Hernandez-Pando 1995). In consequence, high
concentrations of corticosterone are produced, contributing to the activation of Th2
cells and bacilli cell growth. Perhaps this immuno-endocrine response is another
mechanism to avoid excess lung inflammation due to the well-known anti-
inflammatory activity of glucocorticoids, but at the same time, this response con-
tributes to deregulation of the protective immunity and bacilli growth. Interestingly,
during experimental late progressive disease, a striking adrenal atrophy is produced
(Hernandez-Pando 1995). This situation is similar to the reduced adrenal reserve
observed in patients with severe TB, that die suddenly and without obvious cause
during treatment (Onwubalili 1986, Scott 1990). Occasionally, the adrenals are
destroyed by TB, but there are patients whose adrenals are found on postmortem
examination to be small and without evidence of direct infection, as in tuberculous
mice. Interestingly, TNF-a and IL-1 are much more toxic in adrenalectomized than
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in control animals (Zuckerman 1989, Bertini 1998). Thus, a reduced adrenal re-
serve could play a role in the above-described toxicity of TNF-a, and in the toxicity
of TNF-a in tuberculous mice once they have entered the phase of adrenal atrophy
in the late progressive stage of the disease (Hernandez-Pando 1995). It is also im-
portant to consider that the function of cortisol within lymphoid tissue is regulated
by local production of the metabolites of dehydroepiandrosterone sulfate, an an-
drogenic adrenal steroid that has “anti-glucocorticoid effects”, inducing strong
activation of Thl cells (Hernandez-Pando 1998). Administration of dehydroepian-
drosterone or its derivative 3,17-androstenediol causes a Th1 bias, so this could be
an efficient form of immunotherapy, as discussed below.

5.2.4. Susceptibility to tuberculosis: the importance of the pathogen

From the first exposure to M. tuberculosis, the host immune system triggers a se-
ries of responses which define the course of infection. However, this defense is not
uniform in exposed persons. As mentioned above, the vast majority never develop
active disease (Bloom 1992), but in those persons that become sick, a wide spec-
trum of possible clinical manifestations may occur, and the immune response, as
seen for example in in vitro T- and B-cell reactivity against mycobacterial antigens,
differs significantly from person to person. Thus, the clinical course of the infection
and its epidemiological consequences depend on a complex interplay of host, envi-
ronmental and bacterial factors (Nardell 1993, Hill 1998, Bellamy 1998, Stead
1992, Kramnik 2000).

As mentioned above, environmental factors that determine TB susceptibility in-
clude poverty, malnutrition, stress, overcrowding, and exposure to mycobacterial
saprophytes. In the host, there is evidence of multifactorial genetic factors that
influence susceptibility to M. tuberculosis (see Chapter 6). Mouse genes that par-
ticipate in the control of early mycobacterial multiplication or TB progression in
the lungs have been distinguished (Kramnik 2000). However, it seems that the
independent participation of these genes is not sufficient to confer full protection
against virulent M. tuberculosis.

As illustrated in this chapter, the host immune response against mycobacterial
infection is the most investigated factor; but recent studies indicate that the genetic
variability of M. tuberculosis has a significant role in the outcome of the infection.
For many years, M. tuberculosis was considered to be highly conserved with a high
degree of sequence homology and lack of antigenic diversity (Kapur 1994, Kremer
1999). Therefore, most of the immunological research has been done with a limited
number of laboratory strains, including H37Rv or Erdman. However, DNA finger-
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printing techniques have demonstrated a high degree of DNA polymorphism in the
genome of M. tuberculosis, associated with repetitive DNA sequences and insertion
elements (van Embden 1993). This genetic variability is related to recent epidemi-
ological data indicating striking differences in virulence and transmissibility (Val-
way 1998, Caminero 2001). Particular outbreak strains were found to elicit distinct
immune paths and mortality rates in the course of experimental infection. The in-
vestigation of an outbreak produced by a newly identified, genetically distinct M.
tuberculosis strain named CDC1551 revealed that this strain produced a high rate
of transmission in humans; in mice, it induced higher levels of TNF-q, IL-10, IL-6
and IFN-y (Valway 1998). The genetic comparison between M. tuberculosis
H37Rv and CDC1551 demonstrated single nucleotide polymorphism in many dif-
ferent genes. The clinical and epidemiological differences in this strain have there-
fore now been linked with immunological and genetic differences (McShane 2003).
In another study, the clinical isolate HN878 was found to be hypervirulent and
mice infected with this strain failed to induce a Thl response, with lower levels of
IFN-y and TNF-a in the infected lungs (Manca 1999).

Using the Balb/c mouse model of progressive pulmonary TB, 12 distinct strains of
M. tuberculosis, defined on the basis of IS6/10 RFLP patterns, and representing
four major genotype families found throughout the world, were studied (Lopez
2003). This study demonstrated marked differences in virulence, cytokine induc-
tion and immunopathology among the different strains. In comparison, with ani-
mals infected with the laboratory strain H37Rv used as a control, mice infected
with Beijing strains induced significantly high mortality, high bacillary load and a
non-protective pattern of cytokine production (low IFN-y expression with high but
ephemeral TNF-a and iNOS production). “M. canettii” strains induced long sur-
vival with low bacillary load and significantly fewer areas of pneumonia in coex-
istence with constant and stable expression of IFN-y, TNF-a and iNOS. The differ-
ences among other strains were less marked and showed intermediate rates of sur-
vival. Interestingly, the protective efficacy of BCG against the different strains of
M. tuberculosis was found to vary and BCG was least protective against the hyper-
virulent Beijing strain 9501000 (Lopez 2003). This is important, considering that
the Beijing genotype is the predominant strain in several distinct geographical
areas, presumably due to a selective advantage over other strains (van Soolingen
1995).

The use of microarrays would help to characterize the genetic differences between
these strains. Perhaps specific SNPs could be identified facilitating the identifica-
tion of virulence genes, which will allow the development of attenuated strains and
potential vaccine candidates (Hernandez-Pando 2006). Thus, further animal studies
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using different clinical isolates and mutant strains are necessary to evaluate how the
genetic differences translate into functional differences.

5.3. Latency and maintenance of the immune response

M. tuberculosis is a pathogen capable of producing both progressive disease and
latent infection (Parrish 1998). The initial infection usually occurs in the lungs and
in most cases is controlled by the immune system. Only 10 % of these infections
lead to progressive disease (Sudre 1992, Parrish 1998). Even after successful con-
trol of the primary TB infection, some bacilli remain in a non-replicating or slowly
replicating dormant state for the rest of the life of the individual. This infectious
state, termed latent TB infection, is clinically asymptomatic, and most active TB
cases arise as a result of reactivation of dormant bacilli (Parrish 1998, Dolin 1994).
Up to one third of the world's population is estimated to carry latent M. tuberculo-
sis infection, and hundreds of millions of TB reactivations are anticipated specifi-
cally in areas of low or moderate endemicity, where most cases of active TB result
from reactivation of latent infection (Parrish 1998, Fine 1999).

It has been established that the low concentrations of oxygen and nutrients in
chronic granulomas that remain after efficient control of the primary infection, as
well as the local production of TNF-a and NO, are significant factors for the in-
duction and maintenance of latent infection (Parrish 1998, Voskuil 2003, Arriaga
2002, Flynn 1998). Indeed, immunological studies in animal models of latent TB
have demonstrated that cytokines such as TNF-o and IFN-y, as well as NO con-
tribute significantly to maintaining infection in the latent state (Arriaga 2002, Flynn
1998). These types of immune responses, of which the tuberculin skin test is a
conspicuous exponent, is also crucial for protection in latently infected individuals.

It has been shown that in a well-characterized experimental latent infection model,
as well as in necropsy tissues from humans with latent TB, mycobacterial DNA can
be detected by in situ PCR in a variety of cell types in the histologically normal
lung, including epithelial cells (Hernandez-Pando 2000, Arriaga 2002). This could
be an efficient mechanism of the bacilli to evade elimination. As these cells are
considered to be non-professional phagocytes, they can not destroy ingested bacilli
or present antigens in the MHC II context. Interestingly, in the mouse model of
latent infection, we occasionally observed intracytoplasmic bacilli in bronchial
cells and type 2 pneumocytes, suggesting that, as happens in vitro (Bermudez
1996), mycobacteria can also infect the lung epithelium during experimental latent
infection, but in a microenvironment that is completely different from that found in
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chronic granulomas. Infected lung epithelium is directly exposed to the air, so
perhaps the efficient growth control or elimination of these bacilli during latent
infection could be mediated by natural antimicrobial peptides such as NO or B-
defensins. It is also important to consider that epithelial cells have a short life span,
thus the maintenance of latent bacilli in this cell type should be different from those
located in chronic granulomas.

Apart from the lung and the lymph nodes, other organs and tissues are likely to host
persistent bacilli during TB latency. Indeed, nearly 15 % of the cases of reactivated
TB occur at extrapulmonary sites, without apparent pathology in the lungs (Farer
1979, Hopewell 1994). In those cases, it is likely that the growth of the bacilli re-
sumes directly from the reactivation site rather than from pulmonary sites. In this
regard, it has recently been demonstrated that adipose cells could be one of these
sites. M. tuberculosis can infect mature adipocytes by interaction with CD36, and
intracellular bacilli cannot replicate and are not accessible to antibiotics. Moreover,
by in-situ PCR, it was demonstrated that adipose tissue from individuals that died
from causes other than TB frequently showed mycobacterial DNA, suggesting
dormant bacilli infection (Neyrolles 2006).

5.4. Immunotherapy for tuberculosis

The current six-month regimens for TB treatment are too long, causing problems in
logistics and compliance.; and they often lead to the development of drug resis-
tance, which can be extreme, as demonstrated by the currently emerging exten-
sively drug resistant TB (XDR-TB) (CDC 2006). These are the most important
reasons for seeking efficient immunotherapeutic regimens in TB treatment. Immu-
notherapy aims at reverting the non-protective immune response, which is usually
elicited during the progressive phase of the disease, to the protective Thl response,
and thus to cure TB or act as an adjunct to shorten conventional chemotherapy.
Animal work suggests that it might be possible to potentiate the immune system to
destroy the organisms more efficiently and even to eliminate bacilli that persist in
latently infected tissues.

Following Robert Koch’s discovery of M. tuberculosis, attempts at immunotherapy
were made by Koch himself using subcutaneous injections of M. tuberculosis cul-
ture filtrate, and by other researchers, such as Macassey and Jousset in 1934, who
used antisera raised in animals. As mentioned before, the injection of culture fil-
trate led to necrotic reactions, both at the site of injection and in distant lesions, and
was abandoned (Anderson 1891). However, during the last decade, several studies
have demonstrated striking therapeutic effects in experimental animal models by
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manipulating the immune response. In general, two approaches have been used: the
first one consists of direct stimulation of the Thl response; and the second aims at
the inactivation of factors that suppress the cellular immune response, which are
also, usually natural anti-inflammatory factors.

5.4.1. Immunotherapy induced by direct stimulation of the protective
Th1 response

The adrenal steroid dehydroepiandrosterone and its derivative, 33,173 androstene-
diol, are efficient inducers of Thl cell activation, favoring the production of the
cytokines IFN-y and TNF-a; both essential for protection against TB. Administra-
tion of either hormone has previously been shown to improve the course of pulmo-
nary TB in Balb/c mice (Hernandez-Pando 1998). Both compounds were protec-
tive, particularly 38,17 androstenediol, which caused reduction in bacterial counts
and prolonged survival. The effects correlated with reduced expression of IL-4, and
increased expression of IL-2 and TNF-a. However, these hormones have andro-
genic activities precluding their use in human TB. More recently, the efficacy of
dehydroepiandrosterone synthetic analogs, such as 16a-bromo-5a-androstan-3f3-
ol-17-one (HE2000), were tested in the same model. HE2000 is a dehydroepian-
drosterone derivative that does not enter sex steroid pathways, and therefore is
more suitable for prolonged administration. When tuberculous Balb/c mice suffer-
ing from extensive disease were treated with HE2000, a significant inhibition of
bacterial proliferation, as well as an increased expression of TNF-a, IFN-y, and
iNOS were observed, while expression of IL-4 was decreased. Moreover, when
given as an adjunct to conventional chemotherapy, HE2000 further enhanced bac-
terial clearance (Hernandez-Pando 2004). The immunological mechanisms under-
lying the effects of HE2000 are not understood. It is also interesting that when
HE2000 is administered as monotherapy in treatment-naive patients with HIV-1, a
significant increase is observed in the number of circulating IFN-y+ CD8+ T cells
and in the CD8+ T-cell response against two distinct GAG peptide pools (Reading
20006).

Transfer factors or leukocyte dialyzates are subcellular leukocyte components that
appear to be able to transmit information for specific immune responses from expe-
rienced or memory leukocytes to naive leukocytes (Lawrence 1955). The chemical
nature of transfer factors has been difficult to elucidate, because they contain many
small molecular weight components (Rozzo 1992). It seems that some transfer
factor peptides correspond to the amino terminal ends of encephalins (Sudhir
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1988), being very efficient factors to enhance cell-mediated immune responses
(Fudenberg 1993).

Since the discovery of transfer factors, 50 years ago, the most important and inter-
esting aspect has their therapeutic applications (Fudenberg 1993). There are many
clinical reports that show the usefulness of transfer factors as efficient immuno-
therapeutic agents in clinical conditions characterized by inappropriate or deficient
cell-mediated immune response, including different infectious diseases (Bullock
1972), some neoplastic diseases, and primary immunodeficiencies (Levin 1970,
Whyte 1992). When treated with transfer factors obtained from spleen cells or
peripheral blood cells of tuberculous mice or humans, Balb/c mice in a late phase
of progressive pulmonary TB were able to restore the expression of Thl cytokines,
TNF-a and iNOS, to inhibit bacterial proliferation, increase DTH response, and
prolong survival. This beneficial effect was dose dependent and had a synergistic
effect when combined with conventional chemotherapy. Indeed, in the combined
treatment, murine transfer factors eliminated bacteria from the lungs significantly
faster than chemotherapy alone (Fabre 2004).

Heat-shock protein 65 (Hsp65), the mycobacterial homolog of a human stress pro-
tein, heat-shock protein 60, evokes a marked immune response in infected animals,
in spite of also being highly homologous to the host stress protein (Lamb 1989,
Kaufmann 1991). In addition to any putative regulatory role, a major component of
the response to Hsp65 is the effect of CD8+ cytotoxic T lymphocytes that are pro-
tective in animal models (Bonatto 1998). Indeed, Hsp65-responsive CD8+ cyto-
toxic T lymphocytes can lyse M. tuberculosis infected macrophages (Silva 2000).
A DNA vaccine containing the M. leprae hsp65 sequence was therapeutic in tuber-
culous mice (Lowry 1999). Some researchers have not reproduced all these effects
in the absence of any simultaneously administered chemotherapy, but a striking
synergy with chemotherapy has been demonstrated repeatedly (Silva 2005, Nuerm-
berger 2005). Another significant effect of the vaccine was the downregulation of
IL-4-secreting T cells (Lowry 1999).

Many of the properties of the Asp65 DNA vaccine are shared by the highly immu-
nogenic saprophytic mycobacteria M. vaccae, including the induction of CD8+
cytotoxic T lymphocytes, and the downregulation of IL-4. Recombinant M. vaccae
is a Th1 adjuvant for antigens expressed within it (Hetzel 1998, Abou-Zeid 1997),
and immunization with heat-killed M. vaccae results in the generation of CD8+ T
cells which kill syngeneic macrophages infected with M. tuberculosis (Skinner
1997). This property was associated with Hsp65 (Skinner 2001). Most antigens of
M. vaccae are cross-reactive with those of M. tuberculosis, so it is not surprising
that M. vaccae is able to induce a cytotoxic T cell response to M. tuberculosis. In
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fact, the therapeutic effect of heat-killed M. vaccae in a Balb/c model of pulmonary
TB was first published in 1996 (Rook 1996). Then in a more detailed study, it was
shown that when given on days 60 and 90 after intrapulmonary infection, without
any chemotherapy, M. vaccae caused a 1-2 log fall in bacterial counts, more
granuloma, less pneumonia, and a large reduction in expression of IL-4 in granu-
lomas (Hernandez-Pando 2000). There was an increase in IL-2 and TNF-o
(Hernandez-Pando 2000).

RUTI is an experimental therapeutic vaccine made of fragmented M. tuberculosis
delivered in liposomes made of phosphatidyl choline and sodium cholate (Cardona
2005). RUTI might be given after the initial phase of chemotherapy, when the
bacterial load is greatly reduced, in order to accelerate destruction of the remaining
organisms. Bacillary loads were significantly reduced with the administration of
RUTI to experimentally infected animals after the termination of chemotherapy.
This therapeutic effect was most likely due to the induction of CD8+ IFN-y+ T
cells in the lungs of treated animals (Cardona 2006). RUTI also induced a strong
antibody response. Indeed, when these antibodies were passively transferred to
SCID mice that had been infected with M. tuberculosis H37Rv and treated with a
non-sterilizing drug regimen, sera from RUTI-treated tuberculous animals showed
a reduction in the growth rate of the bacilli. In the absence of chemotherapy, how-
ever, RUTI had no therapeutic effect on late progressive disease.

5.4.2. Immunotherapy induced by suppression of the immunomodula-
tory anti-inflammatory response

As described before, excessive Th2 cytokine production and release of prostaglan-
din E and TGF-f have been implicated in the pathogenesis of TB. Thus, in addition
to induction of Thl or CD8+ cytotoxic T cell lymphocytes, downregulation of IL-4
or TGF-f is emerging as a promising immunotherapeutic protocol for established
disease, with or without concomitant chemotherapy.

Evidence of the role of the Th2 response in corrupting protective functions and
leading to immunopathology and fibrosis has already been described and reviewed
elsewhere (Rook 2005). It is important to mention that IL-4 levels are higher in
developing countries where BCG fails (Rook 2004). This may be due to both ge-
netic (Flores Villanueva 2005) and environmental reasons, for example other tropi-
cal infections such as Th2-inducing helminthiases (Malhotra 1999). The production
of IL-4 has detrimental effects in TB (Rook 2004, Rook 2005), including inhibition
of apoptosis of macrophages infected with mycobacteria, and increasing intracel-
lular availability of iron (Khanert 2006). Therefore, the effect of injecting neutral-
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izing antibodies against IL-4 has been tested as a therapy for TB in Balb/c mice
(Lowry 2005). A striking therapeutic effect was seen (Lowry 2005), even when
monoclonal anti-IL-4 antibodies were administered as late as day 110 after infec-
tion. In this regard, it has been demonstrated that another property of M. vaccae is
that it downregulates Th2 responses (Tukenmenz 1999, Ozdemir 2003, Zuany
Amorim 2002, Hopfenspirger 2001). This ability to suppress Th2-mediated pathol-
ogy is also seen when killed M. vaccae are given after the induction of the Th2
response has taken place (Zuany Amorim 2002, Wang 1998, Hunt 2005). The
mechanism by which M. vaccae causes Th2 suppression is through the induction of
CD25+ CD45RB™" regulatory T cells (Zuany Amorim 2002). This saprophyte
microorganism can also inhibit an ongoing Th2 response in an allergy model, and it
is at least as potent by the oral route as it is by the subcutaneous route (Hunt 2005).
Therefore, the oral route should be effective in the mouse TB model. As shown for
M. vaccae given by the subcutaneous route (Hernandez-Pando 2000), when ad-
ministered by the oral route, killed M. vaccae organisms showed a high therapeutic
value when given at the start of the infection and a less pronounced, but still sig-
nificant, effect when administered after day 60 of infection (Hernandez-Pando and
Rook, manuscript in preparation).

TGF-B, a potent cell-mediated immune response suppressant and anti-
inflammatory cytokine, has also been implicated in the pathogenesis of TB. Blood
mononuclear cells from TB patients were shown to release increased levels of
TGF-B (Toossi 1995, Dluogovitzky 1999); and Balb/c mice infected by the intra-
tracheal route showed very high expression of TGF-p during the progressive phase
of the infection. Treatment with recombinant 3-glycan (type III TGF-p receptor) a
potent inhibitor of TGF-, caused increased expression of IFN-y and IL-2, with
strong downregulation of IL-4, and a significant reduction in lung bacterial counts
to an extent similar to that achieved by conventional antimicrobial treatment
(Hernandez-Pando 2006), but with more lung pneumonic consolidation than non-
treated control animals. Thus, as discussed before, TGF-B is a downregulator of
cell-mediated immunity and a suppressor of excessive inflammation, thus prevent-
ing tissue damage.

TGF-B exhibits a similar immunosuppressive function in the presence of high con-
centrations of PGE-2, and indeed, high amounts of this molecule are produced in
the lungs during late phase TB, which contributes to the modulation of the cellular
immune response (Rangel 2002). What is more, the combination of soluble beta
glycan and the anti-inflammatory drug niflumic acid, which blocks PGE-2 synthe-
sis, produces a significant reduction in bacillary loads and has a significant syner-
gistic effect on TNF-a, controling inflammation. When this combination is used
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together with chemotherapy, the effects are partly additive (Hernandez-Pando
20006).

5.5. Concluding remarks

Studies on the mechanisms of disease caused by infectious agents demand a broad
understanding across many specialized areas, as well as much co-operation be-
tween clinicians and experimentalists. In fact, M. tuberculosis infection is a fasci-
nating model to study diverse immunopathological mechanisms because it causes a
chronic disease, which provokes substantial abnormalities in the function and
regulation of the immune system. Moreover, investigation of TB has also contrib-
uted seminal concepts to basic immunology. In the mid *40s, Merrill Chase demon-
strated that tuberculin hypersensitivity could not be transferred by serum from skin-
positive to skin-negative guinea pigs, but only by means of cells, setting the basis
of cellular immunology. In the late *60s, one of Merrill Chase's graduate students,
Barry Bloom, who was using mycobacterial antigens, discovered cellular mediators
produced by the immune cells, such as the migration inhibitory factor, the first
described lymphokine. This set the basis for the study of cytokines as essential
mediators in the immune response. Thus, investigation of TB has been extremely
useful in the development of immunology and immunopathology, and many con-
cepts emerging as a consequence of ongoing research of this type will eventually
contribute to novel approaches for better control of this significant infectious dis-
ease.
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Chapter 6: Host Genetics and Susceptibility
Howard E. Takiff

6.1. The difficulty in proving a genetic component for human
susceptibility
6.1.1. Introduction

Tuberculosis (TB), “The White Plague” was a predominant public health problem
in Europe and America in the 18", 19", and early 20" centuries, and considerable
effort was spent trying to understand it. With the advent of effective antibiotic
therapy in the ’50s, the prevalence of the disease, and research on it, declined pre-
cipitously. Since the late ’80s, however, there has been a resurgence of TB in urban
settings in developed countries as well as in the developing world and Eastern
Europe (Bloom 1992), and concomitantly, there has been a revival of research on
TB and its causative agent, M. tuberculosis. Many of the questions investigated in
the past are now being re-addressed at the molecular level.

One of the principal questions that occupied earlier researchers was the interplay of
bacterial and host factors that determines who becomes infected and who develops
TB. The discussion over the causes of TB goes back at least as far as the ancient
Greeks and Romans, and basically consists of three different explanations: an in-
herited disorder; a contagious disease; and a disease caused by poor living condi-
tions. Hippocrates thought it was inherited, while Aristotle and Galen believed it
was contagious (Smith 2003). As the disease was most common in the urban poor,
crowded into the rapidly growing cities of the recently industrialized Europe, social
reformers of the time believed that TB was caused by the deplorable living condi-
tions of the working class and rejected a contagious explanation. Although this
chapter will present the published evidence supporting a heritable component to TB
susceptibility, really all three explanations are correct and inter-related, which
makes it difficult to separate, evaluate, and define the heritable genetic component.

While the discovery of the TB bacillus by Koch in 1882 disproved the notion that
the disease had a purely hereditary etiology, or was caused solely by the unhealthy
living conditions of the lower classes in the early industrial age (Hass 1996), sev-
eral aspects of TB epidemiology are not explained by the germ theory and suggest
that there are individual differences in susceptibility: not everyone exposed to M.
tuberculosis becomes infected; even when infection can be demonstrated with a
positive tuberculin skin test (TST), only about one in ten infected individuals be-
comes 1ill; the course of the disease varies in different individuals - before antibiot-
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ics some tuberculars died rapidly of “galloping consumption” while others recov-
ered or lived a relatively long life with chronic disease; and some infected indi-
viduals develop the disease only many years after the initial infection (Rich 1951).
Without treatment, TB is fatal in about half of the patients who develop the disease.

As the disease was more common in particular families and racial or ethnic groups,
a heritable component to susceptibility was a plausible assumption, but one that has
defied solid experimental proof, perhaps due to the difficulty in eliminating the
confounding biases of environment and exposure. In 1912, the statistician Karl
Pearson, attempting to demonstrate racial differences in TB susceptibility, stated
the basic question, “We have to inquire whether persons living habitually in the
same environment and with practically the same risk of infection have the same
chance of developing phthisis whatever be their stock” [cited in (Puffer 1946)].

Since the mid ’80s, there have been many studies that have tried to identify genes
that might be associated with TB susceptibility, as well as those testing the validity
of published associations. While there are several recent reviews of the subject
(Bellamy 2005, Bellamy 2006, Fernando 2006, Hill 2006, Ottenhoff 2005, Remus
2003), it is hard to come to definitive conclusions on most of the genes, because the
accumulated literature is often contradictory. Studies showing that a polymorphism
in a plausible gene is associated with TB susceptibility are often contradicted by
subsequent work in other populations that finds no association. This has led to the
recent publication of meta-analyses attempting to examine the body of published
work on particular genes to determine whether a convincing consensus emerges
(Kettaneh 2006, Lewis 2005, Li 2006). This chapter will attempt to summarize the
current, inconclusive state of investigation on genetic determinants of TB suscepti-
bility. In addition, it will review studies performed prior to the molecular era to
illustrate the history of the field, which may help to clarify why finding genetic
determinants has been elusive. It will focus on human susceptibility to M. tubercu-
losis, and will not consider susceptibility to leprosy (Geluk 2006, Schurr 2006) or
other mycobacteria, except in the discussion of immune deficiencies (Casanova
2002).

The basic epidemiological designs employed in studies of genetic association, in
approximate decreasing order of confidence that the results obtained are free of the
complicating influences of environment and exposure are:

e twin studies comparing disease concordance in monozygotic vs. dizygotic
pairs

o family linkage studies that associate the occurrence of TB in family mem-
bers with the inheritance of a particular genetic marker
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e case-control studies showing that, compared to controls, individuals with
TB are different in some particular variable, such as exposure, race, HLA
type, or the presence of polymorphisms in genes encoding elements of the
immune system, such as cytokines or macrophage receptors, etc.

e anecdotal reports of family or ethnic clusters of TB cases, suggesting an in-
creased susceptibility

As will be seen, the details and rigor of experimental design and the selection of
control populations greatly affect the ability to discover associations, and the valid-
ity of the results obtained.

This tour of the literature on the genetic basis of human susceptibility to TB begins
with a review of older family and twin studies that provide the basis for the belief
that there is a significant component of genetic susceptibility to TB, and that show
the difficulties in proving it. This is followed by an examination of racial differ-
ences in TB susceptibility, and then a summary of immunological defects, both
general and specific, that confer extreme susceptibility to mycobacteria. After this
comes a review of studies associating specific genes with susceptibility to common
TB: first those looking at different human leukocyte antigen system (HLA) alleles;
then studies on other genes thought to be important in human defense mechanisms
against TB. Finally, after a review of human studies of genes equivalent to those
altering TB susceptibility in mice, and work employing genomic scans, is an at-
tempt to summarize the state of the field and put it into perspective. While this tour
is not exhaustive, it attempts to critically present most of the relevant published
work.

TB in famous families
French Royal Bourbon Family
Louis XIll—(1601-1643) died of galloping consumption
TB affected: His wife
His son — Louis XIV (1638-1715)
Simon Bolivar (1783 — 1830) died of TB
TB deaths: Father — Juan Vincente (1786)
Mother — Maria de la Concepcion (1792)
Brontés
Chronic TB Father (died 1861)
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TB deaths: His wife
His four children:
Charlotte (1816-1855) (“Jane Eyre”)
Emily (1816-1848) (“Wuthering Heights”)
Anne (1818-1848) (“Agnes Grey”)
Patrick (1817-1848)

Ralph Waldo Emerson (1803-1882) Chronic TB

(Romantic and Transcendentalist Poet)

TB deaths: Father
Two brothers
Chronic TB: One brother

In 1949, a descendent wrote that TB had claimed lives and caused illness
in 10 generations.

Henry David Thoreau (1817-1862) died of TB
(“Walden” "On Civil Disobedience”)
TB deaths: Grandfather

Father

Sister

6.1.2. Early family and twin studies

Many early studies of TB in families compared the cumulative incidence of disease
in the offspring of couples where one, both, or neither had TB, also noting other
family history of TB, and whether cases were sputum positive (Puffer 1946, Stocks
1928, Frost 1933). While these studies clearly demonstrated that living in a house
with a tubercular person increased the chances of developing TB, most investiga-
tors accepted that their results represented a combination of the effects of exposure
and hereditary predisposition. Two examples illustrate the difficulty in separating
these components.

Stocks and Karn (Stocks 1928) devised a correlation coefficient based on sibling
disease concurrence expected by chance. They then used family records of 4,000
Belfast TB patients to demonstrate an excess of sibling cases occurring in families
with a prior history of TB, as evidence of an inheritable factor in susceptibility.
Although the attempt was interesting in its design, it could not assure comparability
of environment and exposure, as a tuberculous relative could have had a con-
founding effect, either as a source of exposure or as a marker for lower socioeco-
nomic status.
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Puffer (Puffer 1946) attempted to separate exposure from heredity by comparing
the incidence of TB in the spouses of tuberculous individuals with that in their
children and siblings. Although an increased incidence of TB in the spouse of spu-
tum positive tuberculars suggested the importance of exposure, TB was more
common in consorts who additionally had a family history of TB, suggesting the
greater importance of familial susceptibility. To address the obvious criticism that
the spouses could have been exposed in childhood from the affected relative, Puffer
stated that two thirds had no known household contact, although the contact may
have been forgotten or missed. Overall, due to the near impossibility of controlling
for household exposure, the family studies failed to convincingly demonstrate a
genetic predisposition.

Twin studies (Table 6-1) have an experimental design that should control for the
effects of environment and exposure more reliably, and several have studied in-
heritance of TB susceptibility. Monozygotic twins are genetically identical, while
dizygotic twins are only as genetically similar as other siblings. If it can be as-
sumed that both types of twins will share the same environments and exposures, a
difference in concordance rates of TB — both twins with TB or both healthy — be-
tween the two types of twins can be attributed to the genetic components, even if
multiple gene causality is suspected. The concordance in monozygotic twins can
also serve as a measure of penetrance — the proportion of gene carriers who express
the trait (Cantor 1992). In a large study (Kallmann 1943) performed in the United
States (US) nearly three-fold greater concordance was found in monozygotic twins
than in dizygotic twins, whether or not there was a history of exposure (69.2 % vs.
26.3 % with known exposure; 61.5 % vs. 12.7 % without known exposure). The
concordance in dizygotic twins was the same as seen with other non-twin siblings.
This study would appear to be solid evidence supporting hereditary influences, but
it is weakened by several sources of potential bias specific to twin studies (Cantor
1992, Fine 1981) that are worth examining in detail because they again illustrate
the difficulties in isolating genetic components from differences in exposure, and
the importance of experimental design.

First, to assure validity, all affected twin pairs in the base population must be ob-
tained. Kallman and Reisner relied upon reporting of twins from the active patients
in various TB treatment facilities in New York City and New York State, a proce-
dure that could lead to reporting bias favoring “novel” concordant monozygotic
pairs, especially if there is no assurance that all twin pairs were identified. The
study states that 657 twin pairs were identified, but the final analysis contained
only 308 cases of “reinfection” TB, without a clear explanation of the exclusion
criteria. The validity of twin studies depends upon the assumption of the equiva-
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lence of environmental and exposure components, but in Kallman and Reisner’s
study there were more monozygotic pairs with TB in their direct ancestry (36.6 %
vs. 13.4 %). They also failed to report on whether twins were living together, which
tends to be more common in monozygotic pairs, and would be a source of in-
creased concordance for uniformity of exposure, or if TB was spread from one twin
to the other. In addition, even though they mention that TB is more common in
females in the age group 20-35 years, the percentage of females in the two groups
was not reported where the twin pairs were clustered.

Table 6-1: Twin studies

Monozygotic Dizygotic Monozygotic Dizygotic

Total Pairs Concordant pairs
Reference N % N % N % N %
Diehl 1936 80 39 125 61 52 65 31 25
Dehlinger 1938 12 26 34 74 7 58 2 6
Kallman 1943 78 25 230 75 52 66 53 23
Harvald 1956 37 26 106 74 14 38 20 19
Simonds 1963 55 27 150 73 18 32 21 14

The Prophit study set out to re-examine the conclusions of Kallman and Reisner’s
study by trying to correct all its shortcomings (Simonds 1963). It exhaustively
searched for all twins among active patients in English TB clinics, determined if
the twin pairs were living together at the time of onset of TB in the index cases,
whether the index case was sputum positive, and reported on the sex of all subjects.
Although more concordance was found in monozygotic than in dizygotic pairs
(32 % vs. 14 %), the authors believed that this difference could be explained by
other factors: more female monozygotic than dizygotic twins (68 % vs. 43 %),
especially in the susceptible 20-30 years age group; more monozygotic twins living
together (58 % vs. 50 %); more TB concordance among those living together
(42.4 % vs. 18.4 % for monozygotic, 16.3 % vs. 10.3 % for dizygotic); more spu-
tum positive index cases among concordant pairs (72 % vs. 49 % for monozygotic,
no difference for dizygotic); and more TB in parents of monozygotic than dizygotic
twins (57.2 % vs. 43.5 %) — even though most of these differences were not statis-
tically significant. Comstock’s re-analysis of the data (Comstock 1978), using
multiple regression to control for the sex of co-twins, age at diagnosis, type of TB,
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sputum positivity of index twin, TB contact of co-twin, twins living together, and
years between diagnosis of the twin pairs, still found a two-fold difference in con-
cordance between twin types (31.4 % in evidence for monozygotic vs. 14.9 % for
dizygotic; p < 0.05).

Twin studies constitute the strongest evidence for a genetic component to TB sus-
ceptibility because they control for bias better than any other experimental study
design, and because there is relative consistency of the findings in most studies
(Table 6-1) (Dehlinger 1938, Diehl 1936, Harvald 1956). A conservative conclu-
sion might be that some inheritable component exists, but it has a maximal pene-
trance of only 65 %, and the most careful study ever performed found only 31.4 %
penetrance. In other words, in as few as only a third of cases, two individuals with
exactly the same genes and similar exposures will either both develop or both not
develop TB.

6.1.3. Racial differences

Much of the controversy about genetic susceptibility to TB in the early part of the
20™ century was concerned with allegations of racial differences, or more specifi-
cally, that Asians and especially Africans and African Americans had less innate
resistance than Whites. While the near fixation on this topic by authors such as
Rich (Rich 1951) might be ascribed to the prevailing racism of the period, the as-
sumption of greater susceptibility of Africans and African Americans continues to
be cited in current literature, with investigators now using molecular findings to try
to explain it (Liu 2006). While Rich gave equal credit to “the marked influence of
environment... in different economic strata of individual communities within a
given country” for Whites, he attributed the higher rates in Africans and African-
Americans predominantly to the effects of genetic composition. Although he cited
examples of higher TB rates in Africans, he really concentrated on the more severe
nature of the pathology of the disease. He proposed that because of Africa’s short
history of exposure to TB, Africans have not developed genetic resistance to the
bacillus, and therefore many Africans, even as adults, develop a systemic, over-
whelming form of the disease usually seen only in White children. While Rich
states that he “has no intention of minimizing the importance of adverse economic
and environmental conditions as factors that influence the TB mortality rate of the
Negro,” one cannot help but recall the work of Dr. James McCune Smith in de-
bunking the notion that African Americans were genetically predisposed to rickets
by showing that whites of the same low socioeconomic status were similarly pre-
disposed (Krieger 1992).
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Stead and Bates (Bates 1993, Stead 1992, Stead 1997) cite several examples to
support their argument that Africans and Native Americans have less resistance to
TB: the greater TB mortality of the Sudanese conscripted into the Egyptian army
compared to the Egyptian soldiers; the similar fate of Senegalese soldiers sent to
France in the first world war; and the decimation by TB of the American Indians
forced to live on US military bases. It’s interesting that these three commonly cited
examples all involve foreign conscripts or internees on a colonizer’s military base,
and rely on the dubious assumption that their physical and emotional environments
were the same as those of the host soldiers.

Stead and Bates expound on the often-cited theory for the existence of racial differ-
ences in susceptibility - the duration of the exposure to endemic TB in Africa and
Asia has not been long enough to select for a resistant gene pool. They postulate
that a TB epidemic has a 300-year cycle, in which the more resistant survivors
reproduce and increase the proportion of naturally resistant individuals in the
population, so that after 50-100 years, the mortality, and subsequently morbidity,
reach a peak and then progressively decline. The White populations in Western
Europe and the US, where the epidemic peaked in the late 1700’s and early 1800’s,
are now composed of individuals with a relatively resistant genetic make-up. The
Africans, Eskimos and other Native Americans, however, were only exposed to TB
much later, so their gene pool has yet to complete the selection for resistant indi-
viduals (Stead 1992). This theory, though still cited in current literature (Fernando
2006), is completely unproven and will likely remain so. Indeed, how could it be
proven that the progressive lowering of rates for TB and other infectious diseases
in Western Europe and the US, prior to the introduction of antibiotics, was the
result of a changing gene pool and not of improvements in nutrition, housing, and
working conditions, whose influences could outweigh any putative inheritable
component (McKeown 1978)? Nonetheless, the abundance of literature describing
increased susceptibility and a more progressive disease course in Africans and
Native Americans suggests that some racial difference may, in fact, exist. Putting
aside the theory for the origin of racial differences, are there any studies that have
sufficiently controlled for environment and exposure, in order to credibly document
a difference?

Kushigemachi et al. critically reviewed the epidemiological studies that relate to
this question (Kushigemachi 1984). They reasoned that the only studies that could
provide usable information are those that follow TST-positive groups of people for
the development of disease. They cite several relevant studies from the literature
(see Table 6-2), mostly isoniazid (INH) prophylaxis or bacille Calmette-Guérin
(BCG) vaccine trials. In the two studies done on Eskimos, the average annual case
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rates of 936 and 725 per 100,000 were much higher than rates seen in any other
study, but there is no data on other risk factors. In studies predominantly involving
Whites, the annual case rates varied from 29-79/100,000. The few BCG trials that
included more than one race tended to show higher rates in Blacks than Whites, but
both the absolute rates and the racial differences varied. In the Alabama study, the
overall racial difference was predominantly due to very high rates in young Black
women. The best single study was among Navy recruits, because the environment
and follow-up were usually equivalent, at least once they were in the Navy. In that
study, African Americans had an annual rate only 17 % higher than whites (91/78),
but the Asians (195) had a rate more than double that of African Americans. It was
also noted that upon entry into the Navy, highly positive purified protein derivative
(PPD) reactions (> 20 mm) were more common in African Americans, which sug-
gested that some may have entered with active disease.

Because of the variability of the rates in Whites, the small difference found in the
Navy study, and the lack of data on other risk factors, the authors concluded, “as-
sertions that certain racial groups possess a “natural resistance” to TB are clearly
unwarranted on the basis of available evidence.” The high rates in Asians and
Eskimos compared to both Whites and Blacks seem less convincingly dismissed
than the differences between Blacks and Whites, but risk factors, such as nutritional
state, lack of a TB control program, or crowded and closed living conditions may
explain the differences. In fact, after the implementation of intensive TB control
measures in the Eskimo (Inuit) population in Canada, their TB rates, which had
been the highest recorded in the world, showed the fastest rate of decline on record
(Enarson 1986).

Stead attempted to eliminate exposure and environmental bias by studying 1,786
documented TST conversions among 13,122 residents of integrated nursing homes
in Arkansas, with a similar analysis of approximately 2,000 inmates from inte-
grated prisons in Minnesota and Arkansas (Stead 1990). The results were analyzed
using multivariate analysis with a proportional-hazards model, adjusting for covari-
ates of age, sex, and percentage of nursing home residents who were TST positive
at entry. They found that Blacks had a higher rate of TST conversions (7.2 % in
Whites vs. 13.8 % in Blacks overall, P <0.001) regardless of the percentage of
Black residents of the facility, and regardless of the race of the potential source
patient. In fact, Blacks had higher rates of TST conversions even when the pre-
sumed source case was White (8.4 % vs. 15.3 %; P <0.001).
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Table 6-2: Race differences and TB rates

Observa-

Age on

Average annual

Location Criteria for a tion period ent Racial case rates per
positive reactor p y group 100,000 reac-
(years) (years) ¢
ors
WM 78
BM 74
20-29
WF 32
BF 96
WM 49
BM 75
Muscogee, 30-39
George > 5 mm indura- WF 10
and Rus- tion to BE 93
sell Coun- 20
ties, Ala- 5T.U. PPD WM 104
bama (Mantoux) BM 97
40-49
20.21) WF 32
BF 83
WM 141
BM 131
50-59
WF 107
BF 105
> 6 mm indura-
tion to White 91
Puerto
Rico (22) 1T.U.or 18,87 1-19
10 T.U. PPD- Black 87
(Mantoux)
White 78
US. N > 10 mm indura-
- Navy  tion to
Recruits 4 17-22  Black 91
(23) 5T.U. (Man-
toux)
Asian 195
WM: white males T.U. = tuberculin units

BM: black males
WEF: white females
BF: black females

Similar results were found in the prison populations. In contrast, however, there
was no racial difference in the incidence of TB that developed in the nursing home
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residents with positive skin tests. The authors interpreted this as evidence for the
distinction of two aspects of TB, the initial infection and the development of dis-
ease, and concluded that Blacks have decreased resistance to the initial infection,
but that once infected, they develop TB at the same rates as TST-positive Whites.
This is consistent with the conclusions of the review by Kushigemachi et al. Al-
though the nursing home setting convincingly controls for sources of bias, includ-
ing age and sex, there is no data on the residents’ weights, general health, or pat-
terns of association and rooming. One other problem is that when no source patient
was identified, the difference in TST conversion rates was greatest (4.4 % vs.
13.2 % P <0.001), suggesting that the Blacks may have had some other source of
infection, perhaps from visitors, which could explain all the differences. Even if
African-Americans have a slightly increased rate of infection, the fact that there
was no difference in the rate of progression to disease deflates the credibility of
arguments that their immune system is less capable of controlling the infection. A
separate study looked at TST conversion in school children exposed to a physical
education teacher with TB. No racial differences were found, leading the authors to
question the validity of the conclusions from the nursing home study (Hoge 1994).

The notion that the decline in TB in Europe was due to genetic selection runs
counter to most thinking in the public health field. In the *70s, the historian Thomas
McKeown (McKeown 1978) showed that the death rates in England and Wales
from TB and other respiratory diseases declined precipitously from about 1830 to
1950, well before the advent of the BCG vaccine and anti-tuberculosis drugs (Fig-
ure 6-1). A similar decline also occurred in the United States.

McKeown concluded that improved nutrition was responsible for the decline in
mortality and the increase in population, while others later argued that more im-
portant factors were the general improvements in living standards and such public
health measures as improved housing, isolation of infectious individuals, clean
drinking water, and improved sanitation (Szreter 2002). Nonetheless, it is generally
accepted that this dramatic decrease was mainly the result of societal factors. This
explanation appears plausible because: the decline was temporally linked to the
improvements in living conditions and public health; the decline was too rapid and
steep to be explained exclusively by genetic selection (Lipsitch 2002); the rate of
decline remained steep even as the putative “selective pressure” decreased; and the
dramatic decline in mortality was not limited to TB, but was also seen for many
other infectious diseases (McKeown 1978). Although an element of genetic selec-
tion may also have played a role, the primacy of societal factors was demonstrated
by the rise in TB rates in the US in the 1980s and ’90s that accompanied the in-
crease in homelessness and decrease in TB control measures, and set the stage for
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the rampant spread of TB in the HIV-infected population (Frieden 1996). In New
York City in the *90s, it was found that infection with a clustered TB strain, con-
sidered to be a marker of recent transmission, was associated with both homeless-
ness and with being African-American. Can it then be argued that this demonstrates
a genetic susceptibility to TB in the homeless? Taking into account the question-
able hypothesis of extensive genetic selection for a TB-resistant population, and the
lack of well-controlled, reproducible studies demonstrating that any racial group
has either an increased susceptibility to infection or an increased propensity to
develop disease, the notion of racial differences in susceptibility seems unproven.
Nonetheless, it is certainly possible that distinct ethnic groups and populations may
have different frequencies of polymorphisms that confer susceptibility or resistance
to TB, and the frequency of alleles that conferred severe susceptibility in an en-
demic setting may be reduced over time. However, the danger in this line of think-
ing is that higher rates of TB in these populations may be accepted as the irremedi-
able result of genetic make-up, rather than the consequence of lower socio-
economic and health status along with poor TB control programs, which have the
potential for improvement if, as demonstrated in New York City, sufficient finan-
cial and political resources are committed to the task.
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Figure 6-1: Fall in deaths from TB in England and Wales from 1838 to 1970. Most of the drop
occurred before specific treatment or immunization was available. (Scrimshaw 1976). Avail-
able at: http://www.unu.edu/unupress/food/V181e/p07a.gif
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6.2 Search for mutations and polymorphisms that increase
susceptibility

6.2.1 Tuberculosis susceptibility in generalized immune deficiencies

Considerable insight has been obtained by studying humans with immunological
deficiencies, and determining which genetic defects lead to increased risk of myco-
bacterial infections (Picard 2006). Undoubtedly, the largest group of highly sus-
ceptible persons are individuals infected with the HIV virus, who are prone to de-
velop TB early in the course of the disease. After the onset of AIDS, they are also
susceptible to atypical or environmental mycobacteria as well as many other patho-
genic and opportunistic agents. TB takes the lives of a large percentage of AIDS
patients in Africa (Cantwell 1996), and the early susceptibility underlines the
overwhelming importance of CD4+ T cells in immunity to TB.

There are over 100 different primary genetic immunodeficiencies that predispose to
infections with a variety of viruses, bacteria, fungi and protozoa, but only a few
have been associated with severe mycobacterial infections (Casanova 2002). As
might be imagined, children with severe combined immunodeficiency (SCID) who
completely lack T cells are highly vulnerable to disseminated BCG infections after
being vaccinated. Only a few cases of infections with atypical mycobacteria and M.
tuberculosis have been described in these patients, but this may be due to lack of
exposure, because without a bone marrow transplant, most of these children die
within a year of birth.

Disseminated BCG infection, pneumonia with M. intracellulare, and a M. tuber-
culosis brain abscess (Metin 2004) have been described in individuals with hyper-
IgE syndrome, a rare autosomal dominant disorder characterized by high serum IgE
levels, eczema, and susceptibility to bacterial and fungal infections (Casanova
2002). Reports have described low levels of interleukin 12 (IL-12) and interferon
gamma (IFN-y) in several of these patients (Netea 2005), but this defect must be
mild or variable, as many hyper IgE patients have been vaccinated with BCG and
survived into adulthood without mycobacterial infections. A patient was recently
described, who had been clinically diagnosed with hyper IgE syndrome and was
unusually susceptible to various microorganisms including mycobacteria, as well as
virus and fungi (Minegishi 2006). A mutation was found in the gene for tyrosine
kinase 2 (Tyk2), a non-receptor tyrosine kinase of the Janus kinase family. The
patient’s cells showed defects in multiple cytokine signaling pathways, including
IFN-y, which were restored by transducing an intact Tyk2 gene.
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The neutrophils of patients with chronic granulomatous disease lack the oxidative
burst associated with ingestion of microorganisms, due to mutations in the NADPH
oxidase complex. This defect in neutrophil killing makes them susceptible to severe
recurrent bacterial and fungal infections. Both disseminated and local infections
with BCG are fairly common in these patients (Jacob 1996), but disseminated in-
fections with atypical mycobacteria (Moskaluk 1994, Ohga 1997), and TB (Barese
2004) have also been described, demonstrating that the phagocytic respiratory burst
plays a role in the control of mycobacterial infections.

Mutations that impair signaling and activation of gene transcription promoted by
Nuclear Factor kappa B (NF-k-B) cause a rare disorder called anhydrotic ectoder-
mal dysplasia with immunodeficiency. Affected patients are predisposed to dis-
seminated infections with atypical mycobacteria, septicemia from pyogenic bacte-
ria, and viral infections. This syndrome has been associated with X-linked hypo-
morphic (reduced function) mutations in NF-k—B essential modulator (NEMO),
and autosomal dominant hypermorphic mutations in the inhibitor of NF-x—B (von
Bernuth 2005).

Overall, mycobacterial infections occur in perhaps a third of patients with severe
combined immunodeficiency and anhydrotic ectodermal dysplasia with immunode-
ficiency. However. it is only seen in a small percentage of patients with chronic
granulomatous disease or hyper IgE, suggesting that the susceptibility is only par-
tial. None of the other primary immunodeficiencies, including defects of HLA
classes I and II, complement, B-cells, T-cells, or Toll-like receptor (TLR) signaling
seem to predispose to mycobacterial infections (Ottenhoff 2005). Thus it appears
that the TLR and NF-k—B pathways are important for immunity to many types of
pathogens, while, as described in the following section, the IL-12/23-IFN-y path-
way is critical specifically for immunity to mycobacteria and Salmonella.

6.2.2. Mendelian susceptibility to mycobacterial disease

Perhaps the most convincing evidence for genes involved in human susceptibility
to mycobacteria has come from studying those rare patients with genetic mutations
that selectively increase their susceptibility to mycobacteria, salmonella and occa-
sionally virus (Casanova 2002, Fernando 2006, Ottenhoff 2005). Most of the my-
cobacterial infections in these unfortunate children and adolescents are not caused
by M. tuberculosis, but rather by BCG after being vaccinated, or by the atypical
mycobacteria that are ubiquitous in the environment (Petrini 2006). Presumably,
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they are also very susceptible to M. tuberculosis but simply not exposed, because
disease with M. tuberculosis has been reported in several of these patients.

The mutations responsible for this susceptibility have been identified in many af-
flicted individuals, and found to be transmitted by classic Mendelian inheritance.
Although the defects are heterogeneous, they often occur in children of consan-
guineous parents, with several cases in the same family. The syndrome has been
termed Mendelian susceptibility to mycobacterial diseases (MSMD). The muta-
tions encountered are defining the human immunological response essential for
controlling mycobacterial infections, which appears to be based upon the produc-
tion of IFN-y, the receptors for IFN-y, and the subsequent downstream signal trans-
duction that promotes the expression of the largely unidentified genes that confer
immunologic protection.

Mutations causing MSMD have been found in five different genes: IFN-yR1 and
IFN-yR2, the two chains of the IFN-y receptor; IL-12B, encoding the p40 subunit
of IL-12; IL-12RB1, the 1 subunit of the IL-12 receptor; and signal transducer and
activator of transcription 1 (STAT1). The inheritance is most commonly autosomal
recessive, but autosomal dominance has been reported in some families, and there
is at least one example of X-linked recessive inheritance. In addition, the defects
can be partial or complete, leading to at least 10 different disorders. Complete de-
fects cause more severe disease than partial defects, and children with complete
IFN-yR deficiencies are the most severely affected. The severity and prognosis
correlate with the immune response to the infections: children who form lesions
typical of lepromatous leprosy - poorly defined, with many mycobacteria but no
epithelioid or giant cell - generally succumb to overwhelming infections that are
often resistant to cure even with intensive antibiotic therapy. In contrast, patients
who form granulomas similar to those of tuberculoid leprosy - paucibacillary, well
defined, with giant and epithelioid cells - generally respond to therapy and survive
(Ottenhoff 2005).

The first genetic defect identified in these patients was a complete deficiency of the
IFN-y receptor ligand-binding chain (IFN-yR1). Subsequently, kindreds were found
with mutations in the IFN-y receptor signaling chain (IFN-yR2). The recessive
forms of these defects are null mutations — no IFN-y receptor is found on the sur-
face, and there is no response to IFN-y in vitro. In other kindreds with complete
defects, the children have IFN-y receptors on the cell surface, but amino acid sub-
stitutions in the IFN-yR1 prevent binding of IFN-y.
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Table 6-3: MSMD, immune defects and TB susceptibility

Condition

Defect

Generalized Immune Deficiencies

Infections

BCG /NTM / M. tuberculosis /
virus / bacteria / fungi / proto-

SCID No T-cells zoa
Hyper IgE Low IFN-y/IL-12 BCG / NTM / bacteria / fungi
EDA-ID
NEMO Low NF-x-B function BCG/NTM /M. tuberculosis
IkBa Low NF-k-B function Other bacteria

BCG /NTM / M. tuberculosis |
CGD No oxidative burst other bacteria / fungi
MSMD

No response to IFN-y

IFN-y R1

IFN-y R2

Impaired response to IFN-y

IFN-y R1

IFN-y R2

STAT1

STAT1

Reduced production of IFN-y

IL-12p40

IL-12RB1
IL-12RB1
NEMO

Complete

Complete

Partial
Partial
Complete

Partial

Complete

Complete
Partial
Partial

BCG / NTM / M. tuberculosis /
Salmonella

BCG /NTM / M. tuberculosis |
Salmonella

BCG / NTM / M. tuberculosis |
virus

BCG/NTM
BCG/Virus
BCG/NTM

BCG /NTM / M. tuberculosis |
Salmonella / other infections

BCG /NTM / M. tuberculosis |
Salmonella

BCG
NTM

Table modified from Casanova 2002, Ottenhoff 2005, and Fernando 2006
NTM: Non-tuberculous mycobacteria
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Although patients with complete IFN-yR deficiencies have very high blood levels
of IFN-y (Casanova 2002), they all had disseminated atypical mycobacterial infec-
tions before reaching the age of 3 years; and all those who were BCG vaccinated
developed disseminated BCG disease. The mycobacteria involved were both slow-
and fast-growing species, and even included the generally innocuous M. smegmatis
(Casanova 2002). These infections are life threatening and often incurable. Patients
with complete INF-yR deficiencies can also be subject to severe viral infections
(Dorman 1999).

Partial IFN-yR deficiencies have been attributed to mutations in both IFN-yR1 and
IFN-yR2. In one form, a mutation in the extracellular segment of [IFN-yR1 reduces
the affinity of IFN-y binding, while in other kindreds a mutation in the cytoplasmic
domain perturbs the receptor’s recycling/internalization and signaling. A single
amino acid mutation in the extracellular domain of IFN-yR2 has been described
that impairs but doesn’t abolish the response to IFN-y. A partial dominant IFN-yR1
deficiency, caused by a small frameshift deletion in IFN-yR1, has been described in
several unrelated kindreds. The truncated proteins accumulate at the cell surface
and bind IFN-y, but lack an intracellular recycling site, so exert a dominant nega-
tive effect. Most of the IFN-yR1 dimers in heterozygotes will have at least one
defective subunit and be nonfunctional, but the few normal dimers that are present
are functional. The prognosis for patients with partial IFN-yR is relatively good,
and many have survived into young adulthood, often without treatment.

Patients with IL-12B mutations have a complete IL-12p40 deficiency, with neither
monocytes nor dendritic cells secreting IL-12 upon stimulation. Their lymphocytes
secrete less IFN-y than normal, but can be complemented by treatment with exoge-
nous recombinant IL-12. BCG infections have occurred in all patients with com-
plete IL-12 deficiency, and a minority also had infections with atypical mycobacte-
ria or Salmonella.

Mutations in IL-12RB1 generally cause a complete lack of IL-12 receptor subunit
IL-12RB1, resulting in low IFN-y production that doesn’t respond to exogenous IL-
12. These patients have curable BCG and atypical mycobacterial infections, and
about half have Salmonella infections. An X-linked recessive partial defect has also
been described. Only one death has been reported, and there is wide variation in the
clinical presentation between family kindreds and even among family members
affected by the same mutation. Some individuals with documented mutations have
been completely asymptomatic while their siblings have had disseminated BCG
infections. This variation suggests that there may be other cytokine inducers of
IFN-y that can compensate in the absence of IL-12 signaling (Casanova 2002). The
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p40 subunit of IL-12 is shared by IL-23, and the IL-23 receptor shares the IL-12f31
subunit, so defects in these genes also lead to deficiencies in IL-23 signaling
(Ottenhoff 2005).

Complete STAT-1 deficiency has been described in two unrelated infants. Al-
though they survived disseminated BCG infections, both died of severe viral infec-
tions, presumably the result of a defect in the STAT-1 mediated signaling of inter-
feron alpha (IFN-a) through ISRE (IFN-a sequence response element), which is
the key to anti-viral immunity. Partial STAT-1 deficiencies have been found to be
caused by different mutations that impair either STAT-1 phosphorylation, DNA-
binding (Chapgier 2006), or dimerization and translocation to the nucleus (Dupuis
2001). Some of these mutations confer susceptibility to mycobacterial infections in
the heterozygous state (dominant trait), but susceptibility to viral infections only
when homozygous (recessive trait).

Very recently, three kindreds were described, each with one male patient having
sporadic mycobacterial infections and an X-linked recessive defect in the leucine
zipper domain of NEMO (NF-k-B essential modulator). Surprisingly, they did not
display the classical features of anhydrotic ectodermal dysplasia with immunodefi-
ciency mentioned above. In vitro studies showed a defect in IL-12 production after
stimulation of monocytes and dendritic cells by CD40L-expressing T cells and
fibroblasts (Filipe-Santos 2006), due to a defect in NEMO and NF-«xB/c-Rel-
mediated CD40 signaling.

There are other kindreds with marked susceptibility to mycobacterial infections
whose genetic defect has yet to be identified, and it has been argued that genetic
defects may be responsible for a much larger percentage of childhood TB than
previously thought. TB in seemingly normal children in endemic areas can present
as a disseminated form that is rare in adults, who tend to have only pulmonary
disease. By estimating the frequency of disseminated disease in children (2 X 10™*)
the frequency of Mendelian type TB susceptibility mutations in the population (10™
to 10”), and the cumulative incidence of disseminated TB among these individuals
(0.5 to 0.9 cumulative penetrance), it has been postulated that mutations conferring
Mendelian predisposition could be responsible for between 3 and 45 % of dissemi-
nated TB in children (Alcais 2005). While this remains unproven, the hypothesis
could be experimentally tested. One recent, relevant study of children with non-
tuberculous mycobacterial cervical lymphadenitis found no evidence of abnormali-
ties in the IL-12/IFN-y pathway (Serour 2006).
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6.3. Candidate genes in common tuberculosis

The identification of the genes where mutations lead to extreme susceptibility has
helped to identify the essential components of the human immune defense to my-
cobacteria. These genes, and several others thought to play a role in the human
defense against TB, have also been studied to see if there might exist different
alleles or polymorphisms that cause subtle changes in function that could account
for individual variation in susceptibility to common TB. The polymorphic human
leukocyte antigens (HLA) were the first proteins to be examined for associations
with TB susceptibility, and reports continue to appear, making this the largest
group of studies.

6.3.1 Human leukocyte antigens (HLA)

For a summary of HLA studies see Table 6-4 at
http://www.tuberculosistextbook.com/pdf/Table 6-4.pdf.

HLA alleles have been associated with susceptibility to several infectious diseases,
including severe malaria, HIV progression, and hepatitis B and C persistence (Hill
2006, Yee 2004). HLA studies have also shown an association of HLA-DR2 with
either leprosy per se or the type of leprosy - tuberculoid or lepromatous - in both
case-control and family linkage studies, and in Asian, African, and American
populations (Geluk 2006). Many studies have looked for associations of TB sus-
ceptibility with particular HLA alleles of the major histocompatibility complex
(MHC). The MHC loci are divided into class I and class II alleles. The class 1,
HLA-A, B, and C, are thought to be principally involved in the presentation of
peptides generated in the cytosol by virus-infected cells to CD8+ T cells, while the
class II molecules, DR, DQ and DP, present antigens of phagocytosed pathogens,
such as mycobacteria, to CD4+ T cells. In the human immune response to TB,
CD4+ cells seem to be of primary importance (Flynn 2001), although CD8+ T cells
probably also play a role.

While earlier studies found associations of TB susceptibility with class I alleles,
there were several problems: the alleles that were found to be associated varied
from study to study; the studies performed before the early *90s determined the
HLA phenotype using the lymphocytotoxic method, which had a 25 % misclassifi-
cation rate compared with PCR-based techniques (Rajalingam 1996); and the stud-
ies often tested for associations to many different alleles without employing a cor-
rection for multiple testing (Bland 1995). A correction is necessary because when
the statistical significance is defined at the 95 % level, as many as one in 20 alleles
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tested can appear, by pure chance, to be associated. One means of correction is to
multiply the probability of the association by the number of alleles tested. If the
resulting probability is still below 0.05, there is more confidence that the associa-
tion is real. This is termed a Bonferroni correction.

A recent meta-analysis (Kettaneh 2006) examined many of the earlier studies re-
porting HL A associations with TB susceptibility, but included only work involving
mostly or exclusively adults, pulmonary TB, and serological determination of
MHC alleles. The meta-analysis concluded that there was no significant association
of pulmonary TB with class I antigens of either the A or C loci, but there was a
protective effect for HLA B13 (OR 0.64, 95 % CI 0.50-0.81; P = 0.0001). OR is the
odds ratio, which means that individuals carrying the HLA B13 allele have only a
64 % chance of developing TB compared to those without this allele. The confi-
dence interval (CI) shows the boundaries in which the true value will be found
95 % of the time. The P value is the level of statistical confidence that the result
obtained did not occur by chance. For the class II DR locus, lower risks of pulmo-
nary TB were found for carriers of DR3 (OR 0.72, 95 % CI 0.59-0.89; P =0.002)
and DR7 (OR 0.65, 95 % CI 0.53-0.80; P <0.0001), and a higher risk for carriers
of DR8 (OR 1.72, 95 % CI 1.21-2.46; P = 0.003). In other words, individuals with
DRS have a 72 % greater probability of developing TB. The results for DR2 were
heterogeneous, and evidence for it conferring a greater risk of pulmonary TB fell
just short of statistical significance (fixed more stringently at 0.005 after a Bonfer-
roni correction) (OR 1.67, 95 % CI 1.16-2.41; P =0.006) (Kettanch 2006). While
this meta-analysis is very useful for analyzing the confusing early HLA literature,
and questioning the validity of the varied associations, it is rather divorced from the
recent literature because it excludes studies that use more accurate DNA-based
methods for determining MHC alleles. The reason given for this is that the nomen-
clature varied in reports using the different methods, making comparisons very
difficult. The HLA-B13, DR3, DR7, and DRS8 associations have received scant
attention in recent years, but the borderline DR2 association is frequently cited and
is worth examining to illustrate the difficulties in unequivocally establishing asso-
ciations.

The association with HLA-DR2 was reported in several studies of Asian subjects,
mostly from a single group of investigators in New Delhi. In 1983, two studies
from New Delhi reported an association of DR2 with TB (Singh 1983, Singh
1983). A case-control study then compared North Indian sputum-positive pulmo-
nary TB patients with controls matched for age, sex and socioeconomic status. The
difference in DR2 distribution between TB patients and controls was not significant
after correction for the number of antigens tested, and the OR was only 1.6
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(Bothamley 1989). A family study looked at HLA class I and II haplotype segrega-
tion in 25 multi-case families and found a significantly skewed transmission of
DR2 from parents with pulmonary TB to offspring with pulmonary TB, using the
method of Weitkamp (Weitkamp 1981). A re-analysis of the same family data with
the LOD score method, published the following year (Singh 1984), found no evi-
dence of HLA linkage to pulmonary TB. Because family studies generally have
fewer subjects, they have less statistical power than case-control studies to find
significant associations, and 100-200 families might be regarded as a minimum
required to obtain reliable data.

Subsequently, a case-control study in an Indonesian population reported an asso-
ciation of TB with HLA-DR2 and DQw! (Bothamley 1989), but it was not clear
whether the controls came from the same community as the patient population. In
addition, if only 10 % of the DR2 determinations were misclassified by the error-
prone lymphocytotoxic method, the association disappears (Rajalingam 1996).
These caveats are also relevant to other studies reporting an association with DR2
(Brahmajothi 1991).

A Russian study then looked at the presence of various HLA antigens in pulmonary
TB patients and controls from six ethnic groups (Khomenko 1990). Different HLA
antigens were found associated with pulmonary TB in the different ethnic groups,
but in five of the six groups, a positive association was found for DR2, and a pro-
tective effect for the presence of DR3. After correcting the probabilities for the
number of antigens tested (Bonferroni), the association with DR2 will probably
maintain significance in only two of the groups.

A DR2 association was also reported in Tuvinian Mongol children (Pospelov
1996). Both HLA-DR2 and DRwS53 were increased in children with TB when
compared with healthy children, but not when compared to children with other
chronic lung diseases. After correcting for the number of antigens tested, only the
DRw53 association remained significant.

Using the more accurate oligonucleotide hybridization technique to identify the 11
subtypes of the DR2 antigen (Mehra 1995), a significant increase of DRB1*1501
was noted in pulmonary TB patients compared to controls (p < 0.05), and a subse-
quent report from the same group (Rajalingam 1996) found a slightly higher fre-
quency of HLA-DR2 in pulmonary TB patients than in controls (Pc = 0.029, RR =
1.8 [Pc indicates a P value after a Bonferroni correction]) and a stronger association
in drug-failure patients with extensive disease (Pc = 0.0001), but no association
with any particular DR subtype. More recent studies have found DRB1*1501 asso-
ciated with TB in India (Sriram 2001) and Mexico (OR~8) (Teran-Escandon 1999),
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and with rapid onset of disease with M. avium in US patients with AIDS (LeBlanc
2000). The association of HLA-DR2 with pulmonary TB was not found in case-
control studies of South Indians (Sanjeevi 1992), African Americans (Hwang
1985), Hong Kong Chinese (Hawkins 1988), Egyptians (Hafez 1985), Mexican-
Americans (Cox 1988), Cambodians (Goldfeld 1998), or in a family study from
Northern Brazil (Blackwell 1998). It is hard to reconcile the reports of associations
found with DR2 and alleles such as DRB1*1501 with the many reports finding no
association. Could the differences be attributable to ethnic differences, multiple
testing, or study design?

In contrast to the questionable DR2 associations, a study in rural Cambodia
(Goldfeld 1998) found a significant association of HLA-DQB1*0503 with pulmo-
nary TB (P =0.005), but no significant association with either DR2 or Tumor Ne-
crosis Factor alpha (TNF-a) alleles. The study design strengthened the case for this
association because it was done in two stages with two separate groups of patients.
In the first stage, a large number of HLA alleles were tested but only HLA-
DQB1*0503 appeared to be associated. Because the second stage only tested for
this subtype, no statistical correction was necessary. In addition, the controls were
patients seen for minor illnesses at the same hospitals, so were likely to be repre-
sentative of the TB patient population. As this is a highly TB-exposed population,
the authors interpreted the DQ allele as an association with development of clinical
TB rather than susceptibility to infection (Goldfeld 1998). This association also
appears more solid than others because there is a functional explanation for the
increased TB susceptibility. The  subunit of DQB1*0503 has aspartic acid instead
of alanine at amino acid 57 (Delgado 2006), which changes the charge in the cleft
of the peptide binding pocket (Kwok 1996). This alters its binding affinity for anti-
genic peptides, reducing the affinity by five-fold for a peptide from the central
region of the important TB antigen 6-kDa early secretory antigenic target (ESAT-
6) (Brodin 2004). In a follow-up study, progression to TB was also found to be
associated with homozygosity of other alleles with aspartic acid in position 57 of
the HLA-DQB peptide (6-4): DQB1*0301, 0303; DQB1*04 (-0401, 0402);
DQB1*0503; DQB1*0601, -0602, -0603. Compared with HLAB 57-Ala alleles,
presentation of the ESAT-6 peptide by HLA-DQB 57-Asp resulted in less IFN-y
production by CD4+ T cells from TB patients (Delgado 2006). Remarkably, 41
HLA-DQB1*0503* alleles were found among TB patients, but the allele was not
detected in any of the 107 TST-positive controls, suggesting that this allele in par-
ticular could have a near Mendelian effect. This allele has not been reported to be
associated with TB in any other population, so could be specific for Cambodians.
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However, a study of TB patients in the Venda population of South Africa
(Lombard 2006) found an association of TB with some of the other B57-Asp hap-
lotypes identified in the Cambodian study, DRB1*1302-DQB1*0602,
DRB1*1302-DQB1*0603, DRBI1*1101-1121-DQB1*0301-0304, and
DRB1*1101-1121-DQB1*05. Seven other studies have also found some of these
same alleles to be associated with TB susceptibility (Dubaniewicz 2000,
Dubaniewicz 2005, Goldfeld 1998, Kim 2005, Pospelova 2005, Teran-Escandon
1999, Wang 2001), while three studies reported protective effects (Dubaniewicz
2005, Vejbaesya 2002, Wang 2001).

It has been suggested (Lombard 2006) that the haplotypes conferring increased
susceptibility to TB may be maintained in the population because some of the same
alleles also protect from severe malaria (DRB1*¥1302-DQB1*0501) (Hill 1991),
from persistent hepatitis B (HLA-DRB1*1302) (Thursz 1995) (Hill 2001, Wang
2003), and from chronic hepatitis C (DRB1*1101 and DQB1*0301) (Hong 2005).
Perhaps heterozygosity for these HLA alleles could protect Africans from both
malaria and TB, as well as chronic hepatitis. Conversely, although the HLA-DQ f3-
57-Asp is associated with susceptibility to TB, it is also associated with resistance
to autoimmune type-1 diabetes. Therefore, by the putative genetic selection in the
European population for HLA-DQ B57-Ala alleles (HLA-DQ2 and -DQ8), Europe-
ans, while increasing their resistance to TB, could have become more likely to
develop autoimmune type-1 diabetes (Delgado 2006).

6.3.2. Cytokines and cytokine receptors

Many studies have looked for an association of TB susceptibility with polymor-
phisms in genes encoding other elements of the immune system thought to be im-
portant in controlling mycobacterial infections. These different polymorphisms, or
alleles, which coexist in the population, are generally changes in a single nucleotide
(Single Nucleotide Polymorphism, or SNP). They have mainly been evaluated in
case control studies, but some have also been tested in family studies correlating
the inheritance of particular parental alleles with the development of TB in both the
parents and offspring.

For a summary of studies on candidate genes see Table 6-5 at
http://www.tuberculosistextbook.com/pdf/Table 6-5.pdf.

6.3.2.1. IFN«y

From studies in mice (Flynn 1993) and investigations of humans with MSMD, it is
clear that IFN-y is critical for the defense against mycobacteria, and therefore, the
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gene encoding it was an obvious candidate for polymorphisms that might slightly
affect its function and alter susceptibility to common TB. At nucleotide +874, a
SNP was identified that can present either a thymidine (T) or an adenine (A). In
studies in Sicily (Lio 2002), South Africa (Rossouw 2003), Hong Kong (Tso 2005),
and Spain (Lopez-Maderuelo 2003), the A allele, thought to produce less IFN-y,
was more common in patients with TB, whereas the T allele was more common in
controls. The increase in the chances of having TB in an individual with an adenine
at +874 compared to the chances in a patient with two thymidines at +874 (TT)
varied from ~ 1.5 to 4.6 fold. In Croatia, an association was found only with mi-
croscopy or culture positive vs. negative TB cases (Etokebe 2006), and no associa-
tion emerged from work performed in Turkey (Oral 2006), Malawi (Fitness 2004),
Houston, Texas (Moran 2007) or West Africa (Cooke 2006). The study in West
Africa found a minimal increase in susceptibility with two other IFN-y alleles (OR
~ 1.45) (Cooke 2006). Thus, despite its importance in TB immunity, published
studies can only suggest that polymorphisms in the IFN-y gene might influence
susceptibility to TB in some populations, but the data is inconclusive. There is even
less evidence that different alleles of the IFN-y receptor affect susceptibility. Only
two (Cooke 2006, Fraser 2003) of six studies (Awomoyi 2004, Mirsaeidi 2006,
Park 2004, Rosenzweig 2004) found an association of TB susceptibility with poly-
morphisms in the gene encoding the IFN-y receptor 1 protein.

6.3.2.2. IL-12, IL1, IL-10, TNF-o, IL-8

Other attractive candidate genes with contradictory studies are those encoding IL-
12 and the IL-12 receptor. A study in Hong Kong Chinese (Tso 2004) found an
association with two different polymorphisms in IL-12B, the gene encoding the
p40 subunit of IL-12, while a study in Texas found no association with SNPs in the
3’ untranslated region (3’UTR) (Ma 2003). In studies on the IL-12BR1 gene, en-
coding the beta subunit of the IL-12 receptor, associations with TB were found in
both Morocco (Remus 2004) and Japan (Akahoshi 2003), but the associated IL-
12RB1 SNPs were different in the two countries. A subsequent study confirmed the
associations in Japanese patients (Kusuhara 2007), while a study in Korea tested
several IL-12RB1 SNPs and found no association (Lee 2005).

Of several studies on polymorphisms in the IL-1B gene, encoding the beta chain of
IL-1, two (Awomoyi 2005, Gomez 2006) found different SNPs to be associated
with TB, while three found no associations (Bellamy 1998, Delgado 2002, Wilkin-
son 1999). A few studies have looked at polymorphisms in the IL-1 receptor, but
just one found an association, and that was only with pleural TB (Wilkinson 1999).
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Studies of polymorphisms in the gene for IL-10 found that in the -1082 SNP, the G
allele was more common in TB patients in Cambodia (Delgado 2002), Sicily (Scola
2003), and Turkey (Oral 2006), with odds ratios of around 2. In Colombian pa-
tients, pleural TB was associated with SNPs at both -1082 and +874 (Henao 2006).
No association for the -1082 SNP was found in studies in Gambia (Bellamy 1998),
Korea (Shin 2005) or Spain (Lopez-Maderuelo 2003). In Korea, the C allele at IL-
10 -592 and the ht2 haplotype (Shin 2005) showed slight protection (OR = 0.69).
Overall, there is a suggestion of an association of TB with IL-10, especially the -
1082 SNP, but the differences in susceptibility were quite modest.

The TNF-a -308 G-A polymorphism was found to protect against TB in Sicily
(Scola 2003); and the -308 A-238G haplotype was protective in Colombia (Correa
2005), but no association was found in studies from Turkey (Oral 2006), India
(Selvaraj 2001) or Cambodia (Delgado 2002). An IL-8 polymorphism at -251 was
found to confer 3.5 fold susceptibility to TB in Texas (Ma 2003), but no association
with this SNP was found in the Gambia (Cooke 2004). Studies looking at other
cytokines have failed to demonstrate convincing associations. Although it is always
possible to suggest that differences in ethnic genetic make-up, or in study design or
selection of controls can account for contradictory findings in distinct populations,
the high degree of heterogeneity in the results, and the modest effects in most
studies finding associations, make the putative influence of different cytokine SNPs
on TB susceptibility less credible. One exception is MCP-1, described with geno-
mic screens, below.

6.3.2.3. Vitamin D receptor

In the pre-chemotherapy era, TB was treated with vitamin D supplements, vitamin
D-rich diets, and the sunlight that was the basis of the sanatorium movement
(Evans 1994). As synthesis of vitamin D3 is dependent on cutaneous exposure to
ultraviolet light, which is blocked by melanin, it was postulated that the putative
increased susceptibility to TB (Liu 2006) in more pigmented races could be related
to a relative vitamin D deficiency, especially when living in less sunny climes
(Wilkinson 2000). In vitro studies have shown that the addition of vitamin D to
infected macrophages augments their ability to eliminate M. tuberculosis, although
it is not clear whether this is due to the induction of increased expression of reac-
tive nitrogen intermediates (Rockett 1998), reactive oxygen intermediates (Sly
2001), or the anti-microbial peptide cathelicidin (Liu 2006).

Several polymorphisms were found in the gene for the Vitamin D Receptor (VDR)
(Uitterlinden 2004). They were initially thought to influence bone density and
osteoporosis (Sainz 1997), but subsequent studies found no convincing evidence



232 Host Genetics and Susceptibility

that they are associated with an increase in fractures (Uitterlinden 2006). However,
studies have associated the different polymorphisms with susceptibility to osteoar-
thritis, diabetes, cancer, cardiovascular disease (Uitterlinden 2004), and TB
(Bellamy 1999). Work on TB associations has focused on four polymorphisms that
determine the presence or absence of four restriction enzyme sites, Fokl, Taql,
Bsml, and Apal, respectively, so that each of the four polymorphisms can have two
possible alleles, designated F/f, T/t, B/b, and A/a (Bornman 2004).

An early study found that the homozygous tt genotype was underrepresented in
Gambian patients with pulmonary TB, suggesting that it might be protective (OR =
0.53) (Bellamy 1999). This created sufficient interest to motivate at least eight
other studies, which have reported diverse results. In Gujarati Indians in London,
serum vitamin D deficiency was associated with susceptibility to TB, which ap-
peared to be synergistically increased in individuals with the Tt or TT VDR geno-
types, suggesting, again, that tt is protective (Wilkinson 2000). In contrast, the TT
genotype was associated with decreased susceptibility in South Indian females
(Selvaraj 2000), while the FF genotype was associated with resistance to TB in Han
Chinese soldiers (Liu 2004). Six studies found no association of any individual
vitamin D receptor with TB susceptibility (Bornman 2004, Delgado 2002, Lombard
2006, Roth 2004, Soborg 2007, Wilkinson 2000), although a study in Peru (Roth
2004) found that the Tt and FF genotypes were associated with faster sputum cul-
ture conversion after initiation of therapy.

Work in West Africa found that the SNPs had no independent associations with
TB, but were in strong linkage disequilibrium, and the FA haplotype was transmit-
ted more frequently than expected from TB parents to TB affected offspring
(Bornman 2004). This means that the FA pair of SNPs was inherited together,
perhaps with another linked gene that affects TB immunity. Finally, a study in the
Venda population of South Africa found that the haplotype FbAT appeared to be
protective (Lombard 2006). This would be consistent with the association of the
fallele with TB in the Han Chinese (Liu 2004) and Gujarati Asians (Wilkinson
2000), and the protective effect of the TT genotype in South Indian women
(Selvaraj 2000), but conflicts with the protective association of tt in the Gambia
(Bellamy 1999) and Gujarati Asians (Wilkinson 2000), and the transmission of the
FA haplotype to affected offspring in West Africa (Bornman 2004).

A meta-analysis of studies on the Fokl and Taql polymorphisms found the results
to be inconclusive, and that the studies had too few participants (low statistical
power) to prove the weak increases or decreases in susceptibility identified in those
studies that found associations (Lewis 2005). In summary, while there is evidence
that vitamin D promotes macrophage killing of M tuberculosis (Liu 2006, Rockett
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1998, Sly 2001) the effector mechanism is not clear, and the association of VDR
polymorphisms with susceptibility to TB remains unproven. Should there be an
association of particular haplotypes with susceptibility to, or protection from TB, it
seems likely to be the result of varying linkage disequilibrium with a nearby poly-
morphism that has functional significance in the human defense against TB. How-
ever, the relevant gene does not appear to be the vitamin D receptor, or else its
effect is so minimal that it is easily obscured by other genetic or environmental
factors. It is also possible that the affects of VDR polymorphisms on TB suscepti-
bility are manifest only when the serum vitamin D levels are very low (Wilkinson
2000).

6.3.3. Pattern recognition receptors

One of the first lines of defense of the immune system is the recognition and uptake
of microorganisms by professional phagocytes: macrophages and dendritic cells.
On the surface of phagocytic cells are several different pattern recognition recep-
tors, which, in the absence of adaptive immunity, bind to different patterns on mi-
crobes to promote phagocytosis and activate signaling that leads to cytokine pro-
duction, antigen presentation, and the development of adaptive immunity. These
pattern recognition receptors include Toll-like receptors (TLR), scavenger recep-
tors, the complement receptors, the macrophage mannose-binding lectin (MBL),
the dendritic-cell-specific intercellular adhesion molecule-3, called DC-SIGN, and
others. Several of these have been shown to mediate the phagocytosis of M. tuber-
culosis (Ernst 1998), and have been studied to see whether different polymor-
phisms might affect TB susceptibility (Neyrolles 2006).

6.3.3.1. Toll-like receptors

Human TLRs are a family of proteins that recognize different pathogen-associated
molecular patterns and stimulate signaling pathways that activate the innate im-
mune response, cytokine production, and the process of adaptive immunity (Cook
2004). Mycobacteria are recognized by TLR1, 2, 4, and 6, which interact with the
adaptor proteins MyD88 and Toll-interleukin 1 receptor (TIR) domain-containing
adaptor protein (TIRAP), to activate macrophages and dendritic cells (Heldwein
2002). Signaling occurs when the TIR domain of the TLR interacts with the TIR
domain of TIRAP (Yamamoto 2002). A few studies have looked at the possibility
that polymorphisms in elements of the TLR system might influence susceptibility
to TB. Three studies, in Turkey (Ogus 2004) Korea (Yim 2006), and Tunisia (Ben-
Ali 2004) looked at different polymorphisms in TLR-2, and all found alleles that
occurred more frequently in TB patients than in controls. A TLR4 polymorphism
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was found to have no association with TB in a study in the Gambia (Newport
2004). A study in Vietnam found that the C558T polymorphism in TIRAP was
associated with TB. The association was stronger in homozygote TT individuals,
and was more pronounced when only patients with TB meningitis were considered
(Hawn 20006). Interestingly, this TIRAP polymorphism appeared to impair signal-
ing only with TLR2 ligands, but not those binding to TLR4 (Hawn 2006). These
preliminary studies need to be repeated in other settings, but there is a clear sug-
gestion that polymorphisms in the TLR2 pathway of innate immunity may influ-
ence how TB infections evolve.

6.3.3.2. Mannose-binding lectin (MBL)

MBL is a collagenous serum protein produced by the liver that participates in the
innate immune system (Neth 2000). On binding to its ligands, it activates the com-
plement cascade. Low levels of MBL in humans are caused by any of three struc-
tural mutations in codons 52, 54, or 57. The latter two polymorphisms are present
at a fairly high frequency in sub-Saharan African and Eurasian populations, and
have been associated with an increased risk of infection (Neth 2000). As mannose
is abundant in the M. tuberculosis cell wall component manlam, and MBL has been
shown to be a receptor for M. tuberculosis, studies have looked at the effect of the
levels of MBL on susceptibility. While a study in India (Selvaraj 1999) found that
more TB patients than controls were homozygous for low-producing polymor-
phisms, studies in Gambia (Bellamy 1998), China (Liu 2006), Poland
(Druszczynska 2006), Turkey (Ozbas-Gerceker 2003) and Malawi (Fitness 2004)
found no association. In contrast, although MBL was thought to aid in the immu-
nity to infections, especially meningococcus (Abel 2002) (Neth 2000), studies in
Denmark (Soborg 2003), Tanzania (Garred 1997) and South Africa (Hoal-Van
Helden 1999) found that the lower MBL levels occurring with the alternative
polymorphisms appear to be protective against TB. In the South African study, the
protection was more pronounced against TB meningitis. Protection afforded by low
levels of MBL is consistent with a recent finding that the binding of MBL by man-
lam during phagocytosis is key in limiting phago-lysosomal fusion (Kang 2005),
which is thought to be important for intracellular survival of the bacteria. However,
other work suggests that there has been no population selection either for or against
the low producing alleles, and that MBL is probably redundant and not important in
human defenses (Abel 2002, Verdu 2006).

6.3.3.3. DC-SIGN

DC-SIGN (dendritic-cell-specific intercellular adhesion molecule-3 (ICAM-3)-
grabbing nonintegrin) is a lectin present on macrophages and monocyte derived
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dendritic cells that recognizes many pathogens, and may modify the pathogenesis
of HIV and dengue (Neyrolles 2006). It was shown to be a major receptor for M.
tuberculosis on dendritic cells, presumably by binding to the mannose in the M.
tuberculosis cell wall manlam (Tailleux 2003). Its expression is scant on alveolar
macrophages from healthy individuals, but is variably induced after TB infection
(Tailleux 2005). Two variants (-871G and -336A) have been identified in the pro-
moter region of CD209, the gene for DC-SIGN, and the -336A allele has been
shown to increase expression. In a study in South African Coloreds, these two
variants were associated with a lower risk of developing TB, and the alternate nu-
cleotides with an increased risk (-871A OR = 1.85; -336G OR = 1.48) (Barreiro
2006). The protective allele, -871G, was present in 21 % and 38 % of Asians and
Europeans respectively, but was absent in Africans, which, it was postulated, could
contribute to the putative increased TB susceptibility in this ethnic group (Barreiro
2006). A subsequent study from Colombia found no significant association of TB
with the -336 allele, although the frequency of this allele was very low in the
population studied (Gomez, Anaya et al. 2000).

DC-SIGN is an attractive candidate for influencing TB susceptibility, but more
work is needed to prove an association, and there are inconsistencies in under-
standing how DC-SIGN might affect susceptibility. TB protection was associated
with the high expression allele, -336A, suggesting that phagocytosis by DC-SIGN
may somehow give the phagocytosing cell an advantage over the pathogen. In
contrast, other studies suggest that phagocytosis mediated by DC-SIGN allows the
pathogen to circumvent antigen processing. It was reported that DC-SIGN binding
of ManLam prevents DC maturation through TLR-mediated signaling, thereby
diminishing T-cell responses and fostering pathogen survival (van Kooyk and Gei-
jtenbeek 2003). Interestingly, mice lacking SIGNR1, the murine homolog of DC-
SIGN, show increased T cell activity early after infection, but no apparent altera-
tion in susceptibility to TB (Wieland 2007).

6.3.3.4 The purinergic P2X7 receptor

Purinergic P2X7 receptors are cationic channels present on the cells in the blood
and immune systems, and highly expressed on macrophages (Gu 2001). The P2X7
receptor is activated by extracellular ATP, which causes an opening of their cation-
selective channel, leading to an influx of calcium and an induction of the caspase
cascade, resulting in apoptosis. A calcium-dependent phospholipase D pathway is
also activated, promoting phago-lysosomal fusion and mycobacterial killing.

A study of normal subjects found a polymorphism with a 1513 A-C change that
causes the glutamic acid at residue 496 to be replaced by alanine, which results in a
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marked decrease in the ability of the P2X7 pore to open after ATP activation (Gu
2001). Although this polymorphism was not associated with pulmonary TB in a
case-control study in Gambia (Li 2002), this study identified five SNPs in the puta-
tive promoter region of the gene for P2X7, and in one, at -762, the presence of a C
showed significant protection against TB, with an OR of 0.7 (C.I: 0.54 - 0.89; P =
0.003) for the heterozygote and 0.545 (CI: 0.318-.934 P = 0.027) for CC homozy-
gotes. It was suggested that the C at -762 could affect the level of P2X7 expression
by altering the binding of a transcription factor. Other loss of function polymor-
phisms have been identified in the P2X7 coding region, but their frequency is too
low to be analyzed in association studies (Fernando 2005). However, the impor-
tance of P2X7 polymorphisms is not clear, as the differences in TB susceptibility
appeared slight, at most two fold, and mice lacking P2X7 are as capable as wild-
type mice in controlling pulmonary infections with M. tuberculosis (Myers 2005).

A study of two cohorts of Southeast Asian refugees in Australia found no associa-
tion of the 1513 SNP with pulmonary TB, but, surprisingly, found a strong asso-
ciation of the C polymorphism with extrapulmonary TB (Fernando 2006). The odds
ratio for a C at 1513 was 3.8 (CI 1.6 — 9.0; p <0.01) in one cohort, and 3.7 (1.7 —
8.1; p=10.001) in the second. Furthermore, in vitro studies showed that the ATP-
mediated killing of mycobacteria was absent in macrophages from patients homo-
zygous for the 1513 C allele, and impaired in macrophages from heterozygous
subjects. There was a strong correlation between the capacity for mycobacterial
killing and ATP-induced apoptosis. The authors postulated that decreased macro-
phage apoptosis leads to decreased killing of mycobacteria, permitting the bacillus
to spread to other organs, both in recent infection as well as in reactivation. In one
cohort, 35 % of reactive disease was extrapulmonary and showed a strong associa-
tion with the 1513 C allele. While this association with extrapulmonary TB is inter-
esting, it must be confirmed in other studies, along with the associations of MBL
(Hoal-Van Helden 1999) and TIRAP (Hawn 2006) with TB meningitis, and
SCL11A1 (Kim 2003), and IL-1Ra with pleural TB (Wilkinson 1999).

6.3.3.5. NOD2, surfactant proteins, complement receptor 1

Another pattern recognition receptor is the nucleotide oligomerization-binding
domain 2 (NOD2). The caspase recruitment domain-containing protein 15
(CARDI1S5) gene which encodes the NOD2 protein, is implicated in susceptibility to
Crohn's disease, a granulomatous, chronic inflammatory gastrointestinal disorder
for which M. avium subsp. paratuberculosis has been proposed as a causative agent
(Behr 2006). The recognition of mycobacterial components by the NOD2 receptor
was shown to be important for the induction of pro-inflammatory cytokines by
mononuclear cells stimulated with M. tuberculosis (Ferwerda 2005). However,
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large case-control studies in both Gambia (Stockton 2004) and South Africa
(Moller 2006, Stockton 2004) failed to find an association between NOD2 and TB.

The surfactant proteins A (SP-A) and D (SP-D) are other pattern recognition ele-
ments of innate immunity that contribute to protection against virus, bacteria, and
fungi (Kishore 2005). These lung surfactant-associated proteins are collagen con-
taining calcium-dependent lectins, called collectins, and are structurally similar to
MBL. They recognize many pathogens via their lectin domains and activate im-
mune cells through their collagen regions. Surfactant protein A is a multi-chain
protein encoded by the SFTP-A1 and SFTP-A2 genes, and several polymorphisms
have been found in each. Polymorphisms in the SFTP-A2 gene were found to be
associated with susceptibility to TB in Ethiopia (Malik 2006), Mexico (Floros
2000), and India (Madan 2002). It is likely that other studies will try to confirm
these interesting associations.

Yet another of the many receptors on the surface of macrophages that have been
shown to mediate the phagocytosis of M. tuberculosis (Ernst 1998) is the comple-
ment receptor 1 (CR1) (Schlesinger 1990). A recent large-scale study in Malawi
found that homozygotes in one of five CR1 polymorphisms (Q1022H) had an in-
creased TB risk (OR = 3.12). The SNP causes an amino acid change that may alter
ligand binding, perhaps reducing the phagocytosis of M. tuberculosis (Fitness
2004).

6.4 Genes from mouse genetic susceptibility studies
6.4.1 bcg/NRAMP1/SLC11A1

Over half a century ago Lurie bred strains of rabbits that showed differing levels of
resistance to infections with M. tuberculosis (Dorman 2004, Lurie 1952). While it
is unfortunate that these rabbit strains were lost, it would have been difficult to
identify the relevant genetic determinants. However, there are also susceptible and
resistant strains of mice, and mouse genetics have developed sufficiently to have
allowed some of the putative genes responsible for the differences to be identified.

The first gene identified was the NRAMPI (natural resistance-associated macro-
phage protein 1), originally termed the bcg gene (Skamene 1994). It was found to
be responsible for the abnormal sensitivity of a strain of mice to infections with
BCG, Salmonella, and Leishmania. The encoded protein is a divalent cation trans-
porter that appears to play a role in macrophage activation (Nevo 2006). It may
also alter the phagosome environment to affect anti-microbial capacity, and regu-
late the levels of cations, especially iron. The gene was found only after a long
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process that mirrored the development of mouse genetics (Liu 1995), but subse-
quently, the equivalent human gene, SLC11A1 (Solute carrier family 11, member
1), was identified rapidly (Cellier 1994). Since then, a number of studies have
looked at genetic markers to see whether in humans, as in mice, there are variants
that confer different levels of resistance to TB. Initial studies suggested a minor
effect, with about a two-fold increase in susceptibility to TB for each of two poly-
morphisms, and a four-fold difference when both were present (Bellamy 1998).
Results of subsequent studies have varied, and several have shown no effect (Li
2006). Doubts about the role of NRAMP1 in TB susceptibility increased after it
was shown that mice that deleted for the NRAMPI1 gene were as resistant to M.
tuberculosis as wild-type mice (North 1999). Interest in the gene was renewed
when a study found a SLC11A1 polymorphism to be strongly associated with sus-
ceptibility to TB in an extended indigenous Canadian family (Relative Risk = ~
10). Stratifying the family members for TB exposure was critical in revealing the
association (Greenwood 2000).

A recently published meta-analysis (Li 2006) analyzed 17 case-control studies on
the association of TB susceptibility with four SLC11A1 polymorphisms (Figure 6-
2):

e 5’ (GT)n (a micro-satellite with a variable number (n) of GT repeats im-
mediately 5’ of the SLC11A1 gene

e INT4 (a single nucleotide change in intron 4: 469+14G/C)

e DS543N (an aspartic acid to asparagine substitution at codon 543 in exon
15)

e 3’ UTR (a TGTG deletion located 55 bp downstream of the last codon in
exon 15:1729+55del4)

5’— exonl —//— exon4d exons _//__ exonl5 |—— 3’
5’(GT)n INT4 D543N 3’UTR

Figure 6-2: Sites of four frequently studied SLC11A1 polymorphisms

The results of the different studies were compared, the data were combined and
analyzed as if they were a single group, as well as being analyzed separately for
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associations in Africans, Asians, and Europeans. When the subjects in all the stud-
ies were considered as a whole, the less common alleles at the 3°’UTR, D543N and
57 (GT)n showed significant associations with pulmonary TB, and individuals with
these SNPs had a 27 %, 61 % and 25 % higher risk of developing TB than those
with the common alleles. When only Asian populations were considered, these
three polymorphisms were significantly associated with an increased risk of TB
(39 %, 59 %, and 65 % respectively). Of the four polymorphisms, only the 3’'UTR
failed to show a significant association in African populations, but none of the four
was associated with TB in Europeans. However, this lack of association may be
due to the low proportion of Europeans (9.3 %) included in the studies analyzed (Li
2006). Although the association of SLC11A1 with TB is not found in all studies,
there seems to be enough evidence to suggest that some of the variants have a mild
effect on susceptibility. However, perhaps the true magnitude of the effect is appar-
ent only if, as in the study of the large indigenous Canadian family, the subjects can
be classified by exposure to TB, and other variables, including genetic background
and general environment, can be controlled.

6.4.2 Ipr/sst1/SP110

Another potential gene candidate for genetic resistance was identified in a search
for the genetic determinants responsible for the extreme sensitivity to M. tuberculo-
sis shown by mouse strain C3HeB/FelJ (Kramnik 2000). This strain succumbs to
infection within 4-5 weeks after infection, compared to 6-8 months for normal mice
(Pan 2005). The TB lesions show pronounced necrosis, and infected macrophages
display a pattern of necrosis rather than the apoptosis seen in macrophages from
resistant strains (Pan 2005). This marked sensitivity, thought to involve innate
immunity, was seen after infection with virulent M. tuberculosis, but there was
little difference for infections with avirulent strains. The locus identified, termed
sstl (super susceptibility to TB), was located on mouse chromosome 1, 10 cM
distal to the NRAMPI gene.

The responsible gene was subsequently identified and termed /pr1, for intracellular
pathogen resistance 1. Its expression is stimulated by IFN-y and upregulated after
infection in the ss¢/ resistant mice, but it is not expressed in ss¢/ sensitive strains of
mice. Expression of ss¢/ limits intra-macrophage replication of Listeria monocy-
togenes (Boyartchuk 2004) by a mechanism thought to involve innate immunity,
which is dependent upon IFN-y and reactive oxygen intermediates, but independent
of nitric oxide.
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When a transgenic strain of mice was constructed with the resistant form of /pri/
replacing the sensitive form in the sensitive C3HeB/FeJ mouse, the level of resis-
tance to M. tuberculosis was improved, but was not restored to that of the resistant
mouse strains. This suggested that there are other genetic determinants responsible
for the extreme sensitivity of the C3HeB/FeJ mouse. Transgenic studies have sub-
sequently identified four other putative loci on chromosomes 7, 12, 15, and 17,
confirming the multigenic determination of TB susceptibility in mice (Yan 2006).

In humans, the closest homologue of the predicted lprl protein is SP110, which is
only 41 % identical but found in a region of human chromosome 2 that is syntenic
to the sst region on mouse chromosome 1. SP110 has some of the same protein
motifs as Iprl (SP100 and SAND domains), and is a component of the nuclear
body, a multi-protein complex believed to be involved in regulation of gene tran-
scription (Thye 2006). It is predominantly expressed in leukocytes and spleen cells,
with lower levels of expression in other tissues, and expression is regulated by
interferon. SP110 interacts with viral proteins, and polymorphisms in SP110 have
been associated with susceptibility to hepatitis C virus (Tosh 2006).

A study to determine whether variants in the SP110 gene are associated with sus-
ceptibility to TB was carried out in three West African countries (Tosh 2006).
Families of TB patients were analyzed with transmission disequilibrium testing to
see if certain variants were transmitted more frequently to affected offspring. Three
SNPs were significantly associated with TB in Gambia, but only one of these,
rs2114592, also showed a significant association in families from both Guinea-
Bissau and the Republic of Guinea, while another, rs3948464, showed associations
that were significant in the Republic of Guinea, but not in Guinea-Bissau. Several
of the associations would not be significant after a Bonferroni correction for the 20
SNPs tested. The variants were found to be in strong linkage disequilibrium in a
region of low haplotype diversity, so it is possible that it is actually another poly-
morphism in this region that has a functional role in altering TB susceptibility.

However, the role of SP110 in human susceptibility to TB remains unproven. A
recent study described cohorts of children with mutations in SP110 who suffered
from an autosomal recessive disorder of hepatic vascular occlusion, severe hypo-
gammaglobulinemia, combined T and B cell immunodeficiency, absent lymph
node germinal centers, and absent tissue plasma cells (Roscioli 2006). Their immu-
nodeficiencies made them prone to infections with Prneumocystis jerovici, enterovi-
rus, and mucocutaneous candidiasis, but not mycobacterial infections. While this
would seem contradictory with the role of Iprl in mice, it should be recalled that its
effect in mice was only seen with virulent M. tuberculosis, and not avirulent BCG
(Pan 2005). Thus, the unfortunate children with the SP110 mutations may not be
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abnormally susceptible to BCG or atypical mycobacteria, and may not have been
exposed to M. tuberculosis. Further doubts about SP110 come from a large case-
control study in Ghana that examined 21 SNP variants and found no association
(Thye 2006). Additional surveys are needed to determine whether SP110 is truly
associated with TB susceptibility.

6.4.3. Genomic screens - family studies revisited

Blackwell et al. “scanned” the mouse genome for loci involved in susceptibility to
leishmaniasis by comparing sensitive and resistant strains of inbred mice for hun-
dreds of genetic markers across the entire genome (Bellamy 2006, Blackwell
1996). Five major chromosomal regions were identified, including the NRAMP1
locus. Possible associations with the homologous regions of the human chromo-
some were then examined in a large study in Belem, Brazil (Blackwell 1997), using
multicase families for TB (98 families; 704 individuals), leprosy (72 families; 389
individuals), and leishmaniasis (89 families, 638 individuals), all from the same
socio-economic strata (Shaw 1997). All relevant family members were studied
using a combination of gene polymorphisms and microsatellite markers to trace the
inheritance of the human chromosomal regions equivalent to those identified in
mouse studies.

Leprosy was associated with both TNF-o. and DR2 (Blackwell 1998), but there was
no association of TB with TNF-a or any HLA locus, and only a weak association
with NRAMPI1, or a gene close to it. An association with TB susceptibility was
found for the locus 17q11.2-q12 (LOD-score 1.3 P=0.01), a region that is similar
(syntenic) to a region on mouse chromosome 11 that is associated with susceptibil-
ity to leishmaniasis. Genes in this region encode several proteins that could be
plausibly linked to TB immunology: NOS2A (Rockett 1998), encoding the induc-
ible form of nitric oxide synthetase (Blackwell 1998); chemokines CCL2/MCP-1
(monocyte chemoattractant protein-1) (Lu 1998), CCL3/MIP-la. (macrophage
inflammatory protein-1a), CCL4/MIP-13, CCL5/RANTES (regulated on activa-
tion, normal T cell expressed and secreted), CCR7, the receptor for CCL19/21, and
several genes encoding signal transducers and activators of transcription: STAT3,
STAT5A, and STAT5B. A subsequent study of 92 multicase families looked for
associations with particular genes in this region. Using 16 microsatellites and 69
SNPs, associations were found for four genes that are separated by fairly large
intervals (NOS2A-8.4 Mb-CCL18-32.2 kb-CCL4-6.04 Mb-STAT5B). Conditional
logistic regression using a case/pseudo-control data set showed that each gene
contributed separately, suggesting that this is a cluster of susceptibility genes.
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However, after correcting for the number of markers tested, the only significant
association was with a SNP in cytokine CCL18 (Jamieson 2004). The authors cal-
culated that in order to detect a gene that causes at least a two-fold or greater effect
on TB susceptibility or resistance among variant alleles with <0.2 frequency, a
study would need 400 affected families composed of at least one patient and their
parents. If the effect was less than two-fold, and the variant allele frequency < 0.1,
the association would not be found even with 800 parent/child trios (Jamieson
2004).

A separate two-stage study of 16 Brazilian multi-case TB families first used 405
markers to scan the whole genome for regions associated with TB, and then further
examined the 58 markers that produced a positive result, using a second set of 22
families and additional markers (Miller 2004). Associations were confirmed for
three chromosomal regions, 10p26.13, 11q12.3, and 20p12.1, but no association
was found for the 17q11.2-q12, perhaps because of the limited study size.

A large case-control study then looked for associations with different genes at the
17q11.2 locus in Mexican and Korean TB patients (Flores-Villanueva 2005). No
association was found for NOS2A, RANTES or MIP-1a alleles, but a significant
association was found for the adenine (A) to guanine (G) change in the -2518 pro-
moter polymorphism of monocyte chemoattractant protein-1 (MCP-1), also known
as, SCYA2 and CCL2. Compared with AA homozygotes, both Mexican and Ko-
rean AG heterozygotes had an increased risk for developing TB of 2.3 and 2.8 fold
respectively, while GG homozygotes were 5.4 fold and 6.9 fold more likely to
develop TB. The G allele increases production of MCP-1, and the higher blood
levels of MCP-1 in the GG homozygotes were correlated with lower levels of IL-
12 subunit IL-12p40, which has been shown in Mendelian disease to be critical for
control of the infection. Furthermore, the hypersusceptible GG allele was present in
53 % of Mexican TB patients, compared with 27 % of controls, and 36 % of Ko-
rean cases, compared with 14 % of controls. This allele could thus be responsible
for as much as 64 % of TB cases in the Mexican population, and the TB rates might
be 64 % lower in a population without the G allele (Alcais 2005).

In mice, CCL2, the equivalent of MCP-1, and its receptor, CCR2, are important for
protection from high dose M. tuberculosis infections (Peters 2001), but CCL2-/- or
CCR2-/- mice infected with lower doses of M. fuberculosis have outcomes similar
to wild-type mice, despite impaired macrophage recruitment to the lungs (Scott
2002, Kipnis 2003). Mice expressing high levels of MCP-1 show increased sus-
ceptibility to TB (Gu 1997).
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Why was there no association with MCP-1 seen in the Brazilian study? Perhaps the
ability to demonstrate this association in the Mexican/Korean study was aided by
its strict criteria for study participants: sputum smear-positive new adult TB pa-
tients with culture-confirmed disease, excluding those with chronic illnesses, in-
cluding malnutrition, or previous episodes of TB. The patients also had “clinical
and epidemiological features suggestive of active TB of recent evolution after re-
cent exposure” (Flores-Villanueva 2005). Controls were healthy TST-positive and
TST-negative persons not vaccinated with BCG, who had had recent contact with a
TB case. The three groups were similar in demographics and body mass index
(before developing TB), household income, and consumption of cigarettes and
alcohol. Using these strict inclusion criteria, the study could distinguish the predis-
position for progression to clinical disease from susceptibility to infection. The
MCP-1 G allele was as common in TST-positive as in TST-negative persons,
showing that it had no effect on susceptibility to infection (Flores-Villanueva
2005).

A larger, two-stage genome wide study (Bellamy 2000) was performed by analyz-
ing families from Gambia and South Africa that had at least two siblings with TB -
83 families in the first stage and 53 in the second. Associations were only found for
two chromosomal regions, 15q and Xq, with LOD scores of 2.00 and 1.77 respec-
tively. LOD scores of at least 3.0 are generally considered to indicate a strong asso-
ciation, so this, as well as the Belem work, suggested that there are no dominant
genes responsible for TB susceptibility. Instead, perhaps many genes are involved,
each exerting a small effect. This study found no association with NRAMP1 or the
vitamin D receptor, both of which were found to increase susceptibility to TB about
two fold in case control studies in the same Gambian population (Bellamy 1998,
Bellamy 1998). However, as mentioned above, for a family association study to
identify genes with such weak effects, an unreasonable number of families would
be required (Bellamy 2000). A subsequent study fine-mapped the 15q region and
found that the strongest association was with a region containing the gene UBE3A,
which encodes a ubiquitin ligase involved in the ubiquinitination and degradation
of specific proteins, including the T lymphocyte src kinase Lck (Cervino 2002).
There have been no subsequent reports associating this gene with susceptibility to
TB.

A different conclusion came from a whole genome scan of 96 multi-case Moroccan
families, each having at least two siblings with pulmonary TB (Baghdadi 2006). No
associations were seen for the 15q and Xq loci, the 17ql11-q21 locus (Flores-
Villanueva 2005, Jamieson 2004) or the 10p26.13, 11q12.3, and 20p12.1 loci
(Miller 2004) found in the Brazilian studies, but a strong association (LOD = 3.49)
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was found for a single region of chromosome 8q12-q13. Although this locus was
not associated with TB in all families, the association was especially strong (LOD
3.94) when the families had at least one parent with TB, suggesting that predispo-
sition to TB is inherited as an autosomal dominant trait. In contrast to the notion
that TB susceptibility is determined by the sum of many genes, each exerting only
small effects, this study suggests that there are genes with large, dominant effects.
This model bridges the gap between Mendelian susceptibility mutations and deter-
mination of susceptibility by a quorum effect involving multigenic determinants
(Casanova 2007).

6.5. The good, the bad and the maybe, in perspective

While the work on the Mendelian inheritance of genes responsible for extreme
susceptibility to mycobacterial infections is clear, convincing and informative with
respect to the human immune response to TB, the genetic components of common
TB infections remain unclear. Considering all of the genes that have been tested for
association with susceptibility to TB, in many diverse populations, using a variety
of study designs and exclusion criteria, is there any way to make sense of the varied
and often contradictory results? While the frequent lack of clear and reproducible
associations may result from the difficulty in isolating the effects of a particular
gene from the background of many genes involved in determining susceptibility to
TB, there is also a suggestion that some genes may have large, dominant effects, at
least in particular populations (Casanova 2007).

One approach to try to understand the literature might be to classify or stratify the
genes into different categories. The first group would contain genes that have never
or have only rarely shown an association, generally of small effect. This group
would include most HLA alleles from the early studies, TNF, NOD, TLR-4, and
probably MBL, although its association with TB meningitis deserves further study.
There are also other genes, not reviewed here that have failed to show evidence of
an association (Gomez 2006, Rajalingam 1997).

A second group, also fairly easy to identify, are those few genes with alleles that
appear to confer important increases in susceptibility: HLA-DQB1*0503 and HLA-
DQBI alleles with an aspartic acid at position 57; MCP-1 (Flores-Villanueva
2005); and an as yet unidentified gene in locus 8q12-q13(Baghdadi 2006). In two
carefully performed studies of adult pulmonary TB in Cambodia, the HLA-
DQB1*0503 allele was found to have near Mendelian effects, being present in less
than 10 % of patients with TB but in none of the controls (Delgado 2006, Goldfeld
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1998). When this allele was excluded, individuals homozygous with other HLA-
DQP57Asp alleles had a 2.35-fold increased risk of developing TB, an effect also
seen in South Africa (Lombard 2006) and several other populations (see Table 6-
4). However, Asp/Asp homozygosity was present in only 26 % of the Cambodian
TB patients, and was also found in 10 % of PPD+ healthy controls. While the Asp
at aa 57 of the HLA-DQ beta chain reduces antigen presentation in a manner con-
sistent with an increased risk of developing TB (Delgado 2006), the increase in
susceptibility is only about two-fold, so other factors must be involved. The much
greater effect on susceptibility conferred by the HLA-DQB1*0503 allele remains
unexplained, and has only been reported in Cambodians.

MCP-1 (Flores-Villanueva 2005) is presumably the gene responsible for the asso-
ciation found at the 17q11.1-q12 locus (Jamieson 2004). Studies on the -2518 pro-
moter SNP found that GG homozygotes and AG heterozygotes showed increased
TB risk in both Mexican (OR = 2.3, 5.4) and Korean (OR = 2.8, 6.9) populations.
The GG genotype was found in a striking 53 % of the Mexican TB cases (Alcais
2005) suggesting that the allele could have a major effect on the TB burden in the
population. However, 27 % percent of PPD+ healthy controls were also GG homo-
zygotes, and 48 % were AG heterozygotes. Although the GG genotype may confer
a large increase in susceptibility, many TB infected GG homozygotes and AG
heterozygotes don’t develop TB, implying that other factors must be involved in
determining who gets TB, both in the GG and the non-GG TB infected population.

The proposed autosomal dominant locus on chromosome 8ql12-q13 gave a LOD
score of 3.4 overall, and 3.9 in the Moroccan families with an affected parent. This
association is stronger than reported for genes in any other affiliation study, al-
though the locus was not associated with TB in all families examined (Baghdadi
2006). However, the reports describing the associations of this locus, and of MCP-
1, are very recent and require confirmation, and the associated gene in the 8q12-
q13 region remains to be identified.

The third group contains genes reported to be associated with susceptibility to TB,
but whose associations either await confirmation or were not confirmed in all sub-
sequent reports. These promising gene candidates requiring further study include:
TLR-2, TIRAP, P2X7, DC-SIGN, Sst/SLC110, IL-12RB1, CR1 and the surfactant
protein A subunits SFTPA1 and A2. More difficult to classify are the genes en-
coding IL-10, IL-8, IL-1, IL-12, VDR, and IFN-yR1, which were associated with
minor changes in TB susceptibility in some reports, but no association in several
others studies. Similarly, associations with HLA alleles, such as B13, D2, D3
(Kettaneh 2006), or DRB1*1501*, have been found in some studies but not in
others (see Table 6-4), and an association with the MHC region has not been found
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in any genome scan. Because MSMD has shown the importance of IFN-y, it was
tempting to think that its polymorphisms might affect susceptibility to common TB,
but the heterogeneity of results with the IFN-y polymorphisms, especially the +874
SNP, make it hard to come to any conclusion. In addition, the supposedly suscepti-
ble +874 AA genotype is present in more than 40 % of controls.

Finally, there is NRAMP1/SLC110, which was identified by comparing innately
susceptible and resistant mouse strains, and found to have minor effects in some of
the many case-control studies that looked for an association, and a minor associa-
tion in one genome screen (Blackwell 1997). However, it appeared to have a major
effect (RR = 10) in one carefully studied extended indigenous Canadian family
(Greenwood 2000). A meta-analysis concluded that three polymorphisms showed
significant associations with pulmonary TB, but only increased susceptibility by
27 %, 61 % and 25 %.

While many of the first gene candidates tested, such as VDR, IFN-y, and IL-10
have given very heterogeneous results, perhaps more recent candidates, such as
TLR2, DC-SIGN or SFTPAL1 and 2 will prove more robust. However, most of their
effects are not large, being generally less than three-fold. Is there any way to ex-
plain the difficulty in conclusively identifying the genes that determine why not all
those exposed to M. tuberculosis become infected, and why only 10 % of those
infected develop the disease? Is it possible to explain why genes associated with
susceptibility in some studies often fail to demonstrate an association in others?
Some possible explanations include:

o TB susceptibility is cumulatively determined by the sum of many different
genes, each having small effects, and the genes may be different in differ-
ent populations. This could certainly be possible, and is consistent with
data in mice (Yan 2006), but proof would likely require the technical ca-
pacity to sequence hundreds of genes in hundreds or thousands of individu-
als (Hill 2006).

o Different ethnic groups have major different determinants of susceptibility.
This seems appropriate for the marked effect of HLA-DQBI1*0503 in
Cambodians, and perhaps other loci, but can’t explain the varied results in
similar ethnic groups, such as in different West African countries (Tosh
20006).

e Much of TB susceptibility is determined by the large effects of predomi-
nant genes, but most of these have not yet been identified (Casanova 2007).
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While all of these explanations may be true to some extent, there are other impor-
tant variables that could help account for the heterogeneity of results: exposure,
strain virulence and general environment. These differences were recognized as
nearly insurmountable confounding difficulties by the investigators of the early and
mid 20™ century, who knew that valid associations would only be detected if all
epidemiologic variables were carefully controlled. Many of the molecular studies
that showed the clearest associations had rigorous criteria for defining both cases
and controls to ensure, for example, that the study was looking only at the devel-
opment of pulmonary TB in recently infected adults of the same ethnic group, age,
nutritional and socioeconomic status, with no complicating risk factors (Flores-
Villanueva 2005, Moran 2007).

Even the most rigorous exclusion criteria can’t control for all important variables.
While in mouse experiments animals are infected with a uniform dose and delivery
of a single strain of M. tuberculosis, human subjects in a study are generally in-
fected with a variety of strains with varying levels of virulence (Lopez 2003).
However, even if a study looking for associations were to perform molecular epi-
demiology on all the strains involved, and could assign a measure of relative viru-
lence to each strain, how could it evaluate the differing intensities of exposure - the
number of bacilli that each subject inhaled? Could it be possible that a particular
genetic make-up would be able to avoid either infection or disease after a low-dose
exposure to a low-virulence strain, but succumb to the same level of exposure to a
more virulent strain, or a much higher dose of the less virulent strain? Perhaps there
are alleles that make a person resistant to 80 % of the M. tuberculosis strains in a
community but susceptible to the most virulent 20 %. While family studies should
control for strain differences, the small effects of multiple genes would only be
found if very large numbers of families were studied, and the most important genes
may vary from family to family. To further complicate the analysis, the concor-
dance rate in twin studies was, at most, about 50 % — so identical genes may not
yield identical results at least half the time. Given the differences in the strain
virulence and exposure within a population, and the genetic heterogeneity and
apparent incomplete penetrance of the responsible genes, it should not be surprising
that it is difficult to obtain clear, reproducible associations with specific alleles,
even those that may have moderate effects.

While documenting or quantifying exposure to the bacillus, or strain virulence,
may be difficult, their roles in pathogenesis are obvious. In contrast, environmental
influences are not only difficult to document and quantify (Lienhardt 2001), but
their effects have not been well studied and are poorly understood. Trudeau per-
formed a classic study that demonstrated the importance of environment to the



248 Host Genetics and Susceptibility

development of TB. He compared two groups of infected rabbits: five animals were
free to roam outdoors with ample food, while another five were kept in dark cages
with minimal food. Within 3 months, four of the five caged rabbits died of TB, and
the fifth developed serious illness. In contrast, only one of the free rabbits suc-
cumbed to TB, and the others remained healthy after six months (Smith 2003). The
reasons for the difference - poor nutrition (Chan 1996, Dubos 1952), crowded liv-
ing conditions, or emotional stress (Stansfeld 2002) - and the mechanism of their
effects on the immune system, are unclear. Nonetheless, environmental influences
and differences in exposure appear to affect susceptibility to TB, and their potential
as confounders or effect modifiers can confuse, obscure, or invalidate attempts to
identify genetic determinants.

The importance of environmental factors in human TB was illustrated by the
change in TB mortality rates in Belgium and the Netherlands during the First
World War. Before the war, in 1913, the rates were 118 and 142/100,000 for Bel-
gium and the Netherlands, respectively, but by 1918, the rates had increased to 245
and 204/100,000 (Rich 1951). Another example was in Warsaw, Poland, where, in
the early 20" century it was thought that there was a genetic explanation for the
lower rates of TB mortality in the city’s Jews, compared to non-Jewish Poles.
However, the relative rates were inverted during the prolonged Nazi assault on the
Warsaw Jewish Ghetto during World War II (Dubos 1952).

While the spread of TB, and the rates in a population - the likelihood that an indi-
vidual will contract TB - are strongly influenced by general socioeconomic status,
and possibly also stress levels (Farinpour 2003), perhaps the most important deter-
minant is the quality of the local TB control program. It may be difficult to separate
these factors however, because deteriorating and traumatic social conditions are
often accompanied by a collapse of the healthcare system. A recent example is the
dramatic rise in TB rates in Russia after the fall of the Soviet Union (Figure 6-3).

By the late *90s the death rate from TB for men aged 20-24 years was twice what it
was in 1965, and while deaths from many causes began to fall in Russia after 1994,
those from TB continued to rise. Part of this may be explained by falling living
standards, prison TB, and mass migrations, but the most important component was
likely to have been the crumbling healthcare system (Shilova 2001). While the
Soviet system had kept TB under control, after its fall, as described by Professor
Margarita Shilova, Head of the Tuberculosis Epidemiology Department at Mos-
cow’s Phthisiopulmonology Research Institute, “suddenly, the money stopped.
There were no drugs, communication with local hospitals broke down ... the system
broke down”. The result was a 7.5 % annual increase in new cases from 1991-99
(Shukshin 2006).
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Figure 6-3 Increase in the reported incidence of TB in the Russian Federation, 1990-2001.
Available at http://missinglink.ucsf.edu/lm/russia_guide/Russianhealth2.htm

Each of these examples illustrates how the TB rates in a population changed drasti-
cally due to changes in living conditions and TB control programs, while the ge-
netic composition of the population remained constant. The point is that socioeco-
nomic conditions and TB control programs can modify and perhaps override the
effects of genetic composition in determining susceptibility to TB, except in cases
of Mendelian inheritance of extreme susceptibility. Will identifying genetic deter-
minants of susceptibility contribute to the control of TB? Given that susceptibility
seems to be determined by a complex interplay of strain virulence, intensity of
exposure and environmental factors, as well as human genetic composition, would
it be feasible or advisable to target vaccines, prophylaxis, treatment, or control
efforts based on the genetic composition of individuals, families or ethnic groups,
instead of simply improving control programs (and socioeconomic status, although
more difficult) for the entire population? In the resource-poor countries where TB
is endemic, would it be feasible or ethical to screen the population to decide who to
vaccinate, or who to treat with prophylaxis? Might it be more efficient and less
costly simply to concentrate on diagnosing and effectively treating cases, and using
extra funds for contact tracing? In populations with alleles that are highly associ-
ated with increased susceptibility, such as HLA-DQB1*0503 in Cambodians, the
results of a cost-benefit analysis could depend upon the frequency of the relevant
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alleles, the cost of detecting them, their importance in reactivation TB, and the
target population to be tested - contacts, PPD positives, children, or the general
population.

The identification of genes responsible for Mendelian inheritance of extreme sus-
ceptibility has helped identify the essential elements of human immune defense
against mycobacteria, and the discovery of genetic determinants of susceptibility to
common TB could further this knowledge and perhaps lead to the development of
better vaccines, more precise evaluations of candidate vaccines, new diagnostic
tests for active and latent disease, and therapeutic strategies for immunological
intervention. In light of the continuing presence of multi-drug resistant strains
(Raviglione 2006), and the difficulties in finding and bringing new drugs and vac-
cines into clinical use, further investigation in the field may be justified, despite the
relatively disappointing results obtained so far.
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Chapter 7: Global Burden of Tuberculosis

Ernesto Montoro and Rodolfo Rodriguez

7.1. Global epidemiology of tuberculosis

The consequences of tuberculosis (TB) on society are immense. Worldwide, one
person out of three is infected with Mycobacterium tuberculosis — two billion peo-
ple in total. TB accounts for 2.5 % of the global burden of disease and is the com-
monest cause of death in young women, killing more women than all causes of
maternal mortality combined. TB currently holds the seventh place in the global
ranking of causes of death. Unless intensive efforts are made, it is likely to main-
tain that position through to 2020, despite a substantial projected decline in disease
burden from other infectious diseases (Dye 1999, Smith 2004).

Effective drugs to treat and cure the disease have been available for more than 50
years, yet every 15 seconds, someone in the world dies from TB. Even more
alarming: a person is newly infected with M. tuberculosis every second of every
day. Left untreated, a person with active TB will infect an average of 10 to 15 other
people every year (Dye 2005).

TB hinders socioeconomic development: 75 % of people with TB are within the
economically productive age group of 15-54 years. Ninety-five per cent of all cases
and 99 % of deaths occur in developing countries, with the greatest burden in sub-
Saharan Africa and South East Asia. Household costs of TB are substantial (Dye
2006, World Health Organization 2006a).

In most countries, more cases of TB are reported among men than women. This
difference is partly due to the fact that women have less access to diagnostic facili-
ties in some settings, but the broader pattern also reflects real epidemiological dif-
ferences between men and women, both in exposure to infection and in suscepti-
bility to disease. In regions where the transmission of M. fuberculosis has been
stable or increasing for many years, the incidence rate is highest among young
adults, and most cases are caused by recent infection or reinfection. As transmis-
sion falls, the caseload shifts to the older age groups, and a higher proportion of
cases come from the reactivation of latent infection (Borgdorff 2000).

While the human immunodeficiency virus (HIV) infection has clearly had a pro-
found effect on TB epidemiology, other potentially important risk factors have
been somewhat neglected. In the coming years, more attention needs to be given to
the interaction between chronic diseases and TB, including diabetes, undernutri-
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tion, and respiratory illnesses caused by tobacco and air pollution (Corbett 2003,
World Health Organization 2004).

Although the “direct costs” of diagnosis and treatment are significant for poor
families, the greatest economic loss occurs as a result of “indirect” costs, such as
loss of employment, travel to health facilities, sale of assets to pay for treatment-
related costs, and in particular, lost productivity from illness and premature death
(Smith 2004, Floyd 2003, World Health Organization 2005a).

Eitimvated e TR imez
Tl Femrmni) e 100 003
popalitan

Source: WHO report, 2006
Figure 7-1: Estimated TB incidence rates, 2004

The World Health Organization (WHO) estimated 8.9 million new cases of TB in
2004 (140/100,000 population). About 3.9 million cases (62/100,000) were acid
fast bacilli (AFB) sputum smear-positive, the most infectious form of the disease.
There were 14.6 million prevalent cases (229/100,000), of which 6.1 million were
AFB sputum smear-positive (95/100,000). An estimated 1.7 million people
(27/100,000) died from TB in 2004, including those co-infected with HIV
(248,000). The WHO African region has the highest estimated incidence rate
(356/100,000), but the majority of patients with TB live in the most populous
countries of Asia; Bangladesh, China, India, Indonesia, and Pakistan together ac-
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count for half (48 %) of the new cases that arise every year (Figure 7-1). In terms
of the total estimated number of new TB cases arising annually, about 80 percent of
new cases occur in the 22 top-ranking countries (Dye 2006, World Health Organi-
zation 2006a).

In 2004, the estimated TB incidence per capita was stable or falling in five out of
six WHO regions, although it was still growing at 0.6 % per year globally. The
exception is the African region, where the incidence of TB was still rising, in line
with the spread of HIV. However, the rate of increase in the number of cases noti-
fied from the African region is slowly decreasing each year, probably because the
HIV epidemic in African countries is also slowing. In Eastern Europe (mostly
countries of the former Soviet Union), the incidence per capita increased during the
’90s, peaked around 2001, and has since fallen. The average downturn in case noti-
fications in Eastern Europe is mainly due to data from Russia and the Baltic States
of Estonia, Latvia, and Lithuania; however, incidence rates might still be increasing
in the central Asian republics of Tajikistan and Uzbekistan (Dye 2006, World
Health Organization 2006a).

In all other regions (Table 7-1), the incidence rate was stable or decreasing con-
tinuously between 1990 and 2003. The downfall was relatively quick in Latin
America, Central Europe and the established market economies. In summary, the
global trend in incidence rate was increasing most quickly at 1.5 % per year in
1995 but has since been decelerating. If the trends suggested by the case notifica-
tions are correct, and if these trends persist, the global incidence rate will reach
about 150 per 100,000 in 2015, resulting in more than 10 million new cases in that
year (Dye 2006, World Health Organization 2006a, World Health Organization
2006 b).

Global efforts to control TB were reinvigorated in 1991, when a World Health
Assembly resolution recognized TB as a major global public health problem. Two
targets for TB control were established as part of this resolution — detection of
70 % of new AFB smear-positive cases, and cure of 85 % of such cases by the year
2000. Despite intensified efforts, these targets were not met; more than 80 % of
known cases are successfully treated, but only 45 % of cases are detected (World
Health Organization 1993, World Health Organization 1994, World Health Organi-
zation 2006a).
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Table 7-1: Estimated incidence, prevalence and TB mortality, 2004

Incidence

WHO region All forms Smear-positive Prevalence TB Mortality
Africa 2 573* (29%) 356° 1 098* 152° 3741 518  587*  81°
The Americas  363* (4%) 41° 161* 18° 466*  53° 52+ 5.9°
Eastern Mediter-

ranean 645* (7%) 122% 289" 55° 1090* 206° 142t 27°
Europe 445* (5% 50° 199* 23* 575*  65° 69* 7.8°
South East Asia 2 967* (33%) 182° 1327 81° 4965* 304° 535+  33°
Western Pacific 1 925* (229) 111° 865* 50° 3765 216° 307t  18°

14

Global 8918* (100  140° 3939  62° 602  229°  1693* 27°
* number (thousands) Source: WHO, 2006

$ 9 of global total
$ per 100,000 pop.

Since 2000, the United Nations Millennium Development Goals have provided a
framework for evaluating implementation and impact under target 8 (among 18),
which is to “have halted by 2015 and begun to reverse the incidence of malaria
and other major diseases” (including TB). Although the objective is expressed in
terms of incidence, the Millennium Development Goals also specify that progress
be measured in terms of the reduction in TB prevalence and deaths. The target for
these two indicators, based on a resolution passed at the 2000 Okinawa (Japan)
summit of G8 industrialized nations, and subsequently adopted by the Stop TB
Partnership (www.stoptb.org), is to halve TB prevalence and death rates between
1990 and 2015 (evolution TB control). These additional targets are much more of a
challenge, especially in Africa and Eastern Europe (World Health Organization
2000, World Health Organization 2005b, United Nations Statistics Division 2006).

High-burden countries

In March 2000, the Ministers of Health and Finance from 20 countries harboring
80 % of the world’s TB cases met in Amsterdam and issued the Amsterdam Decla-
ration. This stated that the global situation was “both alarming and unacceptable”,
and that “We commit ourselves to accelerate action against TB through expansion
of DOTS” (World Health Organization, International Union Against Tuberculosis
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and Lung Disease 2001, World Health Organization 2002a, World Health Organi-
zation 2006a).

There are 22 high-burden countries, which account for approximately 80 % of the
estimated number of new TB cases (all forms) arising worldwide each year. These
countries (Table 7-2) are the focus of intensified efforts in Directly Observed
Treatment, Short-course (DOTS) expansion
(www.who.int/tb/dots/whatisdots/en/index.html). The high-burden countries are
not necessarily those with the highest incidence rates per capita; many of the latter
are medium-sized African countries with high rates of TB/HIV co-infection (Dye
2006, World Health Organization 2006a, World Health Organization 2006b).

TB death rates in high-burden countries varied dramatically, from 9 per 100,000
population in Brazil to 139 per 100,000 in South Africa. In these two countries, the
overall case fatality rates for TB were 13 % and 27 %, respectively, and the differ-
ence was due largely to the difference in HIV infection rates (Dye 2006, World
Health Organization 2006a).

In 2004, only six high-burden countries (Democratic Republic of Congo, Myan-
mar, the Philippines, South Africa, Thailand and Viet Nam) reached the detection
rate of new AFB smear-positive cases (70 %) by DOTS, and the estimate for at
least one of these countries (Democratic Republic of Congo) is uncertain (Dye
2006, World Health Organization 2006a).

Eight high-burden countries met the 85 % target for treatment success based on the
2003 cohort. All of them are in South-East Asia or Western Pacific regions, with
the exception of Afghanistan, where the case detection rate by the DOTS program
is relatively low. Among high-burden countries, only the Philippines and Viet Nam
had met the targets for both case detection and treatment success by the end of
2004 (Dye 2006, World Health Organization 2006a).

The progress made in global TB control by the end of 2005 depended greatly on
what had been previously achieved in eight countries, which were inhabited by
61 % of the patients who were undetected in 2004. For this reason, Bangladesh,
Ethiopia, Nigeria, Pakistan, and the Russian Federation will be under close scru-
tiny, in addition to China, India, and Indonesia (Dye 2006, World Health Organi-
zation 2006a).
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Table 7-2: Estimated TB burden, 2004

Incidence

Prevalence, Mortality, HIV preva-
Alforms " Smearpositve S ISTERT SUITISP nmaant e
pop. pop. per year per year per year cases %
1. India 168 75 312 30 5.2
2. China 101 46 221 17 0.9
3. Indonesia 245 110 275 46 0.9
4. Nigeria 290 125 531 82 27
5. South Africa 718 293 670 135 60
6. Bangladesh 229 103 435 51 0.1
7. Pakistan 181 81 329 40 0.6
8. Ethiopia 353 154 533 79 21
9. Philippines 293 132 463 48 0.1
10. Kenya 619 266 888 133 29
11. DR Congo 366 159 551 79 21
12. Russian Fed. 115 51 160 21 6.8
13. Viet Nam 176 79 232 22 3.0
14.UR Tanzania 347 147 479 78 36
15. Uganda 402 175 646 92 19
16. Brazil 60 26 77 7.8 17
17. Afghanistan 333 150 661 92 0.0
18. Thailand 142 63 208 19 8.5
19. Mozambique 460 191 635 129 48
20. Zimbabwe 674 271 673 151 68
21. Myanmar 171 76 180 21 7.1
22. Cambodia 510 226 709 94 13
High Burden
Countries 178 79 301 34 0.0

Source: WHO, report 2006

Community participation in TB control is part of the National Tuberculosis Control
Programme strategy in 14 high-burden countries. The number of high-burden
countries with national strategies for advocacy, communication, and social mobili-
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zation has increased from two in 2002 to 11 in 2005, and is expected to reach 19 by
2007 (Dye 2006, World Health Organization 2006a).

High-burden countries are in various stages of developing collaborations within
and among public and private health sectors (through PPM-DOTS). While Bangla-
desh, China, India, Indonesia, Kenya, Myanmar, and the Philippines have already
improved links between National Tuberculosis Control Programmes, hospitals and
other healthcare providers, PPM-DOTS is still at an early stage in most other high-
burden countries (Dye 2006, World Health Organization 2006a).

The total cost of TB control, which includes the general health system staff and the
infrastructure used for TB control, in additional to the National Tuberculosis Con-
trol Programme budget requirements, is projected to be US$ 1.6 billion in the 22
high-burden countries in 2006, compared with US$ 876 million in 2002. The Rus-
sian Federation and South Africa have by far the largest costs, with a combined
total of US$ 810 million. Assuming that health systems have had the capacity to
manage a growing number of TB patients in 2006, the funding gap for total TB
control costs in 2006 will have been the same as for the National Tuberculosis
Control Programme budgets, i.e. US$ 141 million. Total costs increase to
USS$ 2.0 billion, and the funding gap increases to US$ 180 million when all 74
countries that reported data are included. These 74 countries represent 89 % of TB
cases globally (Dye 2006, World Health Organization 2006a).

All but one of the 22 high-burden countries that increased spending between 2003
and 2004 also increased the number of new AFB smear-positive cases that were
detected and treated in DOTS programs. Cambodia increased spending, but did not
increase the total number of AFB smear-positive patients treated by DOTS (Dye
2006, World Health Organization 2006a).

Among the 22 high-burden countries, five (India, Indonesia, Myanmar, the Philip-
pines, and Viet Nam) were in the best financial position to reach the World Health
Assembly targets in 2005; two (Cambodia and China) were well placed to do so, if
able to make up funding shortfalls (Dye 2006, World Health Organization 2006a).

7.2. Tuberculosis and the interaction with the HIV epidemic

HIV and TB form a lethal combination, each speeding the other’s progress. HIV
infection is a potent risk factor for TB. Not only does HIV increase the risk of re-
activating latent M. tuberculosis infection, it also increases the risk of rapid TB
progression soon after M. tuberculosis infection or reinfection. In persons infected
with M. tuberculosis only, the lifetime risk of developing TB ranges between 10 %
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and 20 %. In persons co-infected with M. tuberculosis and HIV, however, the an-
nual risk can exceed 10 %. The TB burden in countries with a generalized
HIV/AIDS epidemic has therefore increased rapidly over the past decade, espe-
cially in the severely affected countries of eastern and southern Africa. TB is one of
the most common causes of morbidity and the most common cause of death in
HIV-positive adults living in less-developed countries, yet it is a preventable and
treatable disease (Corbett 2003, Aaron 2004, World Health Organization 2006b).

It is possible that, in addition to increasing individual susceptibility to TB follow-
ing M. tuberculosis infection, a high burden of HIV-associated TB cases also ex-
pands M. tuberculosis transmission rates at the community level, threatening the
health and survival of HIV-negative individuals as well. In several countries, HIV
has been associated with epidemic outbreaks of TB. Many of the reported out-
breaks involved multidrug-resistant (MDR) strains, which respond poorly to stan-
dard therapy - the growing burden of TB (Corbett 2003, Aaron 2004, World Health
Organization 2006a, World Health Organization 2006b).

According to a study published by Corbett et al., an estimated 8.3 million new TB
cases were reported in 2000 worldwide. Nine percent (7 %-12 %) of all new TB
cases in adults (aged 15-49 years) were attributable to HIV infection, but the pro-
portion was much greater in the WHO African Region (31 %) and some industri-
alized countries, notably the United States (26 %). There were an estimated 1.8
million deaths from TB, of which 12 % were attributable to HIV. In turn, TB was
the cause of 11 % of all adult AIDS deaths. The worldwide prevalence of M. tuber-
culosis-HIV co-infection in adults was 0.36 % (11 million people). Co-infection
prevalence rates equaled or exceeded 5 % in eight African countries. In South Af-
rica alone there were 2 million co-infected adults (Corbett 2003, Corbett 2004).

Other studies published by Dye et al. reported that much of the observed increase
in the incidence of global TB since 1980 is attributable to the spread of HIV in
Africa. Globally, an estimated 13 % of adults with newly diagnosed TB were in-
fected with HIV in 2004, but there was great variation among regions — from
34 % in the African region to 1.4 % in the Western Pacific region. Rates of HIV
infection in patients with TB have so far remained below 1% in Bangladesh,
China, Indonesia, and Pakistan. In African populations with high rates of HIV
infection, a relatively high proportion of patients with TB are women aged between
15 and 24 years. The rise in the number of TB cases is slowing in Africa, almost
certainly because HIV infection rates are beginning to stabilize or fall. HIV has
probably had a smaller effect on TB prevalence than on incidence because the virus
significantly reduces the life expectancy of patients with TB (Figure 7-2) (Asa-
moah-Odei 2004, Dye 2005, Dye 2006).
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Figure 7-2: Estimated HIV prevalence in new adult TB cases, 2004.

In regions where HIV infection rates are high in the general population, they are
also high among patients with TB; estimates for 2004 exceeded 50 % in Botswana,
South Africa, Zambia, and Zimbabwe, among other countries (Corbett 2003, Dye
2005, Dye 2006, World Health Organization 2006a).

The survival rate of HIV-positive TB patients varies according to AFB smear status
and regimen. It is generally higher for AFB smear-positive than for smear-negative
patients, and it is lowest with rifampicin-based regimens (Corbett 2003, Dye 2005,
Dye 2006, World Health Organization 2006a).

In summary, the HIV pandemic presents a massive challenge for global TB control.
The prevention of HIV and TB, the extension of WHO DOTS programs, and a
focused effort to control HIV-related TB in areas of high HIV prevalence are mat-
ters of great urgency (World Health Organization 2002a,b; Aaron 2004, World
Health Organization 2006a). The WHO and its international partners have formed
the TB/HIV Working Group (www.stoptb.org/wg/tb_hiv), which is developing a
global policy on the control of HIV-related TB, providing advice on how those
fighting against TB and HIV can work together to tackle this lethal combination.
The temporary policy on collaborative TB/HIV activities describes steps to create
mechanisms of collaboration between TB and HIV/AIDS programs, to reduce the
burden of TB among people with HIV and the burden of HIV among TB patients.
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These activities should be included in national TB control plans (Aaron 2004,
World Health Organization 2002a, World Health Organization 2002b; World
Health Organization 2006a).

7.3. Progress of the DOTS strategy

In 1994, the internationally recommended control strategy, later named DOTS, was
launched. It stands for Directly Observed Treatment, Short-course, and its key
components include:

e government commitment;
e case detection by predominantly passive case finding;

o standardized short-course chemotherapy for, at least, all confirmed sputum
AFB smear-positive cases, provided under proper case management condi-
tions;

e asystem of regular drug supply; and
e a monitoring system for program supervision and evaluation.

A six-month supply of drugs for DOTS costs less than US$ 10 in some parts of the
world. The World Bank has ranked the DOTS strategy as one of the “most cost-
effective of all health interventions”. Countries that employ DOTS have been able
to prevent an expected increase in drug resistance. Some countries using DOTS,
such as Cuba and Nepal, have even begun to see declining levels of drug resistance
(World Health Organization 1994, World Health Organization 2002c¢).

A total of 183 countries and territories were implementing the DOTS strategy in
2004. By the end of 2004, 83 % of the world’s population lived in countries cov-
ered by DOTS. DOTS programs notified 4.4 million new and relapse TB cases in
2004, of which 2.1 million were new AFB smear-positive. In total, 21.5 million TB
patients, and 10.7 million AFB smear-positive patients, were treated in DOTS
programs over the 10-year period 1995-2004 (Sharma 2006, World Health Organi-
zation 2006a).

Globally, the case detection rate by DOTS programs increased almost linearly from
11 % in 1995 to 28 % in 2000, and then accelerated to 45 % in 2003. If the 7 %
global increase in detection between 2002 and 2003 was maintained, it would have
reached approximately 60 % by 2005, 10 % below target. Comparing different
parts of the world in 2003, case detection was highest in the Latin American (48 %)
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and Western Pacific regions (50 %), and lowest in Eastern Europe (22 %). The
recent acceleration has been mostly due to rapid implementation in India, where
case detection increased from 1.7 % in 1998 to 47 % in 2003, and in China, where
case detection increased from 30 % in 2002 to 43 % in 2003. India and China to-
gether accounted for 63 % of the increase in case notification by DOTS programs
between 2002 and 2003. With this display of growing coverage, governments,
donors, and other supporting agencies were beginning to ask for evidence that
DOTS is having the expected epidemiologic impact (Figure 7-3) (De Cock 1999,
World Health Organization 2002b, World Health Organization 2002¢; Dye 2005,
Frieden 2005, Sharma 2006, World Health Organization 2006a).
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Figure 7-3: Number of countries implementing DOTS (out of a total of 211 countries), 1991-
2004.

The global treatment success rate under DOTS has been high since the first ob-
served cohort in 1994 (77 %). Since 1998, it has remained above 80 %, even
though the cohort size has increased 6-fold to 1.4 million patients. There is, how-
ever, much variation between regions. Treatment success exceeded the 85 % target
in the Western Pacific region, largely because China reported a 93 % success rate.
Clearly, the biggest failure of DOTS has been in Africa, where rates of TB continue
to rise, seemingly unabated. In 2002, the African region showed less than 75 %
cure rates, and death rates were as high as 8 % in patients co-infected with M. tu-
berculosis and HIV. Whether this statistic indicates a failure of DOTS, or is the
result of the rapid spread of the HIV epidemic, is debatable. Eastern Europe, an-
other region plagued by poor health systems and an expanding HIV epidemic,
witnessed continued increases in TB incidence rates throughout the 1990s, though
the increase now seems to have peaked. Increases in incidence rates of disease are
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also noted in Central Asian countries, though the death rate in DOTS recipients
remains stable at 5 %. Both Eastern Europe and Central Asia are also hotspots of
MDR-TB (Dye 2005, Frieden 2005, Sharma 2006, World Health Organization
2006a).

Although the decline in TB has almost certainly been accelerated by good chemo-
therapy programs in countries such as Chile, Cuba, and Uruguay, there have only
been few recent, unequivocal demonstrations of the impact of DOTS in high-
burden countries. Two examples come from Peru and China. In Peru, the incidence
rate of pulmonary TB has decreased annually by 6 % since the nationwide imple-
mentation of DOTS in 1991. In 13 provinces of China that implemented DOTS, the
prevalence rate of culture-positive TB was cut by 30 % between 1990 and 2000
(Dye 2005, World Health Organization 2006a).

Despite substantial success with DOTS expansion, most countries will probably not
meet the target of the United Nations Millennium Development Goals of halving
the prevalence of TB and the associated death rates between 1990 and 2015. Fur-
ther innovative steps need to be taken as the public-health community moves be-
yond DOTS expansion to global TB control. The main objectives are: to continue
DOTS expansion with more funding and oversight, build on existing DOTS pro-
grams to pursue DOTS-Plus, increase funding for research into improved diagnos-
tics, therapeutics, and vaccines, revisit strategies of chemoprophylaxis and active
case finding, and use DOTS to strengthen public-sector infrastructure and commu-
nity-based health programs and insurance schemes (Sharma 2006, World Health
Organization 2006a).

DOTS-Plus

Based upon DOTS, DOTS-Plus is a comprehensive management strategy under
development and testing that includes the five tenets of the DOTS strategy. DOTS-
Plus takes into account specific issues (such as the use of second-line anti-
tuberculosis drugs) that need to be addressed in areas where there is high preva-
lence of MDR-TB. These drugs should be stored and dispensed at specialized
health centers with appropriate facilities and well-trained staff. Thus, DOTS-Plus
works as a supplement to the standard DOTS strategy. By definition, it is impossi-
ble to conduct DOTS-Plus in an area without having an effective DOTS-based TB
control program in place. It is vital that DOTS-Plus pilot projects follow WHO
recommendations in order to minimize the risk of creating drug resistance to sec-
ond-line TB drugs (which are more toxic and expensive, and less effective, than
first-line drugs). The regimen includes two or more second-line TB drugs to which
the isolate is susceptible, including one drug given parenterally for six months or



7.4. The new Stop TB strategy 275

more. The total duration of treatment is 18-24 months. This treatment is directly
observed and should be either individualized according to drug susceptibility test
results of M. tuberculosis isolate identified on culture, or given as a standardized
regimen to patients who fail supervised re-treatment (for example, when culture
and drug susceptibility testing are not performed) (World Health Organization
2002d, Sharma 2006).

DOTS-Plus is not intended to be a universal strategy, and is not required in all
settings. DOTS-Plus should be implemented in selected areas with moderate to
high levels of MDR-TB in order to combat an emerging epidemic. Via the Green
Light Committee review process, DOTS-Plus is already being implemented in
Bolivia, Costa Rica, Estonia, Haiti, Karakalpakstan (Uzbekistan), Latvia, Malawi,
Mexico, Peru, Philippines and the Russian Federation (Arkhangelsk, Ivanono,
Tomsk and Orel Oblasts). More recently, DOTS-Plus projects have also been ap-
proved in Georgia, Honduras, Jordan, Kenya, Kyrgyzstan, Lebanon, Nepal, Nica-
ragua, Romania, and Syria (Gupta 2002, Sharma 2006, World Health Organization
2002d).

The Working Group on DOTS-Plus for MDR-TB identified the lack of access to
second-line anti-tuberculosis drugs as one of the major obstacles to the implemen-
tation of DOTS-Plus pilot projects. The working group has made arrangements
with the pharmaceutical industry to provide concessionally-priced second-line anti-
tuberculosis drugs to DOTS-Plus pilot projects that meet the standards outlined in
the Guidelines for Establishing DOTS-Plus Pilot Projects for the Management of
MDR-TB. Currently, prices have been reduced by up to 99 % compared with prices
on the open market. It is the task of the Green Light Committee to review the ap-
plications from potential DOTS-Plus pilot projects and to determine whether or not
they are in compliance with the Guidelines for Establishing DOTS-Plus Pilot Proj-
ects (Gupta 2002, World Health Organization 2002c, World Health Organization
2002d; Sharma 2006).

7.4. The new Stop TB strategy

The first Global Plan to Stop TB set out the actions that were needed in TB control
over the period 2001-2005 and helped to steer global TB control efforts during that
time. Current rates of progress are insufficient to allow the targets of halving TB
mortality and prevalence by 2015 to be achieved. Particularly urgent action is
needed in regions where the epidemic is worsening, notably in Africa but also in
Eastern Europe (Dye 2005, World Health Organization 2001, World Health Or-
ganization 2006c).
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As a global movement to accelerate social and political action to stop the spread of
the disease, the Stop TB Partnership provides the platform for international organi-
zations, countries, donors (public and private sector), governmental and non-
governmental organizations, patient organizations, and individuals to contribute to
a collective and concerted campaign to Stop TB. Making the most of partners’
efforts, in terms of effectiveness and efficiency, requires a plan. The Stop TB Part-
nership has developed a Global Plan to Stop TB that covers the period 2006-2015
(Squire 2006, World Health Organization 2006d).

Within the Partnership’s strategic approaches for the next decade, the Plan sets out
the activities that will make an impact on the global burden of TB. This involves
reducing TB incidence - in line with the Millennium Development Goals - and
reaching the Partnership’s targets for 2015 of halving TB prevalence and deaths
compared with 1990 levels. TB is a long-haul disease: the Plan represents a step
towards the elimination of TB as a global public health problem by 2050, and the
realization of the Partnership’s vision of a TB-free world. It sets out the resources
needed for actions, underpinned by sound epidemiological analysis with robust
budget justifications; and it supports the need for long-term planning for action at
the regional and country level (United Nations Statistics Division 2006, World
Health Organization 2006a, World Health Organization 2006c).

The Plan will serve to stimulate political commitment, financial support, effective
intervention, patient involvement, and community participation; and it will also
indicate the potential of the new tools to control TB, which are currently under
development (improved drugs, diagnostics and vaccines). There is no truly effec-
tive vaccine against TB, and the limitations of the available tools for diagnosis and
treatment (smear microscopy testing and “short-course” chemotherapy) make stan-
dard TB care demanding for both patients and healthcare providers. The need to
rely on the available tools has substantially hindered the pace of progress in global
TB control. Facilitating the concerted efforts of the Stop TB Partnership’s Working
Groups on New Diagnostics, Drugs, and Vaccines for TB is thus, a key component
of the Stop TB Strategy. In the spirit of partnership, TB control programs should
actively encourage and participate in this process. Countries should advocate the
development of new tools, help to speed up the field testing of new products, and
prepare for swift adoption and roll-out of new diagnostics, drugs and vaccines as
they become available (Squire 2006, World Health Organization 2006d).

The development of the Plan has relied on contributions from the Stop TB Partner-
ship’s seven working groups — DOTS expansion, DOTS-Plus for MDR-TB, TB-
HIV, new TB diagnostics, new TB drugs, new TB vaccines, advocacy, communi-
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cation and social mobilization — coordinated by the Partnership Secretariat (Squire
2006, World Health Organization 2006d).

The Working Groups have contributed to the two key dimensions of the Plan:

e regional scenarios (projections of the expected impact and costs of activi-
ties oriented towards achieving the Partnership’s targets for 2015 in each
region), and

o the strategic plans of the working groups and the Secretariat (Squire 2006,
World Health Organization 2006c, World Health Organization 2006d).

The Stop TB Strategy is divided into four major sections (World Health Organiza-
tion 2006c, World Health Organization 2006 d):

The Stop TB Strategy at a glance. Provides an overview of the strategy.

e Vision, goal, objectives, targets and indicators. Explains the goal and
related objectives, targets and indicators of the Stop TB Strategy, as well as
the overall vision to which the Strategy will contribute.

o The six principal components of the Stop TB Strategy. (sce below).

e Measuring global progress and impact. Explains how progress towards
TB control targets will need to be measured and evaluated.

The six components of the Stop TB Strategy are (World Health Organization
2006a, World Health Organization 2006c, World Health Organization 2006d):

1. Pursuing high-quality DOTS expansion and enhancement. Making
high-quality services widely available and accessible to all those who need
them, including the poorest and most vulnerable, requires DOTS expan-
sion to even the remotest areas. In 2004, 183 countries (including all 22 of
the high-burden countries which account for 80 % of the world's TB
cases) were implementing DOTS in at least part of the country.

2.Addressing TB/HIV, MDR-TB and other challenges. Addressing
TB/HIV, MDR-TB and other challenges requires much greater action and
input than DOTS implementation and is essential in order to achieve the
targets set for 2015, including the United Nations MILLENNIUM DE-
VELOPMENT GOALS relating to TB (Goal 6; Target 8).
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3. Contributing to health system strengthening. National Tuberculosis
Control Programmes must contribute to overall strategies to advance fi-
nancing, planning, management, information and supply systems, and in-
novative service delivery scale-up.

4. Engaging all care providers. TB patients seek care from a wide array of
public, private, corporate and voluntary healthcare providers. To be able
to reach all patients and ensure that they receive high quality care, all
types of healthcare providers are to be engaged.

5.Empowering people with TB, and communities. Community TB care
projects have shown how people and communities can undertake some es-
sential TB control tasks. These networks can mobilize civil societies and
also ensure political support and long-term sustainability for National Tu-
berculosis Control Programmes.

Enabling and promoting research. While current tools can control TB, improved
practices and elimination will depend on new diagnostics, drugs and vaccines.

With the implementation of the strategy:

equitable access for all to quality TB diagnosis and treatment will be ex-
panded,

over the ten years of this Plan, about 50 million people will be treated for
TB under the Stop TB Strategy, including about 800,000 patients with
MDR-TB; in addition, about 3 million patients who have both TB and HIV
will be enrolled on antiretroviral therapy (in line with UNAIDS plans for
universal access) (Www.unaids.org/en),

some 14 million lives will be saved from 2006 to 2015,

for the first time in 40 years, a new TB drug will be introduced in 2010,
with a new short TB regimen (1-2 months) shortly after 2015,

by 2010, diagnostic tests at the point of care will allow rapid, sensitive, and
inexpensive detection of active TB. By 2012, a diagnostic toolbox will ac-
curately identify people with latent TB infection and those at high risk of
progression to disease, and

by 2015, a new, safe, effective, and affordable vaccine will be available
with the potential to have a significant impact on TB control in later years
(World Health Organization 2006 a, World Health Organization 2006c,
World Health Organization 2006d).
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The total cost of the Plan — US$ 56 billion — represents a three-fold increase in
the annual investment in TB control compared with the first Global Plan. This total
includes USS$ 9 billion for research and development and US$ 47 billion for im-
plementation of current interventions (US$ 44 billion are country-level costs, rep-
resenting about 80 % of the Plan’s total cost (Squire 2006, World Health Organiza-
tion 2006c, World Health Organization 2006d).

In a resolution adopted by the 58" World Health Assembly in 2005, on ‘sustainable
financing for TB prevention and control’, all countries made a commitment to
ensure the availability of sufficient domestic and external resources to achieve the
Millennium Development Goals relevant to TB. National governments and donors
must fulfill this commitment by mobilizing the funds to increase current levels of
funding and fill the USS$ 31 billion gap. With the will, the funds and the action,
together we can Stop TB (World Health Organization 2005a, World Health Or-
ganization 2006b; Squire 2006).

If the Stop TB Strategy is implemented as set out in the Global Plan, the resulting
improvements in TB control should reverse the rise in the incidence of TB by 2015,
and halve the prevalence and death rates in all regions except Africa and Eastern
Europe (Squire 2006, World Health Organization 2006a, World Health Organiza-
tion 2006c, World Health Organization 2006d).

The 2006 WHO report Global TB Control concluded that three (of six) WHO re-
gions — namely the Americas, South-East Asia, and the Western Pacific - are likely
to have met both the 2005 targets. Seven of the 22 high-burden countries are likely
to have met the 2005 targets: Cambodia, China, India, Indonesia, Myanmar, the
Philippines and Viet Nam (World Health Organization 2006a).
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Chapter 8: Tuberculosis caused by Other Members
of the M. tuberculosis Complex

Angel Cataldi and Maria Isabel Romano

8.1. Mycobacterium bovis disease in humans

Bovine tuberculosis (TB) is caused by Mycobacterium bovis, a mycobacterium
highly similar to Mycobacterium tuberculosis and belonging to the M. tuberculosis
complex. The main host of M. bovis is cattle (Bos taurus) but it affects many other
mammalians including man. In man, it is the most frequent cause of zoonotic TB,
i.e. TB transmitted from animals to humans, which is clinically indistinguishable
from TB caused by M. tuberculosis. Before milk pasteurization, M. bovis was an
important cause of human TB, especially intestinal TB in children. After the gener-
alized adoption of pasteurization of milk and other dairy products, the occurrence
of zoonotic TB dropped sharply.

Very few studies are published on zoonotic TB. In the last 50 years, research on
zoonotic TB was influenced by scientific trends, societal worries such as human
immunodeficiency virus/acquired immunodeficiency syndrome (HIV/AIDS) and
contaminated food, as well as by the availability of tools for the identification of
the bovine TB bacillus. For example, the development of the polymerase chain
reaction (PCR) and other molecular tools to identify M. bovis and differentiate it
from other members of the M. tuberculosis complex have allowed the discovery of
more cases in retrospective studies and have suggested new forms of transmission.
The medical literature on the incidence of zoonotic TB is marked by numerous
clinical descriptions of cases of M. bovis at the regional or nosocomial level, but
there are very few systematic surveys of M. bovis diagnosis on a national level
(Anon 2003, Barrera 1987, Cousins 1999, Pavlik 1998). There are three main ex-
planations for the absence of an accurate and methodical estimation of the contri-
bution of M. bovis to the global TB burden. First, at the clinical or radiological
level, there is no difference between TB caused by M. tuberculosis or that of M.
bovis. Second, most laboratories use Loéwenstein-Jensen culture medium with glyc-
erol, which does not promote M. bovis growth. Furthermore, cultivation is always
an expensive option for many low-income countries compared to the cheaper and
faster acid-fast staining. Third, and perhaps most important, in most cases the
treatment of TB caused by M. tuberculosis or M. bovis was the same; therefore,
there was no clinical interest in differentiating the causative agent.

There is a direct correlation between the prevalence of human TB of bovine origin
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and that of TB in livestock (Cosivi 1998). At the global level the situation of bo-
vine TB is disparate. In many developed countries bovine TB was eradicated 30-40
years ago by strong campaigns based on tuberculin skin testing (TST) and manda-
tory sacrifice of animals at the slaughterhouse. In these countries, human TB
caused by M. bovis accounts for around 1 % of all TB cases, and sporadic cases
occur in elderly people by reactivation of ancient infections or in immigrants from
countries where bovine TB has not been eradicated. Importantly, some developed
countries, including England or New Zealand, could not completely eliminate bo-
vine TB, or worse, there is a re-emergence of the disease (Thoen 2006). The per-
sistence of M. bovis in wildlife is frequently indicated as the main cause of this re-
emergence. On the other hand, in many low-income countries, bovine TB continues
to be an important animal health problem. Different epidemiological scenarios can
be observed. Meat and bovine products are important resources in some countries,
such as Argentina, Brazil, Mexico, and Venezuela, where the number of cattle
equals or exceeds that of the human population, and the risk of zoonotic TB could
be higher. Less clear is the situation in countries where livestock industry is less
developed and intensive, and cattle farming is a family affair for milk consumption
or retail commercialization; on the other hand, if the total number of cattle is highly
reduced, people live near the animal folds and sometimes consume milk raw. In
Central American and African countries, as well as in China, cows are preserved
for milk production and meat is consumed from other species such as sheep and
swine that are less susceptible to M. bovis. Finally, in India, a high proportion of
people do not eat cattle meat but do consume milk and are in close contact with
cattle, increasing the risk. Some low-income countries, including Cuba, Mongolia,
and Costa Rica are remarkable exceptions, because they have eradicated bovine
TB, probably because the cattle population is relatively small.

The epidemiology of zoonotic TB, was recently examined by Thoen et al. (Thoen
2006), who reviewed publications from 1966 on. In this chapter we will concen-
trate on the most recent findings.

In Africa, there are several reports about the incidence of zoonotic TB. Many of
these studies involved research on pre-existing mycobacterial collections or in
limited clinical settings, such as in Egypt, Nigeria, Madagascar, Zaire, and Tanza-
nia (Table 8-1). Other authors looked for M. bovis in cattle, as in Ghana and Zam-
bia, where high incidences were described. Another study demonstrated the pres-
ence of M. bovis in milk in Tanzania (Kazwala 1998). An excellent review about
bovine TB was published by Ayele (Ayele 2004). Genotyping analysis demon-
strates different clonal populations depending on the geographical region under
study. Due to the consumption of raw milk in regions where AIDS is highly
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prevalent, many studies concentrated on patients having lymphadenitis. One study
in Djibouti showed a low prevalence of M. bovis in those patients (Koeck 2002),
while others in Ethiopia (Kidane 2002) and Tanzania (Mfinanga 2004) demon-
strated 17 % and 10 % prevalence respectively (Table 8-1).

In Asia, where a policy of bovine TB control was adopted in few countries, there
are very few publications on zoonotic TB (Table 8-1). Clearly, a more active search
for M. bovis is needed on the Asian continent, where the burden of TB is high.

In Latin America, most of the studies were published in Argentina describing inci-
dence ranging from 0.7 % to 6.2 % in a main milk region, with a much lower na-
tional prevalence. In Brazil and Mexico, only one publication was available per
country (Table 8-1). In a small collection of human isolates from Chile, M. bovis
was not found (Mancilla 2006), a finding that merits a more extended survey in that
country (Table 8-1). Genotyping of M. bovis from humans in Argentina showed
that the predominating genotype in cattle also predominates in humans, strongly
indicating that infection is transmitted from cattle. Furthermore, the majority of
patients are related to the farming or meat industry (Zumarraga 1999). In contrast,
Romano et al. recently selected isolates with scarce growth in Lowenstein-Jensen
media from different hospitals in Argentina, and many of them were M. bovis.
Genotyping of these unsuspected M. bovis isolates showed that they belong to a
spoligotype that is not predominant in cattle, suggesting that a clone circulates
among humans (M. Romano, unpublished observations). The situation of zoonotic
TB in Latin America has recently been reviewed by Ritacco et al. (Ritacco 2006).

In the United States, the description of an outbreak of M. bovis TB cases in San
Diego was of special interest (Table 8-1). The ingestion of raw milk products by
immigrant children was suspected as the source of the infection (Dankner 1993,
Dankner 2000). No recent cases were informed from Canada. Other reports also
describe a higher incidence of M. bovis among third world immigrants residing in
industrialized countries (Cousins 1999, Jalava 2007).

In Europe, in the last decades, M. bovis in humans was reported sporadically
(Thoen 2006). The prevalence of TB cases caused by M. bovis is around 1.0 % of
all TB cases in the United Kingdom. A similar figure is found in Germany (where
Mycobacterium caprae is relevant) and in Spain (Table 8-1). A recent paper de-
scribed that in Lyon, France, there was no genetic relatedness among nine M. bovis
isolates collected from patients over five years, strongly indicating that there is no
active transmission (Mignard 2006). In contrast, another typing study in Italy de-
scribed spoligotyping and Mycobacterial Interspersed Repetitive Units (MIRU)
patterns in a collection of 42 isolates, with one genotype accounted for 32 % of all
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isolates, while the others were unique (Lari 2006). Importantly, a study in the
United Kingdom showed that there is no increase in M. bovis disease in humans in
spite of an important increase in the incidence of bovine TB (Jalava 2006).

In New Zealand, M. bovis accounts for 2.7 % of laboratory-confirmed human TB
cases. Many of the genotypes were identical to patterns from farmed and wild ani-
mals (Baker 2006). In contrast, there has been no publications on zoonotic TB in
Australia during the last six years.

Table 8-1: Bovine TB in humans

Country Target of study Main findings Reference
Egypt Identification of M. 6% of the total TB Elsabban 1992
bovis in humans cases were caused by

using cultures. M. bovis

Egypt Identification of M. High incidence of M. Nafeh 1992
bovis in humans bovis
using cultures

Nigeria Identification of M. 3.9% of TB cases Idigbe 1986
bovis in humans caused by M. bovis
using cultures

Madagascar Identification of M. 1.25% of TB cases Rasolofo-
bovis in humans caused by M. bovis Razanamparany
using cultures 1999

Madagascar Genotyping of M. A genotype is preva- Rasolofo-
bovis collection lent in humans and Razanamparany

cattle 2006

Zaire Identification of M. High incidence of M. Mposhy 1983
bovis in humans bovis
using cultures

Zambia Large field diagnos- 33 % of positive herds ~ Cook 1996
tic test of cattle

Tanzania Detection of M. 6 % of samples posi- Kazwala 1998
bovis in milk tive for M. bovis

Burundi Culture of myco- No M. bovis in hu- Rigouts 1996
bacteria from hu- mans, 38 % in cattle.
man and cattle
samples.

Ghana Large field diagnos- 13.8% of positive Bonsu 2000
tic test of cattle animals.

Tanzania Screening of TB 16 % of TB cases Kazwala 2001

patients from rural
communities

caused by M. bovis
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Country Target of study Main findings Reference
Tanzania Genotyping of M. Low clustering of Kazwala 2005
bovis collection cases in humans and

cattle
Djibouti Biopsies of lymph Low prevalence of M. Koeck 2002
nodes from TB bovis
patients
Ethiopia Biopsies of lymph 17.1% of samples Kidane 2002
nodes from TB positive for M. bovis
patients
Tanzania Biopsies of lymph 10% of samples Mfinanga 2004
nodes from TB positive for M. bovis
patients
Nigeria Genotyping of M. No common patterns Cadmus 2006
bovis collection of M. bovis from cattle
and humans
China Clinical report Case of disseminated Wei 2004
TB due to M. bovis
India Screening of CSF Molecular evidence of Prasad, 2005
from patients M. bovis
Argentina Identification of M. 8 % of M. bovis in Peluffo 1982
bovis in humans extrapulmonary TB
using cultures
Argentina Identification of M. M. bovis identified in Barrera 1987
bovis in humans 0.47 % of sputum
using cultures samples
Argentina Identification of M. Annual variations of Sequeira 1990
bovis in humans M. bovis going from
using cultures 07% to 6.2% of
human TB
Argentina Identification of M. 7 % of extrapulmonary  Solda 2005
bovis in humans TB due to M. bovis
using cultures
Brazil Mycobacterial cul- M. bovis provoked Correa 1974
tures from children 35% of cases of
pediatric TB
Chile Identification of M. No M. bovis isolation Mancilla 2006
bovis in humans
using cultures
Mexico Identification of M. 3/19 isolates were M. Toledo Ordofiez
bovis in humans bovis 1999
using cultures
Argentina Genotyping of M. A genotype is preva- Zumarraga 1999

bovis collection

lent in humans and
cattle
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Country Target of study Main findings Reference
USA Diagnostic of TB in Risk factor for zoo- Winthrop 2005
workers from a notic TB, but no cases
dairy farm demonstrated.
USA Diagnostic of TB in  Pediatric TB due to M. Dankner 1993, 2000
immigrant children bovis
Australia Identification of M. M. bovis present in
bovis in humans immigrant workers
using cultures
United King- Identification of M. No increase of zoo- Jalava 2007
dom bovis in humans notic TB in spite of
using cultures increase in cattle.
United King- Identification of M. M. bovis provoked Yates 1988
dom bovis in humans 1.0% of TB cases
using cultures
France Genotyping of M. No genetic related- Mignard 2006
bovis collection ness among M. bovis
isolates collected from
patients
Italy Genotyping of M. A genotype accounts Lari 2006
bovis collection for 32% of human
isolates
Germany Identification of M. M. bovis represents Kubica 2003
bovis in humans 1% of all TB cases.
using cultures 31 % of the isolates
were M. caprae
United King- Clinical report An intrafamilial spread  Smith 2004
dom of M. bovis
United King- National survey for M. bovis represents de la Rua-
dom M. bovis between 0.5% and Domenech 2006
1.5 % of TB cases
Spain Identification of M. 9 M. bovis cases in Remacha 2006
bovis in humans patients in 4 years
using cultures
Spain Identification of M. 0.95 % of all cases of Esteban 2005

New Zealand

bovis in humans
using cultures

Identification of M.
bovis in  humans
using cultures

tuberculosis due to M.
bovis

2.7 % of TB cases due
to M. bovis. Many of
the genotypes were
identical to patterns
from animals

Baker 2006

In the last 10 years, human disease due to drug-resistant M. bovis has been de-
scribed (Blazquez 1997, Hughes 2003, Sechi 2001). One case was of special con-
cern because it affected many patients, most of them HIV-positive (Blazquez
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1997). This strain spread over Europe and into Canada, and affected 141 patients
(S. Samper, personal communication). This fact highlights the high risk of spread
of MDR M. bovis, especially in parts of Africa where M. bovis animal disease and
HIV human infection co-exist.

In humans, the disease caused by M. bovis or M. tuberculosis is clinically indistin-
guishable. However, if the physiopathology of TB in humans and cattle are com-
pared, some differences are observed. In humans, the apical lobes of the lungs are
most affected. In cattle, lesions are most frequently observed in the dorsal caudal
lung regions (Cassidy 2006). This part is the most distant from the mouth and nos-
trils, meaning that the droplets must travel the longest possible route. In bovines, on
the other hand, the lesions are frequently located in lymph nodes associated with
the respiratory tract, and not in the lung parenchyma. This observation may be
related to the fact that the detection of infected cattle is made in the early stages of
disease progression, before the presentation of advanced cavitary lesions. At the
histological level, the differences are related to the cell types intervening in the
immune response and granuloma formation. For example, the content of yd T cells
is much higher in cattle and these cells, as well as neutrophils, participate in
granuloma and lesion formation (Cassidy 2001). Nowadays, and due to control
campaigns, large liquefied lesions are less frequently observed in cattle in contrast
with findings in wildlife where it is possible to observe advanced lesions (Cassidy
2000).

Sheep and horses are rarely infected. The infection in goats shows extreme varia-
tion according to the geographic location. There are less reports of TB in domestic
than in feral pigs. The direct transmission of M. bovis from wildlife animals to
humans is much less frequent. Transmission from deer to humans has been re-
ported in Canada (Long 1999). Cats, but not dogs, have been reported in several
countries as the source of human TB (Fernandez 1999, Underwood 1999, Monies
2000). Importantly, there are no reports of human infection by M. bovis coming
from a direct environmental source (Biet 2005). The fact that in situations where
the prevalence of M. bovis in cattle is high but does not seem to be associated with
a higher incidence in humans may suggest that humans are less susceptible to M.
bovis than to M. tuberculosis (de la Rua-Domenech 2006).

After the introduction of milk pasteurization, there was a clear impact on the death
rate of children under five years of age (Thoen 2006). A recent review (de la Rua-
Domenech 2006) described the survival of M. bovis in different foods. M. bovis
survives well in cows’ milk. Viable bacilli can be found in yogurt and cream
cheese made from unpasteurized milk for up to 14 days after preparation, and in
butter for up to 100 days. The consumption of unpasteurized raw milk or milk
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products is still allowed in many European countries. In low-income countries,
consumption of raw milk or dairy products is common in rural areas.

The detection of M. bovis in milk from infected cattle is problematic because M.
bovis is usually present in low amounts. As contaminating microbiota exist in raw
milk, other bacteria and fungi overgrow M. bovis. Decontamination methods ap-
plied to other clinical samples with higher bacillary loads, such as sputum or ne-
cropsy samples, kill the few M. bovis that may exist in tested milk. This has led to a
worrying situation in which there are no validated methods for its detection in milk
or milk products. The main problem is the failure of culture as a gold standard.
PCR methods for the detection of members of the M. tuberculosis complex in clini-
cal specimens were developed in the mid-90s. Although the first developed PCR
method used primers directed at a M. bovis specific sequence (Rodriguez 1995),
most PCR protocols use primers derived from the insertion sequence IS6/170 inser-
tion sequence, present in all members of the M. tuberculosis complex. The detec-
tion limit in artificially contaminated milk is generally low: 10-1,000 colony form-
ing units (cfu) (Zanini 1998, Zumarraga 2005, Antognoli 2001). The sensitivity
among tuberculin skin test (TST)-positive cows also varies in different studies,
from 11-50 % (Cornejo 1998, Romero 1999, Sreevatsan 2000, Zumarraga 2005).
One study in Argentina did not find M. bovis in cattle milk (Perez 2002). This
variation is expected, as excretion of M. bovis in milk is sporadic and not all in-
fected animals excrete bacilli. There are no published studies on the detection of M.
bovis by PCR in cheese. In summary, PCR is powerful in detecting M. bovis in
milk but there is an urgent need to validate this technique on a wider level.

8.2. The BCG vaccine: adverse reactions

The bacille Calmette-Guérin (BCQ) is a live, attenuated vaccine derived from M.
bovis. BCG is known to cause local reactions consistent with primary infection
with an attenuated strain (i.e. a small localized ulcer and possible regional lymph-
adenopathy), and more severe reactions are thought to be rare. Deep ulcers, pro-
longed drainage, lymphadenitis (1 %), abscess (2 %) (Turnbull 2002), osteitis
(0.04 %) (Kroger 1995), and rarely disseminated infection have all been reported
(Albot 1997).

The age of the recipient and the dose of vaccine affect the incidence of local com-
plications. Disseminated disease is thought to be rare, in the order of 1/1,000,000
doses and directly related to immune dysfunction (Turnbull, 2002). The major
worldwide concern about the risk of disseminated infection has been connected to
the risk of HIV-related immunosuppression in the recipient. BCG is given routinely
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to newborns in many countries. However, this practice is under active review be-
cause of concerns that the vaccine’s problems may outweigh its efficacy. Some
authors recommend that BCG vaccination should be confined to groups of infants
with a high risk of TB infection, and should be given at six months of age, in order
to reduce severe disease and deaths among infants with immunodeficiency disor-
ders (Romanus 1993).

From 1993 to 2001, 20 adverse events of BCG vaccination were reported in mem-
bers of TB-endemic Aboriginal communities in Canada. Six of these were dissemi-
nated disease and five were in children from Aboriginal communities (the sixth one
was vaccinated as an infant outside Canada). All of these cases were confirmed as
being caused by BCG. One of these children was HIV-infected and the other four
had congenital immunodeficiencies, which presented for the first time as dissemi-
nated BCG infection. All of these children died as a result of their underlying im-
munodeficiency. This rate of disseminated infection indicates a higher rate of un-
derlying congenital immunodeficiency in this population and an unanticipated
serious risk in this population of BCG recipients (Hutmacher 2002). Health Canada
recommends administration of BCG vaccine to all newborn infants who are mem-
bers of TB-endemic Aboriginal communities because of the high rate of TB infec-
tion and the high risk of serious disease in young children after primary infection.
The debate about BCG vaccine in Canada has accelerated as a result of concerns
about adverse events (Clark 20006).

Several studies have shown clear benefits of BCG vaccination when the risk of
tuberculous infection is higher than 1 % per year (Rouillon 1965, Immunization
Practices Advisory Committee 1988, Health Canada 2002). These benefits become
less clear when the risk of infection is lower than 0.1 %, as rates of severe TB dis-
ease and deaths are quite low, regardless of the BCG vaccination policy. Results of
these studies are therefore consistent with recommendations of the IUATLD and
World Health Organization (WHO), which state that discontinuation of BCG can
be considered in populations with an annual risk of tuberculous infection lower
than 0.1 % (JUATLD 1994; World Health Organization 2001). The vaccine may be
considered in select situations where exposure to TB infection cannot be readily
controlled with anti-tuberculous chemotherapy, particularly where multidrug resis-
tance is documented. The recipients in this situation may include household con-
tacts as well as laboratory personnel and travelers (National Advisory Committee
on Immunization 2002). A study in which the vaccine was administered to high
risk newborn infants before environmental exposure to mycobacteria could have
occurred, showed an overall efficacy of 73 % (range 59 % to 80 %) for disease and
87 % for death (Rosenthal 1961, Fordham von Reyn 2002). The overall trends are
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that newborns are better protected and primary disease, miliary TB, and TB menin-
gitis are better prevented.

Another concern about the administration of BCG is its effect on the TST. Because
administration of BCG induces a positive skin test of variable size in a large pro-
portion of vaccinated individuals, this reaction will affect the interpretation of TST
results in contact tracing, thus, jeopardizing the use of a valuable tool in the control
of TB transmission in the community.

The place of BCG vaccination in TB control programs is being carefully reassessed
because of the significant risk of dissemination in immunocompromised patients.
BCG has to be administered to newborns from endemic countries in Africa, Asia,
and Latin America, because the vaccine is effective for the prevention of dissemi-
nated TB and meningitis. However, a careful review and identification of underly-
ing risks for immunodeficiency should also be performed. This should include a
careful family history for immunodeficiency and prenatal HIV screening.

On the other hand, in non-endemic countries, BCG could be discontinued, but if the
vaccine is no longer to be given routinely to newborns from endemic communities
in these countries, then possible consequences must be anticipated. The rates of
miliary TB and meningitis in these infants will increase if ongoing exposure of
young infants continues. In the meantime, if the routine infant BCG vaccine pro-
gram is abandoned in these communities, this must be compensated for by support
of enhanced TB detection and treatment programs. An effective TB prevention and
control program requires effective assessment of active disease, effective therapy
including DOTS, finding and screening of contacts of infectious cases, and identi-
fication and management of latently infected individuals. Otherwise, there is little
doubt that infants from these endemic communities will be at increased risk of
disseminated primary TB. For example, Sweden moved from the mass vaccination
of newborns with BCG to a selective vaccination program for high risk groups.
This strategy met with some success, measured at 82 % effectiveness (Romanus
1992). This was accompanied by a higher rate of atypical mycobacterial infection
in the non-BCG-vaccinated population (Romanus 1995). In some countries, such as
Canada, the high risk population is already being vaccinated, but higher selectivity
may be required given the identified risk of the vaccine; possibly limiting newborn
BCG use to communities with active cases until the outbreak can be brought under
control.

Safer and more effective vaccines for TB prevention may soon be available (Do-
herty 2005). Alternative vaccines to BCG are on the horizon and it is hoped that
they will have better efficacy, be more standardized, and have fewer side effects,
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especially in immunocompromised individuals, including the HIV-infected popu-
lation worldwide, which is at a high risk of TB co-infection. (see chapter 10). One
alternative intervention already exists in the form of the early detection and treat-
ment of tuberculous infection. The administration of isoniazid is highly effective in
reducing the risk of disease (International Union Against Tuberculosis Committee
on Prophylaxis 1982) and protection may last for up to 30 years (Hsu 1984).
Treatment of infection is generally well tolerated by children (Kopanoff 1978), and
compliance is usually much higher than in adults (Wobeser 1989, McNab 2000).
Considering the safety issues outlined in this report, the best course of action may
be the removal of the BCG vaccine combined with improvements in TB program-
ming in non-endemic countries (Vaudry 2003). Such improvements must include
early case finding in adults to prevent transmission, and early detection and treat-
ment of infection in children through contact tracing and screening in high-risk
communities.

8.3. Mycobacterium africanum subtypes

M. africanum is predominantly isolated in Africa and, in certain areas of the conti-
nent, it is thought to produce a significant proportion of the cases of pulmonary TB
(Frothingham 1999, Haas 1997). Reports on the sporadic isolation of M. africanum
in Europe and the United States (Desmond 2004) have also been made, including
one outbreak of multidrug-resistant (MDR) M. africanum (Schilke 1999).

Based on biochemical characteristics, two major subgroups of M. afiicanum have
been described, corresponding to their geographic origin in Western (subtype 1) or
Eastern (subtype II) Africa. Numerical analyses of biochemical characteristics
revealed that M. africanum subtype I is more closely related to M. bovis, whereas
subtype II more closely resembles M. tuberculosis (Niemann 2002, Sola 2003). M.
africanum subtype II was classified by its resistance to thiophen-2-carboxylic acid
hydrazide (TCH). It is the main cause of human TB in Kampala, Uganda (East
Africa).

Spoligotyping does not lead to a clear differentiation of M. tuberculosis and M.
africanum, but all M. africanum subtype II isolates lack spacers 33 to 36, differen-
tiating them from M. afiricanum subtype 1. In an IS61710 restriction fragment length
polymorphism (RFLP)-based dendrogram, M. africanum subtype II isolates were
clustered into two closely related strain families (Uganda I and II) and clearly sepa-
rated from M. tuberculosis isolates. An additional characteristic of both M. africa-
num subtype II families is the absence of spoligotype spacer 40. In addition, all
strains of the M. afiicanum subtype II family Uganda I also lack spacer 43 (Nie-
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mann 2002, Viana-Niero 2001). Lack of spacers 40 and 43 are not exclusive mark-
ers for the M. afiicanum subtype II family Uganda I, but might represent a useful
additional criterion for M. africanum subtype identification in combination with
biochemical test results (Brudey 2004, Mostowy 2004) (see figure 8-1).

The gyrB desoxyribonucleic acid (DNA) sequence allows the differentiation of M.
africanum subtype 1 strains from M. bovis, M. caprae, and M. microti. M. africa-
num subtype | and M. pinnipedii, however, display identical gyrB DNA sequences
and the same occurs with M. africanum subtype Il and M. tuberculosis (Niemann
2000). Thus, differentiation of M. africanum subtype 11 from M. tuberculosis con-
tinues to be based on phenotypic characteristics such as growth on bromocresol
purple medium.

In recent studies, based on the regions of difference (RD) to distinguish M. afiica-
num, three groups were identified: M. africanum subtype II isolates that have dele-
tion of TbD1 and have retained RD9, RD7, RD8 and RD10 intact. Some have sug-
gested that these organisms should be included in the species M. tuberculosis. A
second group consists of M. africanum subtype I with deletion of RD9, RD7, RD8,
and RD10, called la. Finally, M. africanum subtype I with deletion of RD9 but not
RD7, RDS, and RD10, and called 1b, forms the third group. Both subtype I
branches of M. africanum have indistinguishable gyrB sequences. In addition,
Mostowy et al. (Mostowy 2004) have recently described several novel RD loci
within M. africanum organisms. Among these were RD711 and RD713, deleted in
M. africanum subtype Ib, and RD701and RD702, found deleted in a larger study of
strains M. africanum subtype la (Mostowy 2004).

ENEEENENNEEEEENEEENOONNNENENENERO000NNNNNRN  V wberculosis H3TRv
ENONNEENCONNENEENONNNNNNNNNNNNNENNNRREREROOO0O0 M bovis BCG
EENEENO0CONENNNNNNNNNNNNNNNNNNNNNNNRNNNONRNN ) gfricanum type [
AENNENENEEENENNENENNNEENNENNENERO0O0OONNRONRO M africanum type I
EENEEEEENENNNNEEEENNNNNENEENNNERO0OO00ONNNONNN VM gfricanum type I
00000000000000000000000000D0000O00O0OOOMNMO00000 M. microti®
OOONERRO00000000COODOO0OOMEORNO00000000ONN0O0000 M microti*
OR00000000000000ONNENENEENENENON0O000ONNNENO0000 M. caprae
000000000000000000000000000OONMO0000MO000000 M. canettii
OOONEERO0O0O00O000O00OOOCO0OCNENNNNNNNNRRRRNRO0000 M pinnipedii

Figure 8-1: Spoligotypes of Mycobacterium tuberculosis complex strains. 'M. africanum sub-
type Il Uganda 1; M. africanum subtype Il Uganda 2; M. microti vole type; *M. microti llama

type
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8.4. Mycobacterium microti disease

M. microti is a member of the M. tuberculosis complex and was first isolated in
1937 as the causative agent of pulmonary TB in the wild vole (Microtus agrestis)
(Wells 1937). It was considered to be avirulent for humans, cattle and laboratory
animals and was therefore proposed as a live vaccine against TB. The efficacy of
vaccination with M. microti was assessed in clinical trials in the United Kingdom
(Hart 1977) and the Czech Republic (Sula 1976), and indeed the strain was used as
a vaccine in Africa for more than 15 years (Fine 1995). In all cases, M. microti
proved to be safe and effective in preventing disease, showing a protective efficacy
similar to that of BCG.

However, M. microti has been recently identified as the causative agent of pulmo-
nary TB in both immunocompromised and immunocompetent humans (van Sool-
ingen 1998, Horstkotte 2001). Genotypic analysis of M. microti showed the exis-
tence of two different variants of M. microti: vole and llama types. The vole type,
isolated from voles, ferrets, and pigs, shows hybridization with only two of the 43
spacers in spoligotyping; whereas in the llama-type, the spoligotype-PCR product
hybridizes with nine spacer sequences (figure 8-1). The first four M. microti iso-
lates from humans in the Netherlands showed spoligotype patterns of the vole-type.
Three of these four human M. microti isolates were obtained from immunocom-
promised patients (two had undergone kidney transplantation; one was HIV-
infected). Two of the patients with M. microti infection had a history of contact
with mice, which was found to be suggestive of zoonotic transmission (van Soolin-
gen 1998, Brodin 2002). The first case of human infection with M. microti of the
llama-type was reported in Germany: the patient was HIV-infected and presented
with pulmonary TB (Horstkotte 2001). The time span required for cultivation of
vole-type strains (3 and 4 months) is significantly longer than that required for
growth of M. microti llama-type strains. The patient with M. microti 1lama-type
infection was successfully treated with isoniazid, rifampin, and pyrazinamide,
which indicates that the standard TB therapy is sufficient for treatment of patients
with M. microti infection. A possible source of infection could not be identified in
this patient.

Recent data demonstrated that M. microti can cause severe pulmonary TB in im-
munocompetent patients (Niemann 2000a). M. microti has been isolated in Ger-
many from two HIV-negative immunocompetent patients with pulmonary TB.
According to spoligotype patterns, one of the isolates belonged to the llama type
and the other to the vole type. These findings emphasize the relevance of M. mi-
croti as a pathogen in immunocompromised as well as immunocompetent patients.
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The prevalence and clinical importance of the different types of M. microti may
have been underestimated so far because of difficulties with primary isolation and
differentiation. Hence, further studies applying molecular methods are necessary to
analyze the epidemiology of M. microti more thoroughly.

Genomic differences between M. microti and the other strains of the M. tuberculo-
sis complex revealed novel deletions specific to M. microti. A surprising finding
was that one of these deletions overlaps RD1, a locus that is absent from BCG sub-
strains but present in M. tuberculosis and M. bovis and, therefore, assumed to be
involved in the attenuation of BCG. The deletion found in M. microti, however,
was found to be extended further to additional contiguous genes, and was therefore
called RDImic. Subsequent work has shown that complementation of M. microti
with the RD1 locus increased the virulence of the recombinant strain in the mouse
model (Pym 2002), suggesting that the loss of this region may have contributed to
the attenuation of M. microti. The deletion of RD1 or RDImic removes the genes
esxA/esxB, which belong to the early secretory antigenic target 6 (ESAT-6) family
and have been shown to be potent T-cell antigens. The ESAT-6 family may play a
role in the attenuation of M. microti. In a genomic analysis using microarrays to
compare M. tuberculosis and M. microti, 13 deletions were identified in 12 strains
of M. microti, including regions RD1 to RD10, which are also missing in M. bovis
BCG. In addition, four new deleted regions, MiD1, RDImic, MiD2 and MiD3,
were identified (Frota 2004). With regard to deleted regions and virulence, this
study showed that it is difficult to ascribe virulence to any particular pattern of
deletion. We have also used microarrays to extend the analysis of the M. microti
genome (Garcia-Pelayo 2004). An M. microti of the vole-type, another of the
llama-type, and a third isolate with an unusual type were used in this study. Using
the improved resolution of this technique, a new deletion was described from M.
microti that removes genes encoding ESAT-6 antigens and PE/PPE proteins, and it
was shown that this locus may be prone to deletion. This region, called MiD4, was
deleted from all M. microti strains tested suggesting that this region was deleted in
a common ancestor of the M. microti lineage. Intriguingly, MiD4 was also found to
be deleted from M. pinnipedii. As M. pinnipedii is closely related to M. microti, it
is possible that deletion of MiD4 occurred in a common ancestor to both strains
(Cousins 2003, Brosch 2002). The use of deletions as evolutionary markers de-
mands that they are not generated at a hypervariable locus, since if this were the
case, the deletion could appear independently in multiple lineages. The highly
repetitive nature of the DNA that flanks MiD4 suggests that it may be prone to
deletion, hence offering an alternative explanation as to why both M. microti and
M. pinnipedii lack this locus. Sequence analysis of the M. pinnipedii junction, how-
ever, showed that it is identical to that of M. microti, suggesting that the loss of
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MiD4 was a unique event that occurred in an ancestor of both strains. PE and PPE
genes also appear overrepresented in deletions from M. microti, with RD1Mic,
RDS8, MiD3, and MiD4 removing genes for four PE and five PPE proteins. The
genes encoding many PE or PPE proteins show a high degree of variation in the
members of the M. tuberculosis complex and, indeed, among strains of the same
species. Cole et al. were the first to speculate that the PE/PPE proteins could be of
immunological importance, as a source of antigenic variation (Cole 1998). Further
work has shown that some PE_PGRS proteins are surface-associated and immuno-
genic (Brennan 2001, Banu 2002). Using a signature-tagged mutagenesis approach,
Camacho et al. showed that inactivation of PPE46 (Rv3018c) attenuated M. tuber-
culosis for the murine model (Camacho 1999). Interestingly, inactivation of a gene
of the MiD4 produces attenuation of M. tuberculosis, and lends further evidence to
suggest that loss of MiD4 could have attenuated M. microti.

8.5. Mycobacterium caprae and Mycobacterium pinnipedii

The M. tuberculosis complex traditionally consisted of four members: M. tubercu-
losis, M. bovis, M. africanum, and M. microti. More recently, three novel species
have been described:

o  “M. canettii”: less virulent than the classical M. tuberculosis H37Rv

e M. caprae: a species that occurs primarily in Spanish goats, and also found
in humans

e M. pinnipedii: responsible for TB in marine hosts.

8.5.1. Mycobacterium caprae

The names proposed for M. caprae are M. tuberculosis subspecies caprae (Aranaz
1999) and M. bovis subspecies caprae (Niemann 2002a). This species was origi-
nally described as preferring goats to cattle as hosts (Gutierrez 1995, Aranaz 1996)
and has been found in Spain, Austria (Prodinger 2002), France (Haddad 2001),
Germany (Erler 2003, Erler 2004), Hungary (Erler 2004), Italy, Slovenia (Erler
2004), and the Czech Republic (Pavlik 2002). In addition, M. caprae was isolated
from humans and wildlife species such as red deer (Prodinger 2002) or wild boar
(Erler 2004, Machackova 2004). In Central European regions, where M. caprae is
the major cause of TB in cattle it is also the predominant agent of TB in humans
(Kubica 2003, Prodinger 2002).
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The major phenotypic difference between the caprine mycobacterial isolates and
M. bovis is the sensitivity to pyrazinamide (PZA), which has been used as a major
criterion for separation of M. bovis from the other members of the M. tuberculosis
complex. Growth of M. bovis is not inhibited by PZA, while other M. tuberculosis
complex species are susceptible to this antimycobacterial drug. The sequencing of
the pyrazinamidase gene (pncA) demonstrated a single point mutation at nucleotide
169, a G to C substitution, which appears to be unique to M. bovis (Scorpio 1996).
The sequence of the pncA gene of the M. caprae reveals that it has the wild-type
pncA gene, and it can be used to differentiate between M. caprae and M. bovis.
However, M. caprae is similar to M. bovis in its preference for pyruvate for growth,
which differentiates both species from other members of the M. tuberculosis com-
plex. In addition, it is possible to differentiate M. caprae from all other M. tuber-
culosis complex members by gyrB sequencing or amplification followed by re-
striction analysis (Chimara 2004). M. caprae also has specific fingerprinting pat-
terns obtained by IS6//0 RFLP, as well as a spoligotype pattern that is very differ-
ent from those obtained for other members of the complex. By spoligotyping, M.
caprae forms a homogeneous cluster easily recognizable by the absence of spacers
1, 3—16, 30-33, and 39-43 (figure 8-1). The lack of spacers 39-43 has also been
described in M. bovis, M. microti, and M. pinnipedii. However, the fingerprinting
patterns obtained with IS6/70 and spoligotyping segregated M. caprae isolates
from the other members of the complex (Liebana 1996, Aranaz 1998).

As reported in the original description of M. tuberculosis subsp. caprae (Aranaz
1999), isolates that displayed the caprine spoligotype pattern have also been found
in humans, and these clinical cases have been linked with goat farming (Gutierrez
1997). M. bovis isolates from cattle and humans, described by Niemann et al.
(Niemann 2000a, Niemann 2000b), are likely to be caprine isolates, because they
share features such as susceptibility to PZA, the substitution described in the se-
quence of the gyrB gene, and the spoligotype pattern defined by the typical absence
of spacers. Further evidence for the independence of the caprine mycobacterial
isolates from M. bovis is derived from two recent studies that have examined the
evolution of the M. tuberculosis complex (Brosch 2002, Mostowy 2002, see Chap-
ter 2).

In Germany, M. bovis subsp. caprae has been described (Niemann 2002) as the
causative agent of almost one-third (31 %) of the human M. bovis-associated TB
cases analyzed. This proportion was surprisingly high, especially when compared
with the prevalence of M. bovis subsp. caprae strains in human or animal isolates
in other countries: a study on M. bovis TB in France revealed no M. bovis subsp.
caprae strains among more than 1,000 animal isolates (Haddad 2000). M. bovis
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subsp. caprae strains were not found in the United Kingdom (Sales 2001, Roring
1998), Ireland (Costello 1999), South America (Zumarraga 1999), and Cameroon
(Njanpop-Lafourcade 2001). Outside Germany, small numbers of M. bovis subsp.
caprae strains have been identified only in Spain (3.6 % of M. bovis isolates from
humans and 12 % of isolates from goats and sheep) (Gutierrez 1997), and in Aus-
tria (12 cases in humans and animals in seven years) (Prodinger 2002). It might be
assumed that M. bovis subsp. caprae represents a newly emerging genotype in
Germany and is now spreading to other European countries. However, because the
overall mean age for patients in Germany infected with M. caprae was 66.1 years,
cases are probably due to reactivation rather than recently acquired infection. It is
therefore likely that the patients were infected before effective control measures for
bovine TB were introduced in the *50s. Consequently, M. caprae must have been
present in Germany at that time and is not just emerging. Prior to the introduction
of molecular tools for the identification and differentiation of M. bovis strains, M.
caprae isolates might have been misclassified due to their susceptibility to PZA,
resulting in false low notification rates. Susceptibility to PZA, however, was also
observed in three M. bovis subsp. bovis strains that were obtained from two patients
and a cow. These isolates showed no particular spoligotype patterns and were not
related in the similarity analysis. From a phylogenetic point of view, these strains
may represent ancestral M. bovis strains, from which both subspecies might have
diverged. The only marked difference between the two patient groups was revealed
in the spatial analysis of the inner-German origin of the patients: the regional pro-
portion of M. bovis subsp. caprae showed a large difference between Southern (up
to more than 80 %) and Northern parts of the country (less than 10%).

This observed geographic shift in the regional proportion of both subspecies might
have resulted from a similar shift in the animal population, as indicated by the
finding that animals infected with M. bovis subsp. caprae strains were mainly from
Southern Germany. This is further supported by the presence of M. bovis subsp.
caprae strains in wild and livestock animals in Western Austria, in a region located
at the Southern German border (Prodinger 2002).

8.5.2. Mycobacterium pinnipedii

M. pinnipedii was first isolated from captive and wild sea lions and fur seals from
New Zealand and Australia (Cousins 1993, Cousins 2003). Similar organisms were
subsequently recovered from the same mammal species in South America (Bernar-
delli 1996, Romano 1995, Bastida 1999) as well as from a Brazilian tapir (Cousins
2003). Recently, their ability to cause disease in guinea pigs and rabbits has been
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demonstrated by experimental inoculation (Cousins 2003). This fact, together with
the finding of a human isolate from a seal trainer, who worked in an affected col-
ony in Australia (Thompson 1993), and a bovine isolate in New Zealand (Cousins
2003), suggests that M. pinnipedii can cause infection across a wide host range.
Many of the isolates obtained in Australia, Uruguay, and Argentina have been well
characterized (Romano 1995, Romano 1996, Cousins 1993, Bernardelli 1996,
Cousins 1996, Alito 1999, Zumarraga 1999a, Zumarraga 1999b, Castro Ramos
1998). This information, together with preliminary tests on seal isolates from Great
Britain and New Zealand, suggested that the seal bacillus (Cousins 1993), isolated
from pinnipeds from all continents, might be a unique member of the M. tuberculo-
sis complex.

The results of biochemical tests clearly confirmed that the seal isolates belong to
the M. tuberculosis complex. The negative reactions in the nitrate reduction and
niacin accumulation tests were consistent with the identification of M. bovis, a fact
that led to their initial identification as such in Australia (Forshaw 1991), Argentina
(Bernardelli 1996), and Great Britain. Some seal isolates produced varying
amounts of niacin, as do some M. africanum isolates. Most seal isolates grew pref-
erentially on media that contained sodium pyruvate, although some also grew on
Lowenstein—Jensen medium containing glycerol. In contrast to M. bovis, the seal
isolates were susceptible to PZA. Isolates inoculated into guinea pigs produced
significant lesions or death within six weeks and those inoculated into rabbits
caused death within six weeks, confirming that the isolates were fully virulent for
both laboratory animals.

Spoligotypes of mycobacteria isolated from seals (Romano 1995) showed the for-
mation of a cluster that is clearly different from those of all other members of the
M. tuberculosis complex (figure 8-1). All seal isolates lacked spacers 1 to 3, 8 to
22, and 39 to 43. The absence of these latter spacers is a characteristic shared with
M. bovis isolates.

Mycobacteria isolated from seals were also tested for polymorphisms in the oxyR
and pncA genes. Similarly to M. tuberculosis, M. microti and M. africanum, M.
pinnipedii was found to contain CAC (His) at codon 57 in the pncA gene, and the
oxyR gene showed G at nt 285. In addition, these mycobacteria had the same se-
quence polymorphisms of gyrd and katG as M. bovis and as some M. tuberculosis
(Group 1 of Sreevatsan 1997). The MPB70 antigen, which is always detected in M.
bovis, was not detected in the mycobacteria from seals. In contrast, their genomes
contained the m#p40 fragment present in the RD5 region described by Brosch et al.
(Brosch 2002). The RDS region is present in seal isolates, but is not present in M.
bovis and BCG.
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To extend the repertoire of these deletion markers, we therefore undertook a whole
genome microarray analysis of the recently defined M. pinnipedii (Bigi 2005). In
this study, we evaluated the extent of genetic variability in M. pinnipedii by mi-
croarray-based comparative genomics. This is a powerful method that allows ge-
nomes to be rapidly screened for deletion events. Using a DNA microarray that
included both sequenced M. tuberculosis strains (H37Rv and CDC1551) and M.
bovis AF2221/97, we identified two regions exclusively absent from M. pinnipedii.
The PiD1 deletion was identified in this study for the first time as being absent
from all isolates of M. pinnipedii. The coding sequences at the junction points are
truncated, indicating that it is a deletion. Its bordering genomic regions do not
contain repetitive sequences, suggesting that the deletion was the result of an irre-
versible event in a common progenitor strain. This deletion removes Rv3531c and
parts of Rv3530c, encoding a hypothetical protein and possible oxidoreductase
involved in cellular metabolism, respectively. The significance of these missing
functions, if any, to the seal bacillus host tropism and phenotype is unknown at
present. The second specific deletion, PiD2, has been recently defined as RD2seal
by Marmiesse et al (Marmiesse 2004), since it overlaps the 10.7 kbp RD2 region.
Interestingly, a region encompassing Rv1978 and part of Rv1979 is also missing in
some M. microti isolates. However this deletion, called RD2mic, maps to a slightly
different locus to that of RD2seal. This information, together with the fact that the
RD2 region is deleted from some BCG sub-strains, strongly suggests that these
deletions have occurred as independent events in an unstable region. These strain-
specific deletions could serve as markers for phylogenetic and evolutionary studies,
and also as a signature for rapid identification and diagnosis. Thus, these findings,
together with previous studies, support the unique taxonomic position of M. pin-
nipedii within the M. tuberculosis complex.

8.6. Identification of species within the M. tuberculosis complex

The high degree of sequence conservation among members of the M. tuberculosis
complex makes differentiation of species in the clinical mycobacteriology labora-
tory a difficult task. Routine differentiation is still based on phenotypic characteris-
tics, such as oxygen preference, niacin accumulation, nitrate reductase activity,
colony morphology, and resistance to two compounds, TCH and PZA.

M. tuberculosis is the most frequent cause of human TB, but some cases are caused
by M. bovis. It is necessary to differentiate between M. bovis and M. tuberculosis in
order to know the prevalence and distribution of human TB due to M. bovis. This
may contribute to knowledge about the risk factors associated with the transmission
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of M. bovis to the human population M. bovis differs from M. tuberculosis in hav-
ing a low growth rate on egg media supplemented with glycerol, but a faster
growth on egg media supplemented with pyruvate (Stonebrink medium). M. bovis
isolates are resistant to PZA, while M. tuberculosis strains are generally considered
PZA-sensitive.

Several molecular techniques were designed to differentiate M. tuberculosis com-
plex, including methods to detect mutations in pncA and oxyR genes (Scorpio
1996), mtp40-PCR (Del Portillo 1991, Liébana 1996), and PCR-amplification of
regions of difference (RD) (Parsons 2002, Huard 2003), among others. Some tech-
niques are useful for the differentiation of M. tuberculosis and M. bovis, such as
pncA and oxyR. A species specific mycobacterial DNA element in the M. tubercu-
losis complex has been described by Del Portillo (1991), the M. tuberculosis mpt40
fragment. Mpt40 protein was originally described as being produced only by M.
tuberculosis. Now, it is well know that this protein is encoded by the plcA gene,
contained in RDS5. This region is present in most, but not all, isolates of M. tuber-
culosis, M. africanum, M. pinnipedii, and M. microti, and is consistently absent
from M. bovis and M. bovis BCG isolates. Given the high polymorphism in this
region, the use of the mpt40 sequence as a genetic marker for M. tuberculosis sensu
stricto is very restricted (Viana-Niero 2004).

Spoligotyping can also be used for differentiation of members of the M. tuberculo-
sis complex (Kamerbeek 1997). For instance, the spoligotypes of “modern” M.
tuberculosis strains typically lack spacer sequences 33-36 in the direct repeat (DR)
region (see Figure 8-1). Similarly, M. bovis and M. caprae strains are known to
lack spacers 3, 9, and 16. All M. bovis, M. caprae, and M. microti strains are
known to lack spacers 39 to 43 in their spoligotypes (Zumarraga 1999b). It should
also be noted that all M. tuberculosis complex organisms along the M. africanum
type I to M. bovis evolutionary track lack spacers 9 and 39. Therefore, spacers 9
and 39 are potential markers for the differentiation of M. tuberculosis from the
remaining M. tuberculosis complex species by spoligotyping. Although their ab-
sence has been noted in M. africanum subtype 1 isolates, they are present in M.
africanum subtype II.

For more details, see Table 8-2 at http://www.tuberculosistextbook.com/pdf/Table
8-2.pdf.

RD analysis is currently used for differentiation between species of the M. tuber-
culosis complex. TbDI1 is a deletion found only in M. tuberculosis, all other M.
tuberculosis complex strains, including some M. tuberculosis have TbD1. Based on
the presence or absence of this M. tuberculosis-specific deletion 1 (TbD1), M.
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tuberculosis strains can be divided into ancestral and ‘‘modern’’ strains, respec-
tively; the latter comprise representatives of major epidemics, for example, the
Beijing, Harlem, and other epidemics (Brosch 2002). TbD1 is always absent in M.
africanum type 11 strains.

Previously, based on katG codon 463 (katG463) and gyrA codon 95 (gyr495) se-
quence polymorphisms, Sreevatsan et al. (Sreevatsan 1996, Sreevatsan 1997) de-
fined three groups among the tubercle bacilli: group 1 with katG463 CTG (Leu),
gvrA95 ACC (Thr); group 2 with katG463 CGG (Arg), gyrA95 ACC (Thr); and
group 3 with katG463 CGG (Arg), gyrA95 AGC (Ser). M. tuberculosis organisms
belonging to group | have katG and gyrA sequences indistinguishable from those
of M. microti, M. africanum, and M. bovis.

M. tuberculosis strains containing the TbD1 region belong to group 1, and are con-
sidered ancestral strains. However, M. tuberculosis with TbD1 deletion can also be
in group 1, although most strains presenting TbD1 deletion belong to groups 2 and
3. This finding suggests that during the evolution of M. tuberculosis, the katG mu-
tation at codon 463 CTG (Leu) occurred in a progenitor strain that had the region
TbD1 deleted. This proposal is supported by the finding that strains belonging to
group 1 may or may not have deleted region TbD1, whereas all strains belonging to
groups 2 and 3 lack TbDI.

Furthermore, a subsequent loss of DNA, reflected by the deletion of DR9 was
identified for an evolutionary lineage that diverged from the progenitor M. tuber-
culosis strains. It is represented by M. africanum, M. microti, M. caprae, M. pin-
nipedii, and M. bovis (Brosh 2002). Thus, RD9 allows differentiation between M.
tuberculosis and the other strains of the M. tuberculosis complex. Other regions of
difference, such as RD7, also allow differentiation between M. tuberculosis and the
other species. RD7 deletion was observed in M. bovis, M. microti, some M. africa-
num, and M. pinnipedii.

In a previous report, we described a PCR protocol for the differentiation of M.
tuberculosis from M. bovis (Zumarraga 1999c). This differential strategy is based
on the amplification of the region designated as RD7. The deletion removes most
of the mce-3 operon, one of four highly related operons that may be involved in cell
entry, and therefore it may contribute to differences in virulence or host specificity
within the species of the M. tuberculosis complex.

Human beings can be infected by M. caprae or M. bovis from infected livestock,
and infection with both species remains a serious public health problem in some
countries. Differentiation of these species is important for epidemiological reasons.
M. pinnipedii, M. microti, M. bovis, and M. caprae show a single nucleotide poly-



304 Tuberculosis caused by Other Members of the M. tuberculosis Complex

morphism in the TbD1 region at codon 551 (AAG) of the mmpL6 gene relative to
“M. canettii”’, M. africanum, and M. tuberculosis strains, which are characterized
by codon AAC. This polymorphism, which is associated with deletion of RD12 and
RDI13 loci, differentiates the group comprised of M. bovis and M. caprae from
other species of the M. tuberculosis complex. On the other hand, it is now known
that M. caprae can be genetically differentiated from M. bovis on the basis of a
positive amplification of the RD4 locus, as well as SNP analysis of the gyrB nu-
cleotide 1311-1410 and pncA169 (see Table 1). M. bovis BCG strains possess a
specific polymorphism — the RD1 deletion. This deletion allows the differentiation
between BCG and all the other species of the M. tuberculosis complex. M. pinnipe-
dii and M. microti are very closely related microorganisms.

Some deletions that are useful for the differentiation of isolates of the M. tubercu-
losis complex are summarized in Table 8-3. These strain-specific deletions could
serve as markers for phylogenetic and evolutionary studies, and also as a signature
for rapid identification and diagnosis.

Table 8-3: Differential distribution of some regions of difference (RD) loci among Mycobacte-
rium tuberculosis complex

RD12
TbD1 RD1 RD7 and RD4 RD2 PiD1
RD13
M. tuberculosis + + + + + + +
ancestral
M. tuberculosis - + + + + + +
modern
M. africanum +/- + +/- + + + +
M. microti + RD1mic - + + RD2 mic +
M. pinnipedii + + - + + RD2seal -
M. caprae + + - - + + +

M. bovis + + - - - + +
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Chapter 9: Molecular Epidemiology: Breakthrough
Achievements and Future Prospects

Dick van Soolingen, Kristin Kremer, and Peter W.M. Hermans

9.1. Introduction

Our understanding of the transmission of tuberculosis (TB) has been greatly en-
hanced since the introduction of desoxyribonucleic acid (DNA) fingerprinting
techniques for Mycobacterium tuberculosis in the early *90s. Historical enigmas
have been solved in the last decade and classical dogmas are being evaluated. This
review summarizes the most important and recent findings in the molecular epide-
miology of TB and discusses essential knowledge still lacking. Furthermore, cur-
rent developments in the introduction of typing techniques are described, as well as
future challenges to improve the usefulness of molecular markers in the epidemio-
logy of TB.

Because the number of publications on the molecular epidemiology of TB has
become too large to summarize in detail in a single review, only relatively new
findings and subjects currently in the centre of attention are reviewed.

In the ’90s, a wide variety of genetic markers for M. tuberculosis were identified
(Kremer 1999). However, only a minor number of these appeared to offer enough
discrimination and reproducibility for wide scale implementation (Table 9-1)
(Kremer 1999, Kremer 2005a). In 1993, IS67/0 Restriction Fragment Length
Polymorphism (RFLP) typing was adopted as the standard method for routine typ-
ing of M. tuberculosis (van Embden 1993). In this method, chromosomal DNA is
digested with restriction enzyme Pvull. The digested DNA is separated on an aga-
rose gel and, after Southern Blotting, hybridized with a DNA probe. This DNA
probe is directed to the IS6/70 insertion sequence and labelled with peroxidase,
enabling enhanced chemiluminesence (ECL) detection of IS6/70-containing re-
striction fragments (van Soolingen 1994). Another typing method, ‘spoligotyping’
has been used extensively as a secondary typing method (Bauer 1999, Kamerbeek
1997, Kwara 2003) and as a marker to study the phylogeny of the M. tuberculosis
complex (Filliol 2002, Filliol 2003, Goyal 1997, Smith 2003). Spoligotyping ex-
ploits the polymorphism in the direct-repeat region of M. fuberculosis complex
strains. This region consists of direct repeats interspersed with unique spacer se-
quences, and is amplified by Polymerase Chain Reaction (PCR) with primers di-
rected to the repeats. The PCR-product is subsequently hybridized to known spacer
sequences which are immobilized on a membrane through reversed-line blotting.
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Because one of the primers, and hence the PCR product, is labelled with biotin,
ECL detection is achieved after incubation with peroxidase-labelled streptavidin
(Kamerbeek 1997). Another DNA typing method frequently used for M. tuberculo-
sis is Variable Numbers of Tandem Repeats (VNTR) typing. Typing results of this
method are expressed as numerical codes. Each number of the code represents the
number of tandem repeats at a particular repeat locus. The number of repeats varies
by strain and is determined through PCR amplification of the repeat locus with
primers directed to the regions flanking that repeat locus and determination of the
PCR-product size. After an extended period of improvement and validation, VNTR
typing is now ready to become the next gold standard for typing of M. tuberculosis
complex isolates (Supply 2006).

Table 9-1: Reproducibility and number of types obtained by using various DNA typing methods
for differentiation of 90 M. tuberculosis complex strains and 10 non-M. tuberculosis complex
mycobacterial strains (Kremer 1999, Kremer 2005a)

DNA target Method used® Reference Repro- No. of
ducibility types
(%)° ob-

tained

1IS6110 RFLP (Pvull) (van Soolingen 1994) 100 84

IS67110 Mixed-Linker PCR (Haas 1993) 100 81

IS6110 FLiP (Reisig 2005) 97 81

1IS6110 1IS6110 inverse PCR (Otal 1997) 6 nd®

IS6110 LM-PCR (Prod'hom 1997) 81 73

1IS6110/MPTR 1IS6110 ampliprinting (Plikaytis 1993) 39 nd

IS67110/PGRS DRE-PCR (Friedman 1995) 58 63

15 loci VNTR typing (Supply 2006) nd 89

12 MIRUs VNTR typing (Supply 2001) 100 78

ETRs A-E VNTR typing (Frothingham 1998) 97 56

5 QUBS* VNTR typing (Roring 2004) 87 82

DR locus Spoligotyping (Kamerbeek 1997) 94 61

DR locus 2nd gen. spoligotyping  (van der Zanden 2002) 90 61

DR locus RFLP (Alul) (van Soolingen 1993) 100 48

PGRS RFLP (Alul) (van Soolingen 1993) 100 70
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(GTG)5 RFLP (Hinfl) (Wiid 1994) 94 30
Total genome APPCR (Palittapongarnpim 1993) 71 71
4 conserved loci  Amadio PCR (Amadio 2005) 74 13
EcoRl/Msel sites  FAFLP typing (Ahmed 2003) 7 nd
EcoRl/Msel sites  FAFLP typing (Sims 2002) 0 nd
BamH|/Pstl sites  FAFLP typing (Kremer 2005a) 0 nd

@ RFLP; Restriction Fragment Length Polymorphism, FLiP; Fast Ligation Mediated PCR, LM-
PCR; Ligation-Mediated PCR, DRE-PCR; Double Repetitive Element PCR, VNTR; Variable
Numbers of Tandem Repeats, APPCR,; Arbitrarily Primed PCR, FAFLP; Fluorescent Amplified
Fragment Length Polymorphism.

® Fraction of duplicates showing identical types (31)
°nd, not done
¢ Results indicated exclude QUB locus 3232

The disclosure of suitable genetic markers to study the epidemiology of infectious
diseases in the last decades has led to the widespread use of a new phrase; ‘mo-
lecular epidemiology’. In fact, as pointed out by Foxman (Foxman 2001), this
phrase is used in many articles on DNA fingerprinting (strain typing) of bacterial
isolates, regardless of the inclusion of epidemiological data. Often, the availability
of bacterial isolates dictates the design of the study, and not a fundamental, relevant
epidemiological question in a given area. In many published studies, microbiolo-
gists with an interest in molecular techniques were the main driving forces behind
the described research. This was understandable in the initial stage of the imple-
mentation of molecular typing techniques, when the main emphasis was on the
evaluation of genetic markers. However, now that the value of genetic markers for
M. tuberculosis has become clear, it is important to involve researchers of different
disciplines in the design of any molecular epidemiological study, in order to ensure
the validity of the research question, the sample size, the selection of cases and the
interpretation of the results.

9.2. Historical context

DNA fingerprinting of M. tuberculosis has been applied since the early ’90s to
study transmission of TB at various scales. The first report on the use of 1S986
RFLP to examine transmission of TB was published in September 1990 (Hermans
1990, McAdam 1990). Nine isolates with identical fingerprint patterns all origi-
nated from an outbreak of TB among individuals who were all treated by the same
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physician, specialized in the treatment of arthritis patients. This finding led to the
understanding that DNA polymorphism even in the genetically conserved M. fu-
berculosis complex isolates could be applied as a strain-specific marker. In the
years thereafter, the disclosure of many other genetic makers for M. tuberculosis
complex would follow.

Many investigators have tried to evaluate the reliability of strain typing by com-
paring the clustering of M. tuberculosis isolates based on DNA fingerprints with
the findings on the respective TB patients in contact tracing. However, this was
highly cumbersome, as contact tracing by interviews in itself is not at all capable of
finding even a quarter of the epidemiological links between sources and follow-up
cases. Thus, contact tracing cannot serve as a gold standard to evaluate DNA fin-
gerprint results. In contrast, DNA fingerprinting seems to be a much more sensitive
tool to visualize epidemiological links between cases than conventional contact tracing.

In the beginning, strain typing was mainly used to study outbreaks of TB and in-
stitutional transmission. Soon thereafter, in multiple population-based studies, the
rate of recent transmission and risk factors for transmission were determined (Diel
2002, Small 1994, van Soolingen 1999). Active transmission of TB in low-
prevalence settings appeared to be associated for a large part to particular risk
groups such as drug abusers, homeless people, and certain immigrant groups (Diel
2002, Small 1994, van Soolingen 1999). Transmission of drug resistant bacteria
could be compared to that of drug-susceptible strains (van Doorn 2006, van Sool-
ingen 2000). These findings are discussed in Section 9.5.

With DNA fingerprinting, laboratory cross-contaminations were identified to occur
at a considerable rate of 3-5 % of the positive cultures in low-prevalence settings,
even though less than 10 % of the inoculated cultures were found positive in these
areas (de Boer 2002, Small 1993). It is still not clear what the magnitude of this
problem is in high-throughput laboratories in high-prevalence settings. Also, noso-
comial infections by bacille Calmette-Guérin (BCG) have been disclosed by DNA
fingerprinting and this contrasts the previous assumption that all M. bovis BCG
infections are (late) complications of vaccination (Vos 2003b, Vos 2003a). Che-
motherapeutics for the treatment of cancer patients were prepared in the same, non-
disinfected biosafety cabinets that were used earlier to prepare BCG suspensions to
treat bladder carcinoma patients. In this way, BCG bacteria were directly inocu-
lated into cancer patients, in some cases with dramatic consequences.

More recently, hypotheses on the infectiousness of individual patients have also
been tested (see below). Another important finding in molecular epidemiology is
that exogenous re-infections after curative treatment play a much larger role than
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previously anticipated (Das 1995, Sonnenberg 2001, van Rie 1999a). In the light of
the description of exogenous re-infections it is interesting to read the recent obser-
vations on the detection of mixed infections (see Section 9.7). Can a part of the
exogenous re-infections be explained by the initial presence of more than one strain
in diagnosed TB patients?

Although M. tuberculosis may be one of the most widespread infectious agents in
humans, not much is known about the evolution of this bacterium and whether
there is an ongoing selection towards better adapted strains under the pressure of
the measures introduced against TB in the last century. Because of the introduction
of genetic markers for M. tuberculosis, the phylogeny of this bacterium can be
studied in detail and the changes in the population structure can be disclosed. This
has led to the recognition of a wide variety of genotype families worldwide (Bhanu
2002, Douglas 2003, Kremer 1999, Niobe-Eyangoh 2004, van Soolingen 1995,
Victor 2004). In particular, the international database of spoligotyping patterns has
been used most extensively for this purpose (Brudey 2006, Filliol 2002, Filliol
2003, Sola 2001).

Although it has become clear that the phylogeny of M. tuberculosis differs signifi-
cantly in several geographic areas, not much is known about the dynamics of the
population structure and the reasons for the genetic conservation observed among
M. tuberculosis isolates in high-prevalence areas. If particular genotypes of M.
tuberculosis are selected, how fast does a shift towards more adapted variants oc-
cur? Are we influencing the spread of particular genotypes of M. tuberculosis? Best
studied in this respect is the Beijing genotype family of M. tuberculosis. There are
indications that there is indeed a dramatic and relatively fast change in the compo-
sition of the worldwide population of M. tuberculosis (see Section 9.6). If the cur-
rent observations hold true, we may be facing a recurrent TB epidemic caused by
bacteria with a higher level of evolutionary development. However, more research
is needed to draw better conclusions.

9.3. Infectiousness of tuberculosis patients

In most low-incidence settings, the majority of TB transmissions are limited to one
or two persons. However, especially in high risk groups, such as the homeless and
drug abusers in urbanized areas, ongoing transmission may take place for years and
DNA fingerprint clusters sometimes grow over a hundred cases (unpublished ob-
servations in the Netherlands). In these clusters, primary, secondary, and tertiary
sources can usually not be distinguished. This makes it difficult to know how many
cases are derived from individual sources. DNA fingerprinting, however, has dis-
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closed new information on the infectiousness of individual patients. For instance in
San Francisco, 6 % of the TB cases in a two-year period seemed to have derived
from a single source (Small 1994). In the Netherlands, a large outbreak in the small
city of Harlingen was traced back to a single case diagnosed with a large doctor’s
delay (Kiers 1996, Kiers 1997).

It is only partly known what determines the transmissibility of TB. It is known that
large patient- and/or doctor-originated delays play a significant role in the magni-
tude of transmission. Furthermore, a more extensive pulmonary process and a bad
coughing hygiene clearly contribute to disease transmission. However, the bacte-
riological factor has not yet been established very well. It is, for instance, still not
clear whether M. tuberculosis strains associated with large clusters on the basis of
DNA fingerprinting are transmitted more easily than non-clustered strains. Is large-
scale transmission only facilitated by risk factors, or do the bacterium’s character-
istics also contribute to a more efficient transmission and breakdown to disease?

Although there is a correlation between the smear status of a source case and the
rate of transmission, smear-negative patients can also transmit TB. In San Fran-
cisco smear-negative, but culture-positive cases were found to be responsible for
17 % of the cases (Behr 1999). This indicates that smear-negative pulmonary TB
suspects should be considered infectious.

9.4. DNA fingerprinting, contact investigation and source case
finding

Case finding and treatment are the most important measures to inhibit the spread of
TB in a community. In low-prevalence settings, where contact tracing has been
routinely used for decades, a lot is known on how transmission of TB takes place.
Prolonged exposure to an infectious source enhances the chance of transmission.
Hence, direct and close contact with a TB patient is a main cause of infection in
low-prevalence settings. However, in high-prevalence areas the transmission routes
are less clear. What is the chance of acquiring an infection from an intimate contact
in comparison to the chance of contracting TB from a casual contact in an envi-
ronment with a high risk of infection? A recent study in South Africa (Verver
2004) pointed out that only 46 % of 313 TB patients had a matching fingerprint
with an isolate of another member of the household they were living in. The pro-
portion of transmission in the community that took place in the household was
found to be only 19 %. This suggests that in this area, and presumably also in other
high-incidence settings, TB transmission mainly occurs outside the household.
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In settings in Western countries where the incidence of TB has become very low,
the role of contact investigation remains highly important. In each area, the risk
factors for the transmission of TB may differ. Factors such as being homeless, a
drug abuser, living in urban areas, and low age have commonly been found to in-
crease the risk of transmission (Borgdorff 1999, Borgdorff 2001, Diel 2002, Small
1994, van Soolingen 1999).

Usually, contact investigation is performed on the basis of the stone-in-the-pond
principle and uses the Mantoux skin test (Veen 1990, Veen 1992) as an indicator of
infection. Depending on the number of contacts found positive in the first ring of
close contacts, the contact investigation is extended to the next ring of less intimate
contacts. If again the ratio of positive contacts in that ring is high, the number is
extended to the next circle of contacts. In many molecular epidemiological studies,
it has been found that only a minority of the epidemiological links between TB
cases disclosed by DNA fingerprinting, are also found by conventional contact
tracing on the basis of interviews (Diel 2002, Lambregts-van-Weezenbeek 2003,
Sebek 2000, Small 1994, van Deutekom 2004). This suggests that a large part of
the TB transmission takes place through casual contacts in public places, such as
bars, discothéques, public transportation, or other crowded settings. These contacts
will generally not be found by interviews. Furthermore, in low incidence areas,
where the skills of physicians to recognize TB adequately are waning, sources of
transmission often spread the disease for extended periods and typing of isolated
bacteria can help to find the source of an outbreak.

In the Netherlands, nationwide DNA fingerprinting of M. tuberculosis has sup-
ported contact investigations since 1993 (Lambregts-van-Weezenbeek 2003, Sebek
2000, van Soolingen 1999). All M. tuberculosis cultures are subjected to standard-
ized IS6110 RFLP typing, and clustered cases are systematically reported to the
regional TB services involved (cluster feedback). In an evaluation of six years of
routine DNA fingerprint surveillance, it was found that among 2,206 clustered
cases, 462 (21 %) of the epidemiological links between patients were expected on
the basis of contact tracing information. After cluster feedback, an additional 540
(24 %) epidemiological links were established. Epidemiological links based on
documented exposure increased by 35 % (Lambregts-van-Weezenbeek 2003) (Figure
9-1).

Routine molecular typing also appears highly useful for evaluating the performance
of TB control in a given area. In the Netherlands, each regional TB service quar-
terly receives an overview of the growth of the active-transmission clusters of pa-
tients to visualize in which populations ongoing transmission occurs and at what
rate. In this way, municipal health services are able to deduce how much active
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transmission is ongoing in their region. Sometimes this leads to new measures,
such as active screening of particular risk groups.

80 T

%

40—

Link not
expected

Link Link Link
expected possible confirmed

At diagnosis After DNA cluster feed-back

Figure 9-1: Epidemiological linkage at diagnosis and after cluster-feedback, the Netherlands
1994-2004. The bars indicate the percentage of cases with a certain level of epidemiological
linkage. Source: KNCV/RIVM DNA fingerprint surveillance project.

One of the significant disadvantages of IS6/70 RFLP typing is that it requires ex-
tended culture incubation periods to obtain sufficient quantities of DNA. In the
Netherlands, the typing results become available for contact tracing, on average,
two months after the diagnosis of TB in a patient. At that time point, the contact
investigation has usually already been finalized and not many TB services decide at
that stage to re-open the contact investigations, even if the typing results provide
new clues. However, the DNA fingerprint analysis clearly helps to evaluate the
contact tracing process, and has therefore become an indispensable tool in TB con-
trol in the Netherlands. It is expected that the yield of molecular typing in resolving
epidemiological links between patients will sharply increase when faster finger-
printing methods are implemented in the near future. In any case, nationwide mo-
lecular epidemiological analysis contributes significantly to the evaluation of con-
tact tracing and the performance of a TB control program. It clearly indicates the
rate of recent transmission and to what extent, and in which populations and areas
it occurs. Figure 9-2, available at http://www.tuberculosistextbook.com/pdf/Figure
9-2.pdf, summarizes the surveillance of active transmission of TB in the Nether-
lands, 1997-2005.
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9.5. Transmission of drug resistant tuberculosis

In a recent paper by Zignol et al. (Zignol 2006), the global incidence of multidrug-
resistant TB (MDR-TB) was described. The estimates of the World Health Organi-
zation (WHO) on the global rate of MDR-TB have been updated from 272,906
MDR-TB cases in the year 2000 to 424,203 in the year 2004 because of the inclu-
sion of countries that had previously not been surveyed. Zignol et al. underline the
importance of expanding appropriate diagnostic and treatment services for MDR-
TB patients, especially in countries with the highest burden of MDR-TB such as
China, India, and the Russian Federation. Recently, the WHO also expressed its
concern about the occurrence of extensively drug resistant (XDR) strains; M. fu-
berculosis isolates resistant to at least isoniazid (INH), rifampicin (RIF), to one of
the fluoroquinolones, and to one of the injectable anti-tuberculosis drugs
(Anonymous 2006). These alarming observations trigger the question; are resistant
strains as transmissible as susceptible ones?

In as early as the *50s, Mitchison observed that a large part of the INH resistant M.
tuberculosis isolates revealed a lower degree of virulence in a guinea pig model
(Mitchison 1954). For decades, it remained unclear whether resistant strains caused
less transmission of TB than susceptible ones. This is important with respect to
hygienic measures to prevent transmission from patients infected by MDR strains.
Furthermore, for models predicting the development of the future TB epidemic, it
is important to know if and how resistance interferes with transmission of TB. If
resistant strains would be able to spread as efficiently as, or even better than sus-
ceptible ones, the global rates of anti-tuberculosis drug resistance would rise stead-
ily. Indeed, transmission of highly resistant strains has been reported in, for exam-
ple, New York (Bifani 1996) and South Africa (van Rie 1999b, Gandhi 2006).
However, observations of transmissibility of particular (multidrug) resistant strains
should not be generalized to resistance in general. In a review by Cohen et al.,
describing the effect of drug resistance on the fitness of M. tuberculosis, it was
concluded that the fitness estimates of drug-resistant M. tuberculosis strains are
quite heterogeneous and that this confusion makes it difficult to predict the influ-
ence of resistance on the trend of the TB epidemic (Cohen 2003). Indeed, various
bacterial characteristics may influence the interference of resistance in transmissi-
bility, including the drug susceptibility profile, the combination of mutations un-
derlying drug resistance, presumably the genotype family the M. tuberculosis bac-
teria represent, and possibly bacterial DNA repair mechanisms. In addition, non-
bacterial factors may influence the interference of resistance and transmissibility,
such as the immune status of the humans exposed, and the treatment regimen ap-



324 Molecular Epidemiology: Breakthrough Achievements and Future Prospects

plied. Because the above-mentioned factors have not been studied much, no
meaningful conclusions can be drawn on the influence of the development of re-
sistance on the worldwide TB epidemic. Yet, because of the contribution of DNA
fingerprinting studies, some pieces of the puzzle have been unravelled in the last
decade (van Doorn 2006, van Soolingen 2000).

In a recent study in the Netherlands, in which 8,332 patients from the period 1993-
2002 were included, the drug susceptibility profiles and transmissibility of the
respective isolates were studied with the aid of DNA fingerprinting (van Doorn
2006). In total, 592 isolates were resistant to INH, of which 323 carried a mutation
at amino acid position 315 (A315) of the catalase-peroxidase gene (katG). The
remaining INH resistant strains had other mechanisms underlying INH resistance.
As predicted by Mitchison (Mitchison 1954), in general INH resistant strains were
less transmissible (i.e. less frequently present in DNA fingerprint clusters) than
susceptible ones. However, strains with the A315 were as frequently part of active
transmission as susceptible ones. Moreover, the INH resistant strains with the A315
had a higher level of INH resistance and were associated with multidrug resistance
(van Doorn 2006, van Soolingen 2000). This suggests that the type of genetic mu-
tation underlying INH resistance is an important factor in the fitness of the bacte-
rium. Thus, particular strains may be the cause of MDR-TB transmission in both
high and low-incidence settings, even though INH resistant strains in general are
less fit than susceptible ones. In South Africa, most of the childhood contacts of
adults with MDR-TB were more likely to be infected from these than other (drug
susceptible) TB sources (Schaaf 2000). It would be highly interesting to know the
mutations underlying resistance in these cases.

In the Netherlands, transmission of MDR-TB is usually limited to incidental single
person-to-person transmission. However, in the period 2003/2004 a single MDR-
TB case infected nine other persons, of which two developed active disease. The
respective MDR-TB strain had a mutation at amino acid position 315 of katG and
exceptional mutations underlying RIF resistance (unpublished observations). It is
not clear whether this type of resistant variant influences the epidemiology of TB in
low and high-incidence areas. Therefore, further, more detailed and representative
investigations into the basis of resistance in combination with the behaviour of the
bacterium are needed.
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9.6. Resistance and the Beijing genotype

Another important factor that may determine the transmissibility of resistant strains
is the genetic background of the bacterium. Based on several genetic markers, vari-
ous M. tuberculosis genotype families have been identified, such as the Beijing
family (van Soolingen 1995), the Haarlem family (Kremer 1999), Family 11
(Victor 2004), the Manila family (Douglas 2003), the Delhi family (Bhanu 2002),
the Cameroon family (Niobe-Eyangoh 2004), the Latin American Mediterranean
(LAM) family, the Central Asian clade, and the East African Indian clade (Brudey
2006, Filliol 2002, Filliol 2003, Sola 2001). It is important to study genotypic and
phenotypic characteristics of the genotype families that fuel the worldwide TB
epidemic. Up until now, the Beijing genotype has been studied most extensively.
The Beijing genotype was first described in 1995 (van Soolingen 1995), and strains
belonging to this genotype family appeared to be genetically highly conserved,
which suggests that the spread of these strains started relatively recently. Moreover,
in several areas, Beijing genotype strains are more frequently isolated from young
patients than from older patients (Anh 2000, Borgdorff 2003, Glynn 2006). If, in
high incidence areas, active transmission of TB is associated with lower age of the
patients, as it is in low incidence settings (van Soolingen 1999), this suggests that
Beijing genotype strains are emerging. The fact that Beijing strains have more
often been found recently where population-based molecular epidemiological
studies have been ongoing for several years points in that direction (Borgdorff
2003, Glynn 2006). Furthermore, the Beijing strains are associated with drug re-
sistance in some areas (Glynn 2002, Glynn 2006). Thus, strains of the Beijing fam-
ily may have a genetic background that favours their transmission, despite their
drug resistance.In 2006, a large worldwide survey was published on the spread of
the Beijing genotype of M. tuberculosis and its association with drug resistance
(Glynn 2006). In this study, which included 29,259 patients from 35 countries, the
overall prevalence of Beijing strains was 9.9 %, and the proportion of TB due to
the Beijing genotype ranged from 0 % to over 72.5 % per area. The Beijing geno-
type was endemic in East Asia and parts of the USA. In Cuba, the former Soviet
Union, Vietnam, South Africa, and in parts of Western Europe this genotype was
epidemic and associated with drug resistance (Glynn 2006).

Previously, in New York outbreaks of MDR-TB were also caused by one of the
evolutionary branches of the Beijing genotype family; the W strains (Bifani 1996,
Kurepina 1998). The W strains, however, are a relatively minor branch on the
evolutionary tree of the Beijing genotype family.
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It is to be determined to what extent the worldwide prevalence of MDR-TB is in-
fluenced by the success of particular genotype families of M. tuberculosis in abso-
lute terms, such as the Beijing strains. It is at least striking that in many areas with
a high rate of MDR-TB, the Beijing strains are also highly prevalent (Glynn 2006,
Kruuner 2001, Pfyffer 2001, World Health Organization 2004, Zignol 2006). It has
yet to be determined whether there is a causal correlation between these observa-
tions.

It remains unclear whether transmission of highly resistant strains in high incidence
settings are exceptions to the rule that resistance in general costs fitness of the bac-
terium, or that particular genotypes of M. tuberculosis have developed efficient
ways to become resistant to anti-tuberculosis drugs and maintain or even increase
their ability to spread in a community. In the latter case, these genotypes will
spread in the coming years and will influence the development of the worldwide
TB epidemic.

9.7. Genetic heterogeneity of M. tuberculosis and multiple in-
fections

When talking about multiple M. tuberculosis sub-populations in sputum of TB
patients, two phenomena are often confused, although they should be clearly dis-
tinguished:

e multiple strain populations derived from a single ancestral strain displaying
genetic drift

e multiple infections by more than one strain.

In the case of multiple (or mixed) infections, the presence of more than one M.
tuberculosis strain is demonstrated on one occasion of culturing from clinical mate-
rial. This should not be confused with re-infection, usually after curative treatment,
as this refers to a new episode of the disease caused by another strain. In South
Africa, where the prevalence of TB is very high, the contribution of re-infection to
new episodes of TB after curative treatment is considerable, and has been estimated
at 75 % (van Rie 1999a, Verver 2005).

Numerous observations in the molecular epidemiology of TB have pointed out that
bacteria are subject to evolutionary change. Sometimes minor rearrangements of
IS6110 RFLP profiles are noticed in epidemiologically related- and serial patient
isolates. The rate of change of IS6//0 RFLP patterns in such isolates has been
studied by several investigators (de Boer 1999, Niemann 1999, Niemann 2000, Yeh
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1998). However, also within clinical M. tuberculosis isolates, sub-populations of
bacteria with minor genomic differences co-exist (de Boer 2000, Shamputa 2004,
Shamputa 2006). For example, low-intensity bands in IS67/0 RFLP profiles are a
reliable indication of a sub-population of bacteria with, for example, a one-band
difference in IS67/0 RFLP. Preparation of single colony cultures and subsequent
IS6110 RFLP typing of isolates with such low-intensity bands showed the co-
existence of separate sub-populations of bacteria, either with or without a normal-
intensity band at the position where the low-intensity band occurred in the original
clinical isolate (de Boer 2000).

Several recent papers describe the finding of multiple M. tuberculosis populations
in sputum specimens of TB patients (Richardson 2002, Shamputa 2004, Shamputa
2006, van Rie 2005, Warren 2004). These findings point out that multiple infection
of M. tuberculosis may be more prevalent than previously assumed. In the study by
Warren et al., a PCR technique was used to specifically identify M. tuberculosis
bacteria of the Beijing genotype family and other evolutionary lineages in sputum
specimens of patients from South Africa (Warren 2004). These authors concluded
that at least 19 % of the patients included were infected by both Beijing and non-
Beijing strains. Multiple infections were more frequently observed in re-treatment
cases than in new cases. The same group also explored I1S67//0 RFLP typing to
detect multiple strain infections; a minor part of the IS6//0 RFLP patterns exhib-
ited background patterns suggestive of mixed infections (Richardson 2002). This
was confirmed in three (2.3 %) of the cases. In addition, another interesting ap-
proach was followed to study the occurrence of multiple infections in TB patients;
by investigating M. tuberculosis strain diversity in autopsy material in South Africa
(Plessis, 2001). In two out of 12 patients, pulmonary infection by two strains was
demonstrated. The question remains about how this relates to the practical bacteri-
ology: if this study had been performed at the time of diagnosis of TB in these
patients, would one or two strains have been isolated from the sputum? Is the pres-
ence of multiple strains in autopsy material related to time-spaced infections, and
do they represent re-infections? Is it possible that M. fuberculosis bacilli from a
first infection are present in the body in a dormant state, and that a super-infection
can lead to disease caused by the second infection without reactivation of the dor-
mant bacteria? Therefore, although it is now clear that mixed infections do occur in
TB patients, more research is needed to understand this phenomenon.

In the Netherlands, where from 1993 to 2006 about 15,000 M. tuberculosis isolates
(of which 60 % were derived from patients from high-incidence regions) were
subjected to IS6//0 RFLP analysis, double IS6//0 RFLP patterns were observed
on only one occasion (de Boer 2000). During an episode of laboratory cross-
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contamination in a peripheral laboratory in the Netherlands, clearly the RFLP pat-
tern of the control strain was present as a background pattern in several isolates
originating from that laboratory (Van Duin 1998). No other double IS6/70 RFLP
patterns with different intensities were observed in any of the typing results. How-
ever, the sensitivity of IS6/7/0 RFLP typing to detect multiple infections is limited;
at least 10 % of the DNA of a tested strain needs to be from another strain to be
able to see this as a low-intensity, background pattern (de Boer 2000). Thus, multi-
ple infections probably occur more often.

In the study by Shamputa et al., the clonality of 97 M. tuberculosis isolates was
analyzed by first preparing a limited number (mostly 10) of single colony cultures
and analyzing them by IS67/0 RFLP typing, spoligotyping, and VNTR analysis
(Shamputa 2004). Different subpopulations of bacteria, including the ones repre-
senting evolutionary drift, were found in eight (8.2 %) of the isolates, while the
frequency of confirmed mixed infections by different strains was 2.1 % (Shamputa
2004). In this study, it was found that the predominant strains and the primary
isolates always had concordant drug susceptibility profiles, which suggests that the
practical implications for the treatment of the respective cases were limited. How-
ever, in the study by Van Rie ef al., it was reported that re-infection and mixed
infection do cause changes in drug susceptibility patterns of M. tuberculosis iso-
lates and that treatment with second-line drugs may lead to re-emergence of drug-
susceptible strains in patients with mixed infections (van Rie 2005). If mixed in-
fections are common in high prevalence settings, this may be of concern for the
clinician, as pointed out by Behr (Behr 2004); it may be that drug-resistant bacteria
are not detected and cause a relapse after an apparent ‘curative’ treatment. With the
current knowledge, such a case would probably be classified as exogenous re-
infection, because no representative studies have been undertaken to combine in-
vestigations on mixed infections during the first episode of the disease and the
presentation of relapses after treatment in the same patients.

Although the study by Shamputa et al. (Shamputa 2004) is so far the most exten-
sive study on this subject published so far, one has to realize that the analysis of 10
colonies of a primary isolate is a very limited number. The chance of detecting a
mixed infection is limited by the ratio of the strain variants in the isolates and the
coincidence of picking the right colonies. When the ratio of a mixture is 1:1, 5
colonies need to be analyzed to identify both strains with a 95 % confidence inter-
val. However, if the ratio of the mixture is 1:10, 29 colonies should be analyzed to
detect a mixture with the same reliability. The ratio of mixed infections may be
much less balanced in clinical samples; particular strains may predominate over
other strains with a ratio of 1:100, 1:1,000, or even less.
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It is also not clear whether individuals suffering from mixed infections (or re-
infections) constitute a human population hypersensitive to M. fuberculosis infec-
tions with regard to their immunological and/or genetic background. More studies
focusing on the immunological aspects and genetic predispositions possibly associ-
ated with re-infections would be highly interesting.

So far, only anecdotal observations on mixed infections have been reported. How-
ever, the current observations of mixed and re-infections in any case merit more
representative studies to determine the magnitude of this problem. To critically
evaluate the results and to check for possible laboratory cross-contamination, at
least two culture-positive clinical samples should be analyzed.

9.8. The new standard genetic marker: VNTR typing

IS6110 RFLP typing (van Embden 1993) has gained recognition as the gold stan-
dard in the molecular epidemiology of TB since 1993. However, this method is
technically demanding and labor intensive, requires weeks of incubation for cul-
turing of the isolates to obtain sufficient quantities of DNA, and suffers from prob-
lems of interpretability and portability of the complex banding patterns. In addition,
it provides insufficient discrimination among isolates with a low number of 1S6770
copies (< 6); a problem that is only partly overcome by using additional typing
methods, such as spoligotyping (Cowan 2005). Variable Number of Tandem Re-
peats (VNTR) typing is increasingly used to solve these problems (Frothingham
1998, Le Fleche 2002, Roring 2002, Skuce 2002, Smittipat 2000, Supply 1997,
Supply 2000). This method is based on PCR amplification of multiple repeat loci,
using primers specific for the flanking regions of each locus and on the determina-
tion of the sizes of the PCR products. The sizes of the amplicons reflect the number
of tandem repeats present at the respective loci. Sizing can be done using a capil-
lary system (Allix 2004, Kwara 2003, Supply 2001), gel electrophoresis (Mazars
2001), or non-denaturing high performance liquid chromatography (Evans 2004).

VNTR typing is considerably faster than IS6/7/0 RFLP typing, as it is applicable to
crude low-concentration DNA extracts from early mycobacterial cultures. Further-
more, it has been adapted to high throughput format (Allix 2004, Kwara 2003,
Supply 2001). Moreover, the results are expressed as numerical codes and are
therefore easy to compare and exchange.

Currently, VNTR typing is often based on 12 Mycobacterial Interspersed Repeti-
tive Units (MIRU) loci (Mazars 2001, Supply 2000) and has been integrated in TB
control systems on a national scale in, for example, the USA (Cowan 2005). Based
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on pilot studies with limited numbers of isolates, the discriminatory power of this
12 loci VNTR set approached that of IS6/70 RFLP typing to discriminate epidemi-
ologically unrelated cases (Mazars 2001, Supply 2001), while VNTR types were
stable among isolates from epidemiologically linked cases (Hawkey 2003, Kwara
2003, Savine 2002). A recent population-based study indicated that the use of this
12-loci method as a first-line screening in combination with spoligotyping provides
adequate discrimination in most cases for large-scale, prospective genotyping of M.
tuberculosis in the United States. However, IS67/0 fingerprinting is still required
as an additional method to type the clustered isolates in a number of cases, when
contact investigation, demographic or epidemiological data do not provide inde-
pendent clues on the existence or the absence of links between patients (Cowan
2005).

Alternative sets of VNTR loci have been suggested to further improve the dis-
crimination of unrelated isolates, as compared to that provided by this 12-loci sys-
tem (Kam 2006, Kremer 2005b, Le Fleche 2002, Roring 2002, Roring 2004, Skuce
2002, Smittipat 2005, Surikova 2005). However, the collections of isolates studied
were restricted to small samples of local origin and/or included only M. bovis, or
representatives of only one or two of the defined M. tuberculosis lineages. The
overall technical robustness and the clonal stability of the individual VNTR loci in
the sets tested were not assessed. Furthermore, none of these studies were based on
non-selected, population-based samples, and contact tracing data was not available,
making it impossible to establish the predictive value of the various VNTR sets for
studying ongoing M. tuberculosis transmission at a population-based level.

Recently, in an international collaboration, the resolution, stability and technical
applicability of 29 VNTR loci was compared (Supply 2006). This study comprised
the initial 12 loci and most of the other loci disclosed so far. The typing results of
824 M. tuberculosis isolates, including worldwide representatives of the main M.
tuberculosis lineages, as well as multiple groups of epidemiologically linked or
clonal isolates, revealed the 24 most optimal VNTR loci. Locus designations and
PCR primer sequences for the 24-loci VNTR typing method are available in Table
9-2 at http://www.tuberculosistextbook.com/pdf/Table 9-2.pdf (Supply 2006).

Based on redundancy analysis, a highly discriminatory subset of 15 loci was se-
lected for first-line epidemiological investigations. The use of these 15 VNTR loci
was proposed as the new international standard for typing of M. tuberculosis com-
plex isolates (Supply 2006). Extension to the use of 24 loci is especially useful in
studying the phylogeny of strains.
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As experienced after the standardization of IS6//0 RFLP typing in 1993 (van
Embden 1993), it is expected that the international consensus on VNTR typing will
facilitate the comparison of molecular epidemiological data from different geo-
graphical regions. The establishment of international VNTR databases and the
meta-analysis of worldwide typing results will facilitate further study of the popu-
lation structure of M. tuberculosis.

Many institutes in the world have large databases containing high numbers of
IS6110 RFLP patterns of M. tuberculosis isolates from extended periods, and are
considering a switch from IS6/70 RFLP to VNTR typing. Because the epidemio-
logy of TB demands the consideration of contacts with sources separated in time by
years, the switch to VNTR typing cannot be done without any overlap of the use of
the two typing methods. In order to trace transmission patterns retrospectively, it
would be best to re-type all M. tuberculosis isolates from a number of years by
VNTR typing. If this is too costly or time demanding, it could be considered to
limit re-typing activities to strains from a more limited retrospective period; for
instance three years. In addition, the typing of only one isolate from each 1S6/70
RFLP cluster could reduce the re-typing workload significantly. If resistance issues
play a role in the concerned setting, the re-typing could be restricted to resistant M.
tuberculosis isolates. Alternatively, it could be considered to define an age limit for
the re-typing activities, because active transmission mainly takes place through
younger individuals (at least in low prevalence settings where this has been studied
extensively) (Borgdorff 1999, van Soolingen 1999). However, these alternative
approaches of re-typing, which do not include all isolates, will conceal a part of the
VNTR polymorphism among the circulating isolates.

9.9. DNA fingerprinting to monitor eradication of tuberculosis

DNA fingerprinting may also be useful for studying the stage of the TB epidemic
and to predict the future developments. In a recent study in the Netherlands, cov-
ering the period of 1993-2002, changes in TB transmission were determined using
DNA fingerprinting to assess the progress towards TB elimination (Borgdorff
2005). Strains were defined as 'new' if their DNA fingerprint pattern had not been
observed in any other patient during the previous two years. Other cases were de-
fined as clustered and attributed to recent transmission. The incidence of TB cases
involving new strains was stable among the non-Dutch and declined among Dutch
nationals. However, the decline among the Dutch cases was restricted to those aged
65 years and over. It was concluded that the decline of TB in the Netherlands over
the past decade is therefore mainly the result of a cohort effect: those with lower
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infection prevalence replaced older birth cohorts with high infection prevalence. It
is expected that TB will not be eliminated in the Netherlands in the near future,
mainly because of the contact with high-burden countries through immigrants and
international travel (Borgdorff 2005, Cobelens 2000).

9.10. Future prospects

Although the introduction of molecular markers for M. tuberculosis in the early
’90s has greatly facilitated our understanding of the epidemiology of TB, even the
latest most optimal typing, VNTR typing, will not be completely reliable. In fact,
each genetic marker only reveals a minor part of the genomic information of a
bacterium. Depending on the marker, different strains will exhibit identical geno-
typing profiles. Furthermore, in order to be able to follow the chains of transmis-
sion in a given area and to subdivide primary, secondary, etc. sources of infection,
the turnover of genotyping profiles will never be in range with the pace of trans-
mission.

To distinguish between even genetically related strains, and to be able to follow the
spread of offspring of strains in the community, more detailed multiple-marker
typing systems need to be developed. In fact, the most accurate typing would be
whole genome sequence analysis of M. fuberculosis isolates. It is expected that
with this information, the exact sequence in the evolutionary development of the
offspring of a M. tuberculosis bacterium can be identified, without the interference
of differences in time of incubation and confusion about the spread from primary
and secondary, or even tertiary sources of infection in the same period. The current
developments in DNA sequence techniques (Bennett 2005, Margulies 2005) pro-
vide possibilities to test these expectations and will provide more accurate predic-
tions on transmission of TB. A largely unrecognized problem that has to be dealt
with in due time is the occurrence of multiple (mixed) infections in high incidence
settings (Shamputa 2004, Shamputa 2006, van Rie 2005, Warren 2004). This may
hamper molecular studies on transmission severely.

Furthermore, the evolution of bacteria does not take place through whole popula-
tion shifts in the genomic make up, but through mutation and multiplication of
initially a single bacterium. By applying the current DNA amplification and se-
quence techniques, subtle genetic changes among bacterial strains are still difficult
to visualize. However, creative future solutions may also deal with this phenome-
non.
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Chapter 10: New Vaccines against Tuberculosis
Carlos Martin, Fabiana Bigi and Brigitte Gicquel

The current vaccine against tuberculosis (TB), bacille Calmette-Guérin (BCG), is a
live vaccine derived from an attenuated strain of Mycobacterium bovis. BCG pro-
tects against severe childhood forms of the disease, but fails to protect against adult
pulmonary TB in countries in which it is endemic. For more than 80 years, no new
TB vaccine has successfully been developed. With TB eradication on the horizon,
new vaccines with better protection than BCG are urgently needed.

The development of an effective TB vaccine seemed impossible until only a few
years ago. In the last ten years of work with experimental laboratory models, many
vaccine candidates have been developed. They include protein or DNA-subunit
vaccines, modified BCG, and attenuated Mycobacterium tuberculosis. Some of
these candidates are now being tested for safety and immunogenicity in human
volunteers. For the first time, Phase I clinical trials of new TB vaccine candidates
have started. Many of these new trials involve recombinant BCG or improved BCG
immunity by boosting with vaccines consisting of subunits or attenuated Vaccinia
virus expressing TB antigens. However, effective vaccination against TB presents
diverse and complex challenges. For example, TB infection can become reactivated
years later and infection does not guarantee resistance to a subsequent second in-
fection. A truly effective TB vaccine may, therefore, have to elicit an immune re-
sponse that is greater than that induced by natural infection. In addition, various
different populations have to be protected: they include those vaccinated with
BCG, and those infected with M. tuberculosis or with HIV.

The goal is a new generation of vaccines effective against the transmissible respi-
ratory forms of TB. Good candidate vaccines able to boost BCG, thereby improv-
ing protection, could be a reality in the short term. The second step is to obtain a
new generation of vaccines able to replace the currently used BCG and make the
eradication of TB feasible. These new vaccines can be expected in the middle term,
and live vaccines are reliable and promising candidates. Indeed, these ultimate
goals may require safe live vaccines.

10.1. Introduction

M. tuberculosis, the causative agent of TB, is one of the most successful human
pathogens. In some areas of the world, TB has reached alarming proportions with a
growing number of cases and deaths associated to human immunodeficiency virus/
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acquired immunodeficiency syndrome (HIV/AIDS) (World Health Organization
2005). The emergence of cases of multidrug resistant TB (MDR-TB), which some-
times cause outbreaks, is a serious public health problem for any attempt to control
the disease (World Health Organization/ International Union against Tuberculosis
and Lung Disease 2004). M. tuberculosis is responsible for more deaths than any
other single infectious organism; there are more than 8 million new cases and
1.7 million deaths annually. Control strategies for TB rely heavily on case detection
and treatment with at least three different drugs over long periods of time. Conse-
quently, the development of multidrug resistance is a serious impediment to any
attempt to control this disease (Espinal 2001). No new drug has been added to the
first-line treatment regimen for TB for more than 30 years. In addition, the public
health impact of M. tuberculosis has become increasingly severe, partly because of
the HIV epidemic. There is a clear synergy between M. tuberculosis and HIV, and
active TB increases HIV-related immunodeficiency and mortality (Toossi 2001).
Indeed, TB remains the largest attributable cause of death in HIV-infected indi-
viduals, being responsible for 32 % of the deaths of HIV-infected individuals in
Africa. In countries where the incidence of TB is highest, the populations most in
need do not have access to treatment and, furthermore, in many cases anti-
tuberculosis drugs are ineffective: the development of an effective TB vaccine is
obviously now an urgent priority. Given the variable protective efficacy generated
by the BCG vaccine against TB, there is a concerted effort worldwide to develop
better vaccines that could be used to reduce the burden of TB.

10.2. Historical view

BCG is the only vaccine available for prevention of TB in humans. BCG is an
attenuated live vaccine that was obtained after 230 successive passages in the labo-
ratory between 1908 and 1921 from a pathogenic strain of M. bovis. It is an inex-
pensive vaccine that has been applied since the early *20s and it has been given to
more than 2.5 billion people since 1948. It has a long-established safety profile and
an outstanding adjuvant activity, eliciting both humoral and cell-mediated immune
responses. It can be given at birth or at any time thereafter, and a single dose can
produce long-lasting immunity. Recent studies with long-term follow-up of Ameri-
can Indians demonstrated that a single dose in childhood maintains immunization
for up to 5060 years after vaccination (Aronson 2004). However, different studies
in other parts of the world have shown that protection provided by BCG wanes
over time, and the efficacy of BCG in adolescent and adult populations is reported
to be highly variable among different geographical regions (Andersen 2005).
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BCG protects against severe forms of childhood TB, including miliary TB and
extrapulmonary localization, such as the often fatal tuberculous meningitis. This is
why BCG continues to be recommended in the vaccination calendar of the WHO
(http://www.who.int/vaccine research/diseases/tb/en) in countries with a high TB
prevalence and incidence. BCG vaccination is currently compulsory in at least 64
countries and administered in more than 167. Indeed, BCG remains the most
widely used vaccine in the world (Fact Sheets—BCG Vaccine,
http://www.cdc.gov/nchstp/tb/pubs/tbfactsheets/250120.htm). In addition, BCG
confers protection against leprosy and it has also been licensed as a treatment for
bladder cancer.

The level of protection conferred by BCG is very variable: it differs according to
the form of pulmonary TB and can be affected in those cases in which TB is asso-
ciated with AIDS. The efficacy of BCG vaccines against pulmonary TB varies
between populations, showing no protection in India but 50-80 % protection in the
United Kingdom. The lack of protection against pulmonary TB in endemic regions
has enormous importance from the point of view of public health as regards eradi-
cation of TB (Fine 1995). The reasons for the failure of BCG have been widely
debated, and remain the topic of active research. Natural exposure to environmental
mycobacteria is thought to exert an important influence on the immune response,
and this may mask or otherwise inhibit the effect of BCG vaccination in tropical
countries. This theory has been supported by the fact that exposure to environ-
mental mycobacteria is prevalent in those countries where BCG confers low pro-
tection, and by a number of studies showing that exposure to environmental myco-
bacteria has an impact on the protection afforded by BCG in animal models (Bud-
dle 2002, de Lisle 2005, Lozes 1997, Brandt 2002). This phenomenon has been
proposed as a plausible explanation for the North-South gradient in the effective-
ness of BCG (Brandt 2002). Host-related differences, such as genetic and host
immune status, use of different BCG preparations, diverse levels of nutrition, and
socio-economic issues should also impact BCG efficacy in different populations. It
has been recently demonstrated that cross reaction is due to antigens shared be-
tween BCG and environmental mycobacteria (Demangel 2005). New vaccines
deprived of major antigens shared with environmental mycobacteria will overcome
the problem of the antagonistic effect of BCG to previous environmental myco-
bacterial exposure.

In parallel, neonatal vaccination with BCG has been reported as effective in re-
ducing the incidence of childhood TB in endemic areas. The risk of disseminated
BCG among adult AIDS patients with childhood BCG immunization is very low,
and in addition, childhood BCG immunization is associated with protection of
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adults with advanced AIDS against bacteremia with M. tuberculosis. Studies in
Zambia have shown that bacteremia due to BCG or M. tuberculosis is rare among
children who have BCG immunization (even recent) and symptomatic HIV infec-
tion (Waddell 2001).

10.3. Genetic diversity between BCG vaccines

Since 1921, when BCG was used for the first time, different laboratories through-
out the world have continued to sub-culture BCG, giving rise to the appearance of
different variants, such as BCG Pasteur, BCG Moscow or BCG Brazil. These vari-
ous BCG strains are different from each other and from their ancestors, such that it
is prudent to refer to BCG vaccines in the plural because differences in protection
and effectiveness could be due to variations between strains, and for this reason,
the WHO has recommended lyophilization of BCG vaccine stocks and storage at -
80°C (Behr 2002).

BCG vaccines have been classified into two major groups. BCG Tokyo, Moreau,
Russia, and Sweden secrete large amounts of the MPB70 gene, have two copies of
the insertion sequence IS6/170, and contain methoxymycolate and MPB64 genes. In
contrast, BCG Pasteur, Copenhagen, Glaxo and Tice secrete little MPB70, have a
single copy of the insertion sequence 1S671/0, and do not contain the methoxymy-
colate and MPB64 genes (Ohara 2001).

Comparative genomic analysis has revealed the existence of several M. tuberculo-
sis-specific regions that have been deleted from BCG with the loss of more than
100 genes (Behr 1997). These genomic comparisons have made it possible to de-
termine the order of genetic events, including deletions and duplications, and
changes in the IS6710 copy number which occurred between its first use in 1921
and 1961 (Behr 1999). These complex genomic rearrangements in BCG strains
have undoubtedly led to phenotypic and immunological differences and may con-
tribute to the variability in vaccine efficacy. All these points reinforce the require-
ment for vaccines that are more effective than the currently used BCG vaccines
against the respiratory forms and that are able to eradicate TB. Problems of sub-
strain variability and protective efficacy of the current BCG vaccines could be
overcome by new rationally-constructed live vaccines, for which the attenuation
factor and immunity are known.
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10.4. New vaccines: from the bench to clinical trials

Even if BCG has been demonstrated to be extremely useful and at the moment is
the most utilized vaccine in the world (World Health Organization 1995), the de-
velopment of new vaccines against pulmonary TB, which are able to replace the
current BCG vaccine, is an important challenge (Kaufmann 2005). Since humans
are the only reservoir of M. tuberculosis, the development of vaccines more effec-
tive than BCG could make TB eradication possible [see Development of New Vac-
cines for Tuberculosis Recommendations of the Advisory Council for the Elimina-
tion of Tuberculosis (ACET) on the Internet
http://www.cdc.gov/mmwr/preview/mmwrhtml/00054407.htm].

The lung is the portal of entry of M. tuberculosis in most human infections and
provides a suitable environment for this slowly replicating pathogen. Infection is
established in alveolar macrophages of the distal alveoli before it is recognized by
the adaptive immune response 5-6 weeks later. CD4+ and CD8+ T cells are re-
cruited through the lung, inducing protective immunity.

Both CD4+ and CD8+ T cells are essential for protective immunity against M.
tuberculosis. Resistance to M. tuberculosis involves the activation of mycobacte-
rial-specific CD4+ and CD8+ T cells by dendritic cells, which migrate from the site
of the infection in the alveoli to the draining lymph nodes. The development of
interferon-gamma (INF-y)-secreting CD4+ T cells is dependent on the secretion of
IL-12 by infected dendritic cells. Subjects deficient in receptors for INF-y and IL-
12 are extremely susceptible to mycobacterial infections, confirming the absolute
requirement for T helper 1 (Thl)-like T cells for host immunity (Flynn, 2004).

The nature of an effective immune response to TB is incompletely understood, but
the most effective vaccination strategies in animal models are those that stimulate
T-cell responses, both CD4+ and CD8+, to produce Thl-associated cytokines.
Therefore, formulations that induce the production of enduring Thl responses are
desirable, and doubtless an essential element of a successful vaccine. Several adju-
vants or live vaccines capable of inducing potent T-cell responses have been devel-
oped and some have entered clinical testing.

10.4.1 Challenges for tuberculosis vaccine development

There are a number of substantial underlying problems to be faced in developing
vaccines with enhanced protective efficacy against TB (Table 10-1). In contrast to
a classical vaccine-preventable disease such as smallpox, recovery from infection
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with M. tuberculosis is not associated with sterilizing immunity against reinfection
after clearance of the original infection with antibiotics. Studies of the molecular
epidemiology of TB indicate that reinfection with new strains of TB is more fre-
quent than previously believed (Caminero 2001). Therefore, vaccines need to be
more effective than infection with M. tuberculosis itself (Van Rie 1999).

Table 10-1: Major challenges and concerns for TB vaccine development (modified from Martin
2005)

CHALLENGE CONCERN

One third of human population infected with  New vaccines should be preventive and

B immunotherapeutic, too

Co-infection HIV/ TB Safety: vaccines should be as attenuated as,

or even more attenuated than BCG

Large percentage of population vaccinated New vaccine candidates should be tested in
with BCG a BCG-vaccinated population

A third of the population worldwide is estimated to be infected with M. tuberculo-
sis. Therefore, any new TB vaccine should protect pre-exposure people from de-
veloping infection, as well as post-exposure, latently infected, healthy individuals
from developing the disease, or should be used as an immunotherapeutic agent to
act with antimicrobials to increase the rate of clearance of M. tuberculosis.

An additional challenge is that as a large percentage of the human population has
already been immunized with BCG, and so any new generation vaccines against
TB must also be able to protect the population that has already been vaccinated
with BCG. Obviously, new vaccines must also be safe enough to be used in HIV-
infected individuals (Vuola 2003).

Advances in the characterization of genes and antigens of M. tuberculosis and the
technological development (Clark-Curtiss 2003), with the help of the genome se-
quences of different mycobacterial species (Cole 1998), have provided insights into
the tubercle bacillus (see TubercuList Web Server on the internet
http://genolist.pasteur.fr/TubercuList/. In addition, the current progress of myco-
bacterial genetics has made the inactivation of selected genes possible, allowing the
rational attenuation of M. tuberculosis (Pelicic 1997). Finally, the improvement in
comprehension of the basic immune mechanisms involved in TB has considerably
contributed to the rational design of the next generation of vaccines. Remarkably,
novel immunological concepts about the mechanisms underlying memory and
regulation of the immune response against TB have been defined as relevant for the
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rational design of new-generation vaccine candidates (Kaufmann 2005). Therefore,
this progress in the different fields of TB research has placed us in a better position
for the construction of new effective and safe vaccines against TB.

Many groups in numerous countries have embarked on the ambitious project of
finding new vaccines that provide a greater level of protection than the present
BCG (see EC TB VAC consortium on the internet
http://ec.europa.eu/research/press/2004/pdf/pr2304-tb-vac.pdf) (Orme 2005, Martin
2005, Kaufmann 2000). As a result of this basic research, the enormous effort of
the scientific community in the last 10 years has generated a great number of vac-
cine candidates against TB to be tested in different laboratory experiments, experi-
mental animal models (Williams 2005, Orme 2006), and clinical trials in human
populations (Skeiky 2006).

Broadly, two approaches have been used to improve the TB vaccine. The first in-
volves subunit vaccines that can deliver immunodominant mycobacterial antigens.
Both protein and DNA vaccines induce partial protection against experimental TB
infection in mice but their efficacy has generally not been better than that of BCG
(Huygen 1996). New antigen formulations, including multiple antigens or epitopes,
are under investigation and it is hoped that they will afford better protection in
humans. The second approach involves live vaccines. These may be BCG strains
that have been genetically manipulated to express immunodominant antigens, or
attenuated strains of M. tuberculosis produced by random mutagenesis and targeted
deletion of virulence genes (Britton 2003).

10.4.2. Animal model for vaccine preclinical trials

The most commonly used animal model is the mouse, followed by the guinea pig.
Primate models have also been developed and are being used as an important test-
ing model prior to clinical trials (Langermans 2001).

The advantage of the mouse model comes from the amount of reagents and genetic
information available, and its logistical and economical advantages, in comparison
with other models such as the guinea pig. Mice have a certain tolerance to this
infection; it triggers a moderate inflammatory reaction that allows the control of the
bacillary concentration at a low level, without eradicating it. The commonest route
of infection is intravenous, because this switches on acquired immunity very rap-
idly. The experimental model induced by aerogenesis, uses the most physiologi-
cally infectious route and at the same time is more aggressive for the host than
intravenous administration. This happens because the induction of immunity is
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quicker after intravenous inoculation than after aerosol. Both models have demon-
strated that immunity against infection is based essentially on the stimulus of a
Thl-type response, that is to say, in the stimulation of CD4+ T cells able to pro-
duce IFN-y and to activate the infected macrophages (Orme 2001, Aguilar 2006).
Testing the protection obtained from new vaccines using the guinea pig model has
become a compulsory experiment because of the extreme sensitivity that this ani-
mal has demonstrated with M. tuberculosis inoculation, and the toxic response
generated. This has allowed the comparison of different TB vaccine candidates
(Williams 2005). On the other hand, the necessity to evaluate the protection of any
new vaccine in an experimental model that is physiologically closer to humans,
before carrying out human clinical trials, has led to the development of the primate
model (Langermans 2001, Langermans 2005).

10.5. Subunit vaccine candidates

Due to safety reasons, non-viable sub-unit vaccines are the first to be considered
for human trials. Subunit vaccines have been selected by various rational and ex-
perimental approaches (Table 10-2). Results with non-viable subunit vaccines are
encouraging but their protective effects have to be at least equivalent to that of
BCG before they can be considered for testing in humans.

Potential TB subunit vaccines have been obtained by using immunodominant TB
antigens, for example ESAT-6 [6-kiloDalton (kDa) early secretory antigenic tar-
get], which confers some degree of protection against M. tuberculosis in mice (Ol-
sen 2004) and recently in non-human primates (Langermans 2005).

A fusion protein based on ESAT-6 and antigen 85B administered to mice together
with a potent adjuvant induced a strong dose-dependent immune response. This
immune response was accompanied by protective immunity comparable to BCG-
induced protection over a broad dose range. The vaccine induced efficient immu-
nological memory, which remained stable at 30 weeks post vaccination. More
recently, it has been documented that the synthetic adjuvant IC31 augmented the
immune response and protective efficacy of the combination of Ag85B-ESAT-6 in
the mouse aerosol challenge model of TB (Agger 2006).
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Table 10-2: TB vaccine candidates tested in humans (modified from Martin 2006)

Vaccine type Definition Stage of Pharmaceutical com-
development pany or research group
Sub-unit
Selected antigens Phase | trial ready GlaxoSmithKline
72f identified from human for phase Il BCG (EU/TBVac/Aeras)
response boosting strategy (Irwin 2005)
Recombinant major Phase | trial BCG SSI (EU/TBVac)
85B-ESATE antigens boosting strategy (Langermans 2005)
Viral vector

Recombinant modified Oxford University, United

MVA-85A vaccinia virus Ankara Ehasg | trial BCG Kingdom (EU/TBVac)
oosting strategy

Ag85A (McShane 2004)
Live
vaccines
Recombinant BCG:
rBCG30 over expression of Phase | trial (3CLA,/N|2H [Aeras)
Ag85B (Horwitz 2003)

EU/TBVac: http://www.tb-vac.org
SSI: http://www.ssi.dk/sw1404.asp
UCLA: www.research.ucla.edu/tech

Key M. tuberculosis antigens have been identified by analysis of host responses in
healthy individuals, and purification of proteins from positive donors. These se-
lected antigens have been used for the development of subunit vaccines against TB,
for example Mtb72F, which codes for a 72-kDa polyprotein (Mtb32(C)-Mtb39-
Mtb32(N)). Immunization of mice with Mtb72F protein, formulated in the adjuvant
ASO01B, generated a comprehensive and robust immune response, eliciting strong
IFN-y and antibody responses for all three components of the polyprotein vaccine
and a strong CDS8+ response directed against the Mtb32(C) epitope. Mtb72F im-
munization resulted in the protection of C57BL/6 mice against aerosol challenge
with a virulent strain of M. tuberculosis. Most importantly, immunization of guinea
pigs with Mtb72F produced a prolonged survival (> 1 year) after acrosol challenge
with virulent M. tuberculosis, comparable to BCG immunization. Mtb72F in the
ASO02A formulation is currently in phase I clinical trials, making it the first recom-
binant TB vaccine to be tested in humans (Skeiky 2004, Irwin 2005).
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10.6. Subunit vaccines for boosting BCG

Since acellular vaccines have never been demonstrated to confer better protection
than BCG in preclinical testing, they have been proposed to be used for boosting
BCG. Heterologous prime-boost immunization strategies can evoke powerful T cell
immune responses and may be of value in developing an improved TB vaccine.
Importantly, this regimen of vaccination expands pre-existing memory T cells
against antigenic epitopes shared by BCG and the booster vaccine. Experiments
using protein subunits in animals previously vaccinated with BCG have given very
good results (Brooks 2001). These experiments used Ag85A, because it was previ-
ously demonstrated that most CD4+ T cells accumulating in the lungs of memory-
immune mice after challenge recognize this antigen. This vaccine strategy may
have applications in the prevention of reactivation of TB in the elderly.

Enhanced immunogenicity and protective efficacy against M. tuberculosis has been
demonstrated for BCG after boosting with a recombinant modified vaccinia virus
called Ankara. The recombinant virus, expressing M. tuberculosis Ag85A, strongly
boosts BCG-induced Ag85A-specific CD4+ and CD8+ T cell responses in mice.
Protection correlated with the induction of Ag85A-specific, [IFN-y-secreting T cells
in lymph nodes in the lung (Goonetilleke 2003). This vaccine was tested for the
first time in humans (McShane 2004).

Similarly, a combination of vaccines has been shown to be more protective in pre-
venting bovine TB in cattle than single vaccines. Tested in calves, prime-BCG
boost strategies of vaccination were reported to induce cellular immune response
(Vordermeier 2006) and high levels of protection against challenge with virulent
M. bovis (Cai 2006, Skinner 2003).

10.7. Recombinant BCG vaccines

Recombinant BCG (rBCG) techniques may be useful for the development of a
more effective mycobacterial vaccine than the parent BCG now in use. Various
strategies have been used to develop recombinant BCG against mycobacterial dis-
eases (Table 10-3). One is based on rBCG producing large amounts of autologous
protective antigens; these supplementary antigens are designed to enhance immu-
nity to other BCG antigens by increasing the expression of their genes, as is the
case of the immunodominant TB antigens. rBCG vaccine (rBCG30), which ex-
presses and secretes the 30 kDa major secreted protein of M. tuberculosis, also
referred to as a-antigen and antigen Ag85B (Horwitz 2000), is associated with
better host survival after challenge than parental BCG in the highly demanding
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guinea pig model of pulmonary TB. Animals immunized with rBCG30 and then
challenged with an aerosol of a highly virulent strain of M. tuberculosis survived
significantly longer than animals immunized with conventional BCG (Horwitz
2003, Horwitz 2005).

Alternatively, BCG genes that have been lost by deletion from the parental M.
bovis strain, and that are important antigens, can be restored. An example is the
case of ESAT-6 deleted from region RD1 (region-of-difference 1) of BCG (see
Unité Génétique Moléculaire Bactérienne on the internet
http://www.pasteur.fr/recherche/unites/Lgmb/Deletion.html (Pym 2003). Both
these approaches are attractive for improving or adding antigens to BCG and could
be important for conferring immunity against TB (Table 10-3).

Table 10-3: Live tuberculosis vaccine candidates in advanced preclinical testing (modified from
Martin 2006)

Vaccines Definition Research group
'BCG-RD1 Recombinant BCG Institut Pasteur Paris, France
' RD-1 of M. tuberculosis introduced (EU/TBVac) (Pym 2003)

Recombinant BCG with BCG urease Max-Planck Institute Berlin,
rBCG-Aure-hly gene deleted and listeriolysin of Liste- Germany (EU/TBVac)
ria monocytogenes introduced (Grode 2005)

Rational attenuation of clinically iso- Zaragoza University, Spain
lated M. tuberculosis by deletion of Institut Pasteur (EU/TBVac)
virulence gene (Martin 2006)

Albert Einstein College of
Medicine, New York, USA
(NIH) (Sampson 2004)

M. tuberculosis
phoP mutant

M. tuberculosis
auxotrophic
mutant

Rational attenuated M. tuberculosis
H37Ryv by lysA and panCD deletion

A second strategy involves enhancement of the relatively low intrinsic ability of
BCG to induce the CD8+ T cell response. This type of rBCG has the capacity to
alter the permeability of the membranes of phagosomes in host cells and gain ac-
cess to cytoplasm. Major histocompatibility complex (MHC) class I-restricted
CD8+ T cells are believed to play a major role in protection against mycobacterial
infection. As BCG persists within the phagosomal space of macrophages after
infection, bacterial antigens should be released from phagosomal vacuoles into the
cytoplasm of host cells leading to more pronounced presentation by MHC class 1.
Listeriolysin is a pore-forming sulthydryl-activated cytolysin essential for the re-
lease of Listeria monocytogenes from phagosomal vacuoles into the cytoplasm of
host cells, thereby facilitating presentation of antigens by MHC class I molecules.
Hess and collaborators constructed an rBCG, which secreted biologically active
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listeriolysin (hly -rBCG), shown to improve MHC class I-presentation of co-
phagocytosed soluble protein (Hess 1998). Tested in mice, hly"-rBCG elicited
better protection against aerosol infection of M. tuberculosis than the parental BCG
(Grode 2005). In addition, a version of a hly"-rBCG, deficient in urease C, has been
shown to significantly improve the level of protection against M. tuberculosis in
mice and to increase apoptosis in infected macrophages. Urease deficiency enables
acidification of the phagosome so that listeriolysin finds its optimum pH for perfo-
ration of the phagosomal membrane. The authors advocate that the high efficacy
observed may be due to the presentation of extracellular antigens with the MHC
class I molecules to CD8+ T cells (cross-priming) caused by apoptosis (Grode
2005).

In another approach, rBCG has been constructed to secrete diverse cytokines, in-
cluding IL-2, IFN-y, and others, in an attempt to enhance the immuno-stimulatory
properties of BCG (Murray 1996).

Additionally, a major effort is being made to develop rBCG as a vaccine vehicle
capable of simultaneously expressing antigens of numerous pathogens. The aim is
the development of effective rBCG multivalent vaccines to control major infectious
diseases. Promising rBCG vaccines against a variety of viral, bacterial and parasitic
diseases have been shown to induce protective immune responses in murine and
primate challenge models (Santangelo 2007, Ohara 2001, Winter 1995).

10.8. Live vaccines based on attenuated M. tuberculosis

Of the six immunodominant antigens of M. bovis (ESAT-6, CFP10, Ag85, MPB64,
MPB70, MPB83), five are either deleted from or down regulated in some or all
BCG strains. Moreover, RD1, a region of difference between M. tuberculosis and
BCG (see the Annual report of Bacterial Molecular Genetics for 2002 on the inter-
net http://www.pasteur.fr/recherche/RAR/RAR2002/Lgmb-en.html) includes two
of the six immunodominant antigens ESAT-6 and CFP10, which have been shown
to be important for protection against M. tuberculosis challenge in the guinea pig
model (Pym 2003). The advantage of rational attenuated M. tuberculosis as a vac-
cine is that hundreds of genes deleted from BCG as a consequence of the progres-
sive adaptation of BCG strains to laboratory conditions are still present in M. fu-
berculosis. The advances in TB research and the completion of the M. tuberculosis
genome sequence (Cole 1998) have facilitated the analysis of the contribution of
individual genes to the virulence of M. fuberculosis (Camacho 1999).
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Several studies have described the development of attenuated strains of M. tuber-
culosis. A M. tuberculosis phoP mutant has been constructed by a single gene dis-
ruption (Perez 2001) and exhibits impaired multiplication in vitro within mouse-
cultured macrophages; it is also attenuated in vivo in a mouse infection model.
Thus, the PhoP gene might be involved in the regulation of complex mycobacterial
lipids implicated in the virulence of M. tuberculosis (Gonzalo Asensio 2006). Re-
sults in an animal model make a phoP mutant a promising TB vaccine candidate
(Martin 2006). Similarly, it was recently demonstrated that the lack of mce (mam-
malian cell entry) gene expression in M. tuberculosis decreases virulence and in-
creases immunogenicity, providing better protection than BCG against TB in the
mouse model (Aguilar 2006) (Table 10-3).

Auxotrophic mutants, which require the addition of nutrients for survival, maintain
their infective ability, but have a limited replication in the host. These vaccines are
attenuated to different degrees and have diverse potential as vaccine candidates, as
assessed in animal models (Martin 2006, Smith 2001).

There are major issues associated with the use of live organisms, especially safety
and regulatory hurdles, that need to be overcome, in particular with attenuated M.
tuberculosis. The early use of BCG was marked by a tragic accident. In 1927, in
Lubeck, Germany, more than 25 % of approximately 250 infants who received a
batch of the vaccine developed TB. It was later recognized that this batch was acci-
dentally contaminated with a virulent strain of M. tuberculosis (Kaufmann 2006).

In a world conference held in Geneva in 2005, a consensus document was elabo-
rated on, aiming to promote the movement of the most promising vaccine candi-
dates to the clinic and towards control of TB (Kamath 2005). A set of criteria were
proposed to be considered during the vaccine development process. One of the
criteria for a live candidate vaccine is the presence of at least two non-reverting
independent mutations on the mycobacterial genome. In this regard, double auxo-
trophic mutants have recently been described (Sampson 2004, Sambandamurthy
2005, Sambandamurthy 2006). Some of these live vaccine candidates elicited pro-
tective immune responses similar to that of BCG in mice, and better than BCG in
guinea pigs (Martin 2006, Williams 2005). These findings are encouraging, and
further studies in non-human primates should be performed.

Live vaccines have been questioned because of the failure of the BCG vaccine due
to pre-exposure to environmental mycobacteria, which was shown to block multi-
plication of BCG and induction of protective immunity in animal studies. Evidence
was provided that sensitization with environmental mycobacteria may have a direct
antagonistic effect on BCG vaccination (Flaherty 2006). Recently, it was experi-
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mentally demonstrated (Demangel 2005) that cross-reaction is due to antigens
shared between BCG and environmental mycobacteria, such as Ag85B, but not
deleted antigens of BCG, such as ESAT-6 and CFP10. These results strongly sug-
gest that prior exposure to live environmental mycobacteria primes the host im-
mune system against mycobacterial antigens shared with BCG, and that recall of
this immune response on vaccination results in accelerated clearance of BCG and
hence decreased protection against TB. The authors demonstrated that the persis-
tence of BCG in vivo could be markedly augmented by the stable insertion of RDI,
which encompass esat 6 and cfp10 genes.

Rational attenuated M. tuberculosis, which includes regions deleted in BCG with
major antigens not shared with environmental mycobacteria, will probably over-
come the problem of the antagonistic effect of BCG to previous environmental
mycobacterial immunization. M. tuberculosis mutant vaccine candidates have to
induce long-term cellular immune responses, essential for effective protection
against TB. New live vaccines should be stored lyophilized, and current technology
allows monitoring of any possible variations of genomic composition by compara-
tive hybridization experiments using DNA microarrays.

10.9. Conclusions

Although the efficacy of the BCG vaccine continues to be discussed, live attenu-
ated BCG is still the only vaccine in use for the prevention of TB in humans be-
cause it is effective against the severe forms of TB and its use prevents a large
number of deaths that would otherwise be caused by TB every year.

The choice of the BCG strain to be used for vaccination is a very important issue. It
is currently difficult to determine which strain should be used, and further detailed
analysis of the genomics and immunogenicity of BCG sub-strains may provide an
answer to this important question. The World Health Organization (WHO) and the
International Union Against Tuberculosis and Lung Disease (IUATLD) could then
identify the BCG sub-strains that provide the best protection and recommend them
for future vaccination worldwide (Corbel 2004).

For many years, the discovery of new TB vaccines effective against pulmonary TB
has been considered an elusive quest, but the TB vaccine field has blossomed in the
last decade. Research to develop improved TB vaccines seems to be at a decisive
point in time. More than 200 vaccine candidates have been proposed as the result
of work over recent years in experimental laboratory models, and some are now
approaching clinical testing. The transition from laboratory to clinical trials has a
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wide range of strategic and technical implications. In particular, facilities and
funding need to be provided for the production of any successful vaccine appropri-
ate for clinical use. After the Madrid Conference in March 1995 “Definition of a
coordinated strategy towards a new TB vaccine” organized by the WHO and the
IUATLD, a joint effort was established involving diverse governmental organiza-
tions in Europe (FP5 and FP6 Framework Programmes) and the USA by NIH, and
recently by the AERAS Foundation.

For the first time, after 80 years of widespread use of BCG, evaluations of new
candidates in humans are available including recombinant vaccine virus (Table 10-
2). Nevertheless, the development of a new vaccine conferring better protection
than BCG, and able to replace it, remains a challenge for the scientific community.
If eradication of TB is to be possible and affordable, appropriate new vaccines must
be found.

Subunit vaccines have potential advantages over live mycobacterial vaccines in
terms of safety and quality control of the manufactured vaccine, and are good can-
didates to improve the effect of BCG. However, in order to confer the complex
immunity required to protect against TB, it is possible that more than single anti-
gens will be necessary. Progress to date with live attenuated M. tuberculosis vac-
cines indicates that it is possible to design strains that are highly attenuated, even
for immunodeficient animals. These “classical” vaccine candidates have to mimic
natural infection as closely as possible without causing disease (Young 2003).

The goal of evolving an effective licensed vaccine by the year 2015 has been pro-
posed by Stop TB/WHO. It is estimated that at least 20 vaccine candidates should
enter Phase I safety trials, with around half going forward for immunological
evaluation in Phase II trials, leading to four Phase III efficacy trials (Young 2006).
Vaccination is expected to make a major contribution to the goal of eliminating TB
worldwide by 2050. Still, developing a new effective vaccine will require innova-
tion in scientific research, a proactive approach to clinical trials of new vaccine
candidates and application of vaccines as a part of an integrated approach to dis-
ease control (Young 2006).
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Chapter 11: Biosafety and Hospital Control

Maria Alice Telles and Afranio Kritski

11.1. Biosafety in the hospital
11.1.1. Introduction

Tuberculosis (TB) drug treatment can be carried out mainly at the ambulatory
level, but the diagnosis of the disease is not always accomplished in the ambulatory
setting. In big cities of developing countries, the diagnosis of TB is often made in
the hospital before these patients are assisted at the local or regional outpatient
centers. The reference treatment centers for hospitalizing TB patients are frequently
the only health centers with specialized ambulatory facilities for assisting these
patients, including those with co-morbidities. The percentage of patients diagnosed
in hospitals may be 30 % or even higher. This kind of situation favors the exposure
to TB infection in the nosocomial environment.

Around 25 to 50 % of the persons exposed to an intimate contact with active pul-
monary TB will become latently infected with Mycobacterium tuberculosis. Expo-
sure to the index case for 12 or more hours implies a high risk of infection, espe-
cially in closed environments without biosafety precautions. Immunosuppressed
persons have an increased risk of infection and active disease compared with im-
munocompetent persons. Initially, the evaluation of the risk of transmission of TB
within a health institution can be classified as follows:

e Low, if the institution admits less than six patients with active pulmonary
TB per year or if it has more than 100 healthcare professionals per hospi-
talized pulmonary TB patient per year;

e High, if there are less than 10 healthcare professionals per hospitalized
pulmonary TB patient per year (Menzies 1995, Hopewell 1986, Harries
1997).

In the last decade, high rates of drug-resistant TB have been described in prisons
and hospitals. Thus, it is essential that health facilities are adequate to assist pa-
tients with active pulmonary TB or those suspected of having TB in order to reduce
the risk of M. tuberculosis transmission to healthcare personnel and other sick
people, mainly immunosupressed patients.
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11.1.2. Healthcare Units

TB biosafety measures are often neglected. This increases the possibility of M.
tuberculosis nosocomial transmission. During the *90s, transversal and longitudinal
studies were accomplished on the risk of TB infection in general, as well as in
reference and teaching hospitals in developed and developing countries. These
studies identified a high rate of nosocomial transmission of TB to medicine, nurs-
ing, and physiotherapy students, as well as to healthcare personnel (Roth 2005,
Alonso-Echanove 2001, Kruuner 2001, Harries 1997, Cuhadaroglu 2002, Do 1999,
Tan 2002, Silva 2002, Resende 2004).

11.1.3. Tuberculosis infection control activities

Assuming the political commitment of the managers of public or private hospitals
and the fulfillment of the international legislation suggested by the World Health
Organization (WHO), TB transmission control measures in a health unit can be
hierarchized into three levels: administrative, engineering, and individual protec-
tion (Jensen 2005, World Health Organization 1999, British Thoracic Society
2000).

Initially, the administrative measures can be deemed the most important. Besides
being comprehensive, they are generally related to the permanent education and
training of the healthcare personnel aimed at the implementation and appropriate
fulfillment of the established norms.

The administrative measures include the evaluation of:
Number of pulmonary TB cases assisted annually in the health unit
e Number of annual pulmonary TB cases among the healthcare personnel
e Risk profile of the unit, by sector:
- Low: < 6 pulmonary TB patients per year

- Intermediate: > 6 pulmonary TB patients per year and an annual
average risk of TB infection (tuberculin skin test conversion)
lower than 2 % among healthcare personnel

- High: > 6 patients with pulmonary TB and an annual risk of TB
infection among healthcare personnel higher than 2 %
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Areas that potentially present a higher risk of transmission:
- respiratory isolation rooms
- ambulatory and phthisiology waiting rooms
- thoracic radiology room
- bronchoscopy and sputum induction rooms
- pentamidine nebulization room
- ventilatory assistance areas
- day-hospital
- emergency rooms
- autopsy room

- microbiology/mycobacteria laboratory

11.1.4. General practices

11.1.4.1. Management of hospitalized pulmonary tuberculosis patients

The head nurse of the unit must have autonomy to isolate the patient if
there is clinical suspicion of airborne TB.

The patient in isolation must stay under the responsibility of the service
that admitted him/her.

The patients in isolation must be instructed to cover their mouth and nose
when they cough or sneeze, even inside their room.

The tests to be accomplished on the patients in isolation should be done as
soon as possible, so that they spend a minimum time outside their room,;
the patient should not wait for the tests in the waiting rooms of the differ-
ent services.

When the patient needs to leave the room, a surgical mask must be used.

Healthcare personnel must avoid unnecessary entry into the isolation
rooms; in the same way, the number of visitors and attendants should be
restricted to the smallest number possible. In this case, everyone should
enter the isolation room using special masks (N95 or PFF2 respirators).
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In case of need, the priority in the isolation will be given to patients with
acid fast bacilli (AFB) smear-positive microscopy results (bacilliferous)
and shorter time of treatment.

The patients with airborne TB (or suspicious cases) still in the infectious
period should not be submitted to surgery unless in case of emergency.

The hospital discharge of respiratory TB patients should be accomplished
in the shortest possible time span.

Case searching

Instruct the healthcare personnel in the screening area, emergency department, at
the admission and discharge area to suspect TB in:

respiratory symptomatic patients (cough with expectoration for more than
three weeks)

contacts of active pulmonary TB cases for more than 12 hours
pulmonary TB radiological suspects

persons with predisposition to TB (immunosuppression, diabetes)

Diagnosis

Ready request, accomplishment and release of the sputum AFB smear mi-
croscopy results in persons with presumptive TB diagnosis

AFB smear microscopy result in 24 hours, at most

Optimization of the diagnostic procedures, implementation of M. tuber-
culosis complex identification techniques and of anti-tuberculosis drug
susceptibility testing

Every healthcare professional with signs or consistent symptoms of pulmonary TB
should seek medical help and be submitted to laboratory tests (sputum AFB smear
microscopy, when clinical specimen is available) and thoracic radiography. Until
the pulmonary TB diagnosis is ruled out or the patient is considered non-infectious,
healthcare workers with pulmonary disease should stay away from their activities.
Healthcare personnel must be informed that patient care activities are not suitable
for those harboring an immunosuppressive condition, such as human immunodefi-
ciency virus/acquired immunodeficiency syndrome (HIV/AIDS), malign neoplastic
disease or deficient cellular immunity. HIV testing and counseling should be of-
fered to all healthcare professionals.
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Creation of a TB control committee responsible for:

evaluating annual trends of M. tuberculosis drug resistance in the institu-
tion

identifying transmission risk areas

performing operational studies for the surveillance of compliance with
biosafety norms

accomplishing biosecurity educational activities for the healthcare person-
nel

accomplishing periodic tuberculin skin testing in the healthcare personnel

preventing recently infected persons from becoming ill; indicating chemo-
prophylaxis to the healthcare personnel with latent TB infection.

Guidelines for patient isolation
Suspected or confirmed airborne TB cases

HIV-positive respiratory symptomatic patient with any change in thoracic
X-ray

HIV-negative patient with a radiological image suggestive of pulmonary
TB (hypotransparency in the superior lobes of the lung or in segment six,
or with a diffuse micronodular infiltration, suggestive of miliary disease

Patient with a request for sputum AFB microscopy examination and/or
culture

The head nurse of the unit must have autonomy to isolate the patient if
there is clinical suspicion of respiratory TB

Respiratory isolation area

Must be an individual room, with the door closed and windows that can be
opened

If absolutely necessary, two pulmonary TB patients can share an isolation
room, provided they both have confirmed TB diagnosis and there is no
epidemiological suspicion of drug-resistant TB (such as patients that have
not received previous treatment and have not had contact with drug-
resistant TB cases).
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Time for discharge from respiratory isolation

11.1.4.3.

In confirmed TB cases under a treatment scheme containing rifampicin:
after two weeks of treatment and with three sputum AFB smear-negative
results or one induced sputum or bronchoalveolar lavage AFB smear-
negative result

In confirmed TB cases under a treatment scheme not containing rifam-
picin: after four weeks of treatment and with three sputum AFB smear
negative results or one induced sputum or bronchoalveolar lavage AFB
smear-negative result

If one of the tests is positive, repeat the series after one week

In suspicious cases: with three negative sputum-smear microscopy or one
induced sputum or bronchoalveolar lavage with negative AFB smear mi-
Croscopy

Ambulatory assistance under a standardized Reference Health System

Signal the TB risk areas of the unit

Avoid movements of confirmed or suspected TB patients inside the health
unit in order to minimize contact with people awaiting assistance for other
ambulatory specialties in waiting or examination rooms

In outpatient units where ambulatory patients with pulmonary TB and
conditions other than TB are assisted in the same places and/or by the
same healthcare personnel, consultation appointments should be separated
in different hours or days, in such a way to avoid TB exposure of unin-
fected persons, mainly those who are immunosuppressed

Avoid crowding in the waiting rooms, assigning consultations to specific
days for TB and setting a time for consultation, giving priority to the as-
sistance of infectious patients and suspicious cases, thus avoiding the
gathering of potentially infectious patients

Avoid assisting immunosuppressed patients and children less than 5 years
old in rooms contiguous to the ones assisting TB patients

Offer surgical masks or tissue paper to infectious or suspected TB pa-
tients, mainly when circulating through the unit (specialist consultation,
X-ray exams, sputum delivery to the laboratory, search for exam results,
etc.)
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e Instruct patients to cover their mouth and nose when they cough or sneeze.

11.1.4.4. Engineering measures

Engineering measures for TB control are architectural and technical devices aimed
at the adaptation of the unit, or of a certain area, to provide care to pulmonary TB
patients. The implementation of such measures contributes to decreasing the risk of
TB transmission and should be directed by qualified personnel with special knowl-
edge on the characteristics of TB transmission.

Objectives

Basically, the objective is the removal or dilution of infectious particles taking into
account the following factors:

e Ventilation exhaustion: captures and removes contaminants suspended in
the air near the source (patient)

e  General ventilation: ventilation rate or number of air changes per hour; for
example, a complete air exchange per hour of a certain area reduces the
concentration of infectious particles by 63 %, while six complete ex-
changes are needed to reduce it by 99 %

e Direction of the air flow within the facilities: contains the contaminated
air in a certain area of the facility and prevents spread into non-
contaminated areas

e Negative pressure in the room with directional flow: contains the con-
taminated air in a certain area of the room and prevents spread to non-
contaminated areas

e Adjustment of air flow pattern inside the room: prevents air stagnation
short circuit

e Air filters and/or ultraviolet (UV) light: disinfect air
High efficiency particulate air (HEPA) filters

HEPA filters or absolute filters are those able to remove 99.97 % of particles with a
diameter larger than 0.3 pm which pass through them. They can be placed in ex-
haustion ducts, in room ceilings or in movable filtration units.

The use of HEPA filters and/or UV light is strongly recommended for rooms where
the following procedures take place: bronchoscopy, induced sputum, pentamidine
nebulization, necropsy, and isolation. The combination of an adequate number of
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air changes with negative pressure and a HEPA filter or UV light minimizes the
risk of transmission in the environment in which the TB patient is assisted and in
the area where the air is exhausted. The germicidal efficiency of the UV light is
limited to its area of direct incidence and decreases with time.

HEPA filters are used:
e To purify the exhaustion of air of contaminated environments

e To recirculate the air inside the room or to other rooms facilitating the
number of air changes per hour.

Basic engineering recommendations

In areas with a high risk of infection, the main engineering measure is to facilitate
ventilation so that the particles suspended in the air are removed at the highest
speed possible. The speed of air removal is calculated in air changes per hour and
should be:

e six air changes per hour for the isolation, the ambulatory, the X-ray, the
waiting and the emergency rooms, and the ventilatory assistance areas

e twelve air changes per hour for the bronchoscopy, the sputum induction,
the pentamidine nebulization and the autopsy rooms and the mycobacteria
laboratory

The use of negative pressure

Negative pressure prevents the dispersion of contaminated air into areas where
people walk, mainly those in common use such as corridors. The exhaust air should
never be directed towards these transit areas. If safe air exhaustion is not possible,
the exhausted air should be filtered or sterilized.

Respiratory isolation room
The isolation room must:
e Be private and with suitable ventilation characteristics
e  Be under negative pressure
e  Be submitted to six or more air changes per hour
e Have air exhaustion to the open-air

e Have HEPA filters if the air is recirculated or exhausted to circulation ar-
eas
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Have anterooms (they increase isolation effectiveness, minimizing the es-
cape risk)

Have UV light (optional)

Be submitted to six air changes between a patient’s discharge and the fol-
lowing patient’s admission

Outpatient clinic

In areas dedicated to ambulatory care, the minimum biosecurity conditions should

include:

Adequate (ventilated and sunny) site for sputum collection, preferentially
outdoors

Air flow adaptation of the waiting and consultation rooms, avoiding the
use of ceiling fans; air conditioning is allowed only in combination with
HEPA filters

Suitable area for the waiting room, preferably outdoors, far away from any
crowded area or other waiting rooms

Within the assistance room, use of a standing fan either to direct the air
flow towards the window (or door) or to produce an air "barrier" between
the doctor and the patient

The use of standing fans and exhaust fans in strategic points is a low-cost
alternative to increase the number of air changes per hour

Adaptation to the environment to which the air is being directed, avoiding
other people being exposed to the risk of infection

11.1.4.5. Individual Protection

Measures for healthcare personnel at risk

Masks: they can be of the N-95 type, with a National Institute for Occu-
pational Safety and Health (NIOSH) certification of the United States
(US) or of the PFF-2 type, with international standards certification;
common surgical masks are not advisable: their effectiveness in prevent-
ing the inhalation of particles with diameters of 1 to 5 um is less than
50 % (they were specifically designed to prevent the exhalation of parti-
cles)
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The protection masks should be supplied by the health service where the
TB patients are assisted, preferably in various sizes and models

Even if administrative and environmental control measures are in force,
healthcare workers should wear appropriate respiratory protection devices
(N95 or PFF2) at all times while they are in patients’ rooms, during bron-
choscopy, induced sputum, pentamidine nebulization, surgery or autopsy
performed on suspected or confirmed TB cases

Instruct the personnel on the correct use of the special masks, reminding
male employees that they should have their faces shaved as beards and/or
mustaches can prevent perfect adjustment of the mask to the face

Special masks (N95 or PFF2 respirators) can be used for indeterminate pe-
riods of time, as long as they are kept dry, clean and intact (without any
torn, frayed or crumpled areas); their storage in plastic bags after use must
be avoided because bags retain humidity

For TB patients transiting through the institution

Indicate the use of common surgical masks for the respiratory sympto-
matic patients as soon as they enter the unit (triage, emergency, ambula-
tory, when being admitted or when passing through). The surgical masks
work as a barrier, capturing the damp particles (usually larger than 5 pm)
and, therefore, do not work as filters.

In the day-hospital sector, HIV-negative patients who have been coughing
for more than three weeks should wear a common mask all the time whilst
there; HIV/AIDS patients with any respiratory symptom should use a
common mask all the time. When the engineering measures are not
working in the room, the asymptomatic patient in the same setting should
be instructed to use a special mask (N95 or PFF2), particularly if immuno-
suppressed.
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11.1.5. Tuberculin skin test survey

The evaluation of the risk of infection from M. tuberculosis (through tuberculin
investigation) should be performed on healthcare personnel in the following situa-
tions:

e Recently admitted personnel
e Personnel that report frequent contact with pulmonary TB patient

It is important that every health unit knows the prevalence of TB infection and TB
disecase among the healthcare personnel. In this sense, the healthcare worker that
reports a past history of active TB or household contact with a pulmonary TB case
in the last two years must be submitted to medical examination, tuberculin testing
and a chest X-ray.

A tuberculin skin test (TST) should be applied and read by one of a limited-number
of trained nurses tested for intra- and inter-reader variability. Tuberculin purified
protein derivative (PPD) will be injected subcutaneously and the amount of indura-
tion should be measured at 48—72 hours. For healthcare workers with an induration
< 10 mm, the tuberculin skin test should be repeated 7-10 days later. Those with a
two-step tuberculin skin test < 10 mm should be asked to undergo a repeated tuber-
culin skin test 6-12 months later. Those with a tuberculin skin test > 10 mm and
those who experienced a tuberculin skin test conversion should undergo a medical
evaluation to rule out TB disease.

Since 1995, bacille Calmette-Guérin (BCG) revaccination has not been recom-
mended by the WHO. Few countries still maintain the use of BCG revaccination.
Recently, in an open, randomized clinical trial performed in Brazilian children, it
was found that a second BCG vaccination at school age has low effectiveness.
Because of these results and those described in the international literature, BCG
vaccination is no longer recommended for healthcare personnel in some countries,
including Brazil (Rodrigues 2005).

According to a study performed in the US, tuberculin investigation every
12 months in areas with a high risk of TB infection would be more cost-effective
than other measures for preventing TB. Chemoprophylaxis should be indicated to
recent PPD converters (induration increase of 10 mm in relation to the last test)
(Nettleman 1997).
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11.1.6. Recommendations

Flaws related to biosecurity measures (administrative, environmental or of individ-
ual protection) are factors known to be associated with higher nosocomial TB
transmission.

The primary tuberculous infection may manifest itself as a light respiratory condi-
tion with hardly any clinical or radiological signs. Consequently, it usually remains
undiagnosed. During this process, M. tuberculosis spreads both lymphatically and
hematogenously and the bacilli implanted in extrapulmonary organs or tissues are a
potential source of subsequent reactivation. Generally, the tuberculin skin test is the
sole indication that M. tuberculosis infection has occurred.

It is estimated that 10 % of individuals infected with M. tuberculosis will develop
active TB at some time during their lifetime. The risk of becoming sick with TB is
highest in the first two years after the infection, when about 5 % of infected indi-
viduals undergo a progression from latent to active disease. The other 5 % can
develop active TB at any time in their lifetime if they do not receive the treatment
recommended for latent infection.

Even in places where TB is endemic and BCG vaccination is universal, the result
of the tuberculin skin test reflects, with reasonable accuracy, exposure to M. tuber-
culosis. In countries with a high prevalence of TB, in which 25 to 50 % of the
population is considered to be infected by M. tuberculosis, the tuberculin skin test
is highly specific and a positive result has a high probability of indicating tubercu-
lous infection. The adequate establishment and fulfillment of TB biosafety meas-
ures are the tools needed to reach the goal of reducing the annual risk of infection
in healthcare personnel to levels similar to those of the general population.

11.2. Biosafety in the laboratory
11.2.1. Introduction

Microbiology laboratories are unique and special work environments, where the
handling of infectious organisms may pose risks of infection to the laboratory per-
sonnel or the surrounding community.

Several cases of infections acquired in the laboratory have been reported through-
out the history of microbiology. By the end of the 19" century and the beginning of
the 20", reports had already been published describing laboratory-associated cases
of typhoid, cholera, brucellosis, and tetanus. By the middle of the 201 century, a
few publications reported cases of laboratory-related infections in the United
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States. Some of these cases were attributed to carelessness or inappropriate tech-
niques in the handling of infectious material (Meyer 1941, Sulkin 1949, Sulkin
1951).

A laboratory survey was updated in 1976 (Pike 1976) totaling 3,921 cases. Brucel-
losis, typhoid, tularemia, TB, hepatitis and Venezuelan equine encephalitis ac-
counted for most of the infections. Not more than 20 % of these cases were associ-
ated with a documented accident. Exposure to infectious aerosols was considered to
be a likely but unconfirmed source of infection in more than 80 % of the reported
cases, in which the infected person had “worked with the agent”. Pike, in 1979,
concluded that “the knowledge, the techniques and the equipment to prevent most
laboratory infection were available” (Pike 1979).

The actual risk of a laboratory-acquired infection is difficult to measure because
there is no systematic reporting system. Besides, surveillance data on laboratory-
associated infections are difficult to collect because the infections are often sub-
clinical and have an atypical incubation period and route of infection. Another
problem is that laboratory directors may not report incidents for fear of reprisal or
embarrassment (Sewell 1995).

The risk of exposure to infectious agents tends to be lower for laboratory workers
than other groups of healthcare workers. However, the risk of laboratory-associated
infection in employees of clinical and research laboratories is greater than that of
the general population, suggesting that unique risks are associated with the labora-
tory work environment (Kiley 1992).

The advent of the HIV/AIDS epidemic in the early ’80s and the fact that the rate of
new cases of TB began to rise in 1986 in developed countries (Tenover 1993), put
laboratory safety and safety programs in the spotlight. The safety concerns led to
the elaboration of guidelines and manuals (Centers for Disease Control 1987, Oc-
cupational Safety and Health Administration 1991). A decrease in the occupational
risks associated with working in a clinic or laboratory was observed after these
guidelines were adopted (Fahey 1991, Wong 1991).

The term “containment” is used when describing safe methods for managing infec-
tious material in the laboratory environment where they are handled or stored. The
purpose of containment is to reduce or eliminate exposure of laboratory workers,
other people, and the outside environment to potentially hazardous agents.

Primary containment. protection of laboratory workers and the immediate labo-
ratory environment from exposure to infectious agents is provided by both good
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microbiological technique and the use of appropriate safety equipment. The use of
vaccines may provide an increase in the level of personal protection.

Secondary containment: protection of the environment outside the laboratory
from exposure to infectious materials is provided by a combination of facility de-
sign and operational practices.

Therefore, the three elements of containment include laboratory practice and tech-
nique, safety equipment, and facility design. The risk assessment of the work to be
done with a specific agent will determine the appropriate combination of these
elements (Blumberg 2000, Blumberg 2004, Centers for Disease Control and Pre-
vention 1994, Centers for Disease Control and Prevention 2005).

The most important element of containment is the strict adherence to standard mi-
crobiological practices and techniques. People who work with infectious agents or
potentially infected materials must be aware of potential hazards and must be
trained and proficient in the practices required for the safe handling of these mate-
rials. The director of the laboratory is also responsible for providing or arranging
the appropriate training of personnel.

Each laboratory should develop or adopt a biosafety manual or operations manual
that identifies the hazards that are or may be found in the laboratory, and that speci-
fies practices and specific procedures designed to minimize or eliminate the expo-
sure to such hazards. Personnel should be informed about the special hazards and
should follow the necessary practices and procedures.

A scientist trained and knowledgeable in appropriate laboratory techniques, safety
procedures and hazards associated with the handling of infectious agents must be
responsible for the conduct of work with any infectious agent or infected material.

M. tuberculosis is repeatedly ranked within the top-five most common laboratory-
acquired infections (Collins 1998, Miller 1987, Sepkowitz 1994, Seidler 2005).
Pike reported that laboratory and mortuary workers exposed to tubercle material
have a TB incidence rate three times higher than that of the general population and
indicated that only 18 % of infections could be traced back to a known event (Pike
1976). Despite the current knowledge and biosafety measures in place, a recent
report in New York demonstrated rates from 2 to 6.6 % of TB conversion among
healthcare workers (Garber 2003).

In addition, surveys suggest that the actual incidence of laboratory-acquired infec-
tions due to M. tuberculosis is greater than the number of reported cases. The
documentation of a case of laboratory-acquired TB is difficult because the source
of the infection is often unclear, as a result of the potential for exposure outside of
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the workplace and the long incubation period before the development of sympto-
matic disease (Collins 1993, Pike 1979). The incidence of TB in laboratory person-
nel is estimated to be three to nine times that of individuals in other job environ-
ments (Harrington 1976, Reid 1957, Saint-Paul 1972).

Manipulation of specimens or cultures that generate aerosols is the most important
risk factor for acquiring TB in the laboratory. Aerosolization occurs frequently
during autopsies, preparation of frozen sections of infected tissues, and procedures
involving liquid cultures (Centers for Disease Control and Prevention 1981, US
Department of Health and Human Services 1993).

M. tuberculosis presents a low infective dose for humans of less than 10 bacilli
(Riley 1957, Riley 1961), suggesting a high risk for laboratory-acquired infection.

Due to the nature of this organism, containment level 3 (CL3) laboratory opera-
tional and physical requirements have been recommended for manipulation of the
live organism in North America (US Department of Health and Human Services
1995). Therefore, one would hypothesize that working in a CL3 with personal
protective equipment, including a respirator, would be adequate to protect the
worker. However, as tuberculin skin test conversion is still occurring (Blackwood,
2005), other practices and causes should be analyzed.

These recommended measures are implemented by healthcare facilities in high-
income countries, but given their high cost, few facilities in low-income countries
can afford to implement them (Pai 2006).

The WHO has proposed practical and low-cost interventions to reduce nosocomial
transmissions in settings where resources are limited, and these are available on the
internet at  http://www.who.int/docstore/gtb/publications/healthcare/index.htm
(World Health Organization 1999). Several simple interventions can ameliorate
working conditions, such as training and supervising laboratory workers in good
techniques and biosafety practices to provide the necessary organization
(DeRiemer 2000, Joshi 2006).
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11.2.2. Laboratory biosafety levels

Infectious microorganisms are classified by risk group. This type of classification is
to be used for laboratory work purposes only.

e Risk Group 1 (no or low individual and community risk)
A microorganism that is unlikely to cause human or animal disease.
e Risk Group 2 (moderate individual risk, low community risk)

A pathogen that can cause human or animal disease, but is unlikely to be a serious
hazard to laboratory workers, the community, livestock or the environment. Labo-
ratory exposure may cause serious infection, but effective treatment and preventive
measures are available and the risk of spread of infection is limited.

e Risk Group 3 (high individual risk, low community risk)

A pathogen that usually causes serious human or animal disease but does not ordi-
narily spread from one infected individual to another. Effective treatment and pre-
ventive measures are available.

e Risk Group 4 (high individual and community risk)

A pathogen that usually causes serious human or animal disease and that can be
readily transmitted from one individual to another, directly or indirectly. Effective
treatment and preventive measures are not usually available.

Biosafety Level designations: are based on a combination of the design features,
construction, containment facilities, equipment, practices and operational proce-
dures required for working with agents belonging to the various risk groups (World
Health Organization 2004).

Laboratory facilities are designated as:
e Biosafety Level 1 — basic laboratory
e Biosafety Level 2 — basic laboratory
e Biosafety Level 3 — laboratory with containment conditions

e Biosafety Level 4 — laboratory with maximum containment
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A national classification of microorganisms, by risk group, may be determined
taking into account regional characteristics:

Organism: pathogenicity, mode of transmission
Host: immunity, density vectors, environment
Preventive measures

Treatment

11.2.3. Risk assessment

Any laboratory work should be done under appropriate biosafety conditions based
on risk assessment. Such an assessment will take into considerations the agent risk
group as well as other factors to establish the biosafety level (World Health Or-
ganization 2004).

Organism

Factors that should be considered concerning the organism include:

Pathogenicity of the agent and infectious dose
Potential outcome of exposure
Natural route of infection

Other routes of infection, resulting from laboratory manipulations (paren-
teral, airborne, ingestion)

Stability of the agent in the environment
Concentration of the agent to be manipulated
Presence of a suitable host (human or animal)

Information available from animal studies and reports of laboratory-
acquired infections or clinical reports

Laboratory activity planned (sonication, aerosolization, centrifugation,
etc.)

Any genetic manipulation of the organism that may extend the host range
of the agent or alter the agent’s sensitivity to known, effective treatment
regimens

Local availability of effective prophylaxis or therapeutic interventions
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On the basis of the information ascertained during the risk assessment, a biosafety
level can be assigned to the planned work:

e appropriate personal protective equipment
e standard operating procedures (SOPs)

e other safety interventions developed to ensure the safest possible conduct
of the work

11.2.4. General laboratory practices

There are different types of laboratory hazards, such as biological, chemical, radia-
tion and physical, as well as electrical hazards, slips, trips, and falls.

Attitude, behavior and common sense are the key to prevent such accidents.

The main causes of laboratory accidents are: lack of training, knowledge or experi-
ence; excessive self-confidence, negligence, fatigue, taking shortcuts, work load,
working too fast, deciding not to follow safe practices, and skepticism about bio-
hazard.

Laboratory workers can be classified as “unsafe” and “safe”. Unsafe workers are
those who have a low opinion of safety programs, take excessive risks, work too
fast and are less aware of the risk of agents. Safe workers are those who adhere to
safety guidelines, practice defensive work habits and recognize potentially hazard-
ous situations (Phillips 1986, Harding 1995).

The laboratory has to be organized with responsibility levels. The manager needs to
have an attitude of support towards the safety program, should provide adequate
resources and training, should supply a safe work environment, monitor work
practices, and assess and assign risk level for hazardous materials (biologicals,
chemicals, animals).

The employees, on the other hand, have to comply with occupational safety and
health standards, rules, regulations and orders, use personal protective equipment
and safety equipment when needed, and report all work-related accidents and ill-
ness to the supervisor.

The types of regulations that support working safely in laboratories are government
regulations, institutional regulations, and laboratory regulations or guidelines.

General safety guidelines
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e Eating, drinking or smoking are not permitted in laboratories or offices
e  Wear personal protective equipment when needed
e  Practice good personal hygiene
e  Children are not allowed into laboratory areas
e  Good housekeeping
- clean up after each manipulation
- do not store materials on work surfaces
- keep aisles clear
- keep chemicals in storage cabinets
- purge work areas of unnecessary or unused equipment, supplies
or chemicals
e  Minimize all exposure
e  Never underestimate the risks
e Become familiar with:
- emergency exits
- emergency procedures
- first-aid

- fire responses
e Report all accidents and injuries
e  Ask questions when in doubt
Personal safety guidelines

Take pride in your workplace and practice accident prevention by banning negative
attitudes and bad habits such as:

e Overconfidence

e Showing off

e  Stubbornness

o Laziness

e  C(Carelessness

e Impatience

e Ignorance
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Safety guidelines — slips, trips and falls

Clean up spills

Watch out for loose carpet, polished floors, or objects on floor
Keep all chair legs on the floor

Use step stools and ladders when reaching for top shelves
Never lay cords across walkways

Use as much light as possible

Do not carry loads which block your vision

Safety guidelines — storage

Avoid overloading file cabinets
Close file cabinet drawers when finished
Store heavy items on lower shelves

Keep pointed and sharp objects in a box in your desk drawer

Safety guidelines — personal protective equipments

Appropriate personal protective equipment must be worn whenever working with
hazardous materials.

Lab coat

- must be worn in the laboratory
- should be buttoned at all times
- should cover the arms, torso, back and legs above the knees
- should be selected based upon the chemicals used
- should be removed and replaced if soiled or contaminated
- should not be worn outside of the laboratory
Eye and face protection
- eye glasses, face shield, or mask are worn for work with small
quantities (< 1 L)
- goggles are worn for work with large volumes (1-5 L)

- chemical fume hood or other shield should be used for volumes
>5L

- should not be worn outside laboratory



Gloves
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should be selected based on the chemicals being used
should be inspected for tears or holes before use
should be replaced or discarded when dirty or contaminated

should not be removed from the laboratory

Respiratory protection

must be worn in the laboratory where there is an inhalation haz-
ard

should not be worn if not trained in their use

should be cleaned and inspected after each use and allowed to dry
completely

should be selected based upon the chemicals used or agents han-
dled

should not be taken out of the laboratory

Safety guidelines - controlling aerosols

Risk assessment

Avoid splattering and spilling solutions

Use plastic-backed absorbent paper on work surfaces

Place caps or tops on bottles and tubes

Place balances in ventilated enclosures

Use safety cups when centrifuging

Work under containment

biological safety cabinet
chemical fume hood
ventilated enclosures

directional airflow

Identify all hazardous materials and processes

Consider possible routes of entry

Consult information resources

Evaluate biosafety level or toxicity of material

Evaluate quantitative information on toxicity
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e Select procedures to minimize exposure
e  Prepare for contingencies

Safety guidelines — Laboratory security

e  Prevent unauthorized entry into laboratory areas

e  Prevent unauthorized removal of hazardous materials

e Recognize that laboratory safety and security are different

e Control access

e Know who is in the laboratory

o Know what materials are being brought into the laboratory

e Know what materials are being removed from the laboratory
e Have an emergency plan

e Have a protocol for reporting incidents

11.2.5. Decontamination

Mycobacteria are generally more resistant to chemical disinfection than other
vegetative bacteria (Russel 1986).

The subject of disinfectants, which are really effective against mycobacteria, is
very controversial and can generate confusion.

Table 11-1 shows disinfectants active against mycobacteria. The most common
disinfectants used in the mycobacteria laboratory are: phenol 5 %, ethanol 70 %
and sodium hypochlorite 2%.

There are interesting studies showing the efficacy of disinfectants against myco-
bacteria and M. tuberculosis (Best 1988, Best 1990).

The WHO manual of laboratory biosafety also gives good information on disin-
fectants in general
(http://www.who.int/csr/resources/publications/biosafety/ WHO CDS CSR LYO _
2004 11/en/index.html).


http://www.who.int/csr/resources/publications/biosafety/WHO_CDS_CSR_LYO_2004_11/en/index.html
http://www.who.int/csr/resources/publications/biosafety/WHO_CDS_CSR_LYO_2004_11/en/index.html
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Table 11-1: Disinfectants active against Mycobacteria

Disinfectant Final concentration
Phenol 5%

Sodium hypochlorite 10,000 ppm of Av Cl/mL
Sodium dichloroisocyanurate 6,000 ppm of Av Cl/mL
Ethanol 70 %
Glutaraldehyde-phenate 2%

Av CI = available chlorine

11.2.6. Handling of biological waste

It is strongly recommended that residues be segregated, packaged and properly
labeled at the point of origin. They should then be immediately placed in distinctive
containers according to their species and group, in order to reduce the amount of
contaminated residues, as well as accidental risks, and to adopt the best conduction
for the treatment of infectious or contaminant residues (Coelho 2000).

Potentially infectious: should be disposed of in plastic bags, made of polypropyl-
ene, resistant to autoclaving.

Bags should be filled up to 2/3 of their capacity and totally closed to prevent leak-
ing of the content, even if turned upside down. Bags cannot be emptied or reused.
In the laboratory, bags should be stored in garbage containers made of material that
permits chemical or physical decontamination, identified with the label of hazard-
ous biological waste having hinged-foot-activated mechanisms for opening and
closing the lid, with rounded corners and edges.

Every biological residue generated in the laboratory should be previously treated
before being disposed, even in the case of selective collection such as hospital or
animal-house facility waste.

Sharp and cutting residues: should be disposed of in containers with rigid walls
and lids resistant to sterilization.

The collecting containers for sharp and cutting material should be placed as near as
possible to the area of use of such material. The containers should not be filled
above 2/3 of their capacity.

After being filled, the collecting container should be closed and placed in plastic
bags resistant to autoclaving. Such containers should be identified with self-
adhesive labels, with the following information: “Do not reuse empty container”.
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Decontamination: autoclaving sterilization is the safest method, for its penetration
power is higher than dry heat. Microorganisms are destroyed by thermocoagulation
of cytoplasmic proteins.

Before disposal, bags should be sterilized by autoclaving; sterilization occurs at a
pressure of 1 atm at temperatures of up to 121°C (250°F) for 62 minutes, with a 7-
minute interval pre-vacuum, 25 minutes heating, 25 minutes sterilization for sur-
face material or 30 minutes sterilization for thick materials and 15 minutes of
cooling.

If final disposal occurs after a 24-hour period, anatomical pieces, human and ani-
mal organs and carcasses that have undergone treatment, should be refrigerated or
kept in formalin.

Leaking of biological residues: in case of disruption or leaking of bags containing
biological residues that have not undergone prior treatment, the procedures below
should be followed:

e Cover the spill and spill site with paper towels

e  Pour disinfectant solution (for example sodium hypochlorite: a minimum
of 10,000 ppm available chloride) on the paper towels for 30 minutes
contact time

e  Pick up paper towels and discard them into a plastic bag

e Reapply disinfectant and wait for 10 minutes

e Carry out the cleaning

e Decontaminate all materials that had direct contact with the spill

e The professional responsible for the cleaning of the spill must wear the

necessary Individual Protection Equipment

Guidelines for internal collection and transport of residues

e Never pour the contents of the garbage bin into another container. The
garbage bag should be picked up, closed, and placed inside the internal
waste collection trolley

e  Check if there is any leakage in the plastic bag prior to picking it up from
the garbage bin. In case of leakage, the bag should be placed into another
bag with the same specification and the garbage bin must be washed and
disinfected

e Residue transport from the laboratory to the disposal room can be done by
hand or by the internal waste collection trolley



11.2. Biosafety in the laboratory 385

11.2.7. Transport of infectious materials

Guidance on regulations for the transport of infectious substances can be found at:
http://www.who.int/csr/resources/publications/biosafety WHO CDS EPR 2007 2
/en/index.html

11.2.8. Good Laboratory Practices (GLP)

Laboratories are complex and dynamic environments. Biomedical research and
clinical laboratories must be able to adapt quickly to continuously increasing public
health needs and pressures.

All biological research and clinical laboratories should be regularly certified to
ensure that:

e  Proper engineering controls are being used and are functioning adequately
as designed

e  Personal protective equipment is appropriate for the tasks being performed

e Decontamination of waste and materials has been adequately considered
and proper waste management procedures are in place

e  Proper procedures for general laboratory safety, including physical, elec-
trical and chemical safety are in place

Laboratory certification is the systematic examination of all safety features and
processes within the laboratory (engineering controls, personal protective equip-
ment and administrative controls). Biosafety practices and procedures are also
taken into account. Laboratory certification is an on-going quality and safety assur-
ance activity that should take place on a regular basis.

Standardized practices can be found in the WHO Laboratory Biosafety Manual
(http://www.who.int/csr/resources/publications/biosafety/ WHO CDS _CSR_LYO
2004 _11/en/index.html). Some important topics are summarized below:

Safe handling of specimens in the laboratory

Improper collection, transport and handling of specimens in the laboratory carry a
risk of infection to the personnel involved.


http://www.who.int/csr/resources/publications/biosafety/WHO_CDS_EPR_2007_2/en/index.html
http://www.who.int/csr/resources/publications/biosafety/WHO_CDS_EPR_2007_2/en/index.html
http://www.who.int/csr/resources/publications/biosafety/WHO_CDS_CSR_LYO_2004_11/en/index.html
http://www.who.int/csr/resources/publications/biosafety/WHO_CDS_CSR_LYO_2004_11/en/index.html
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Specimen containers

Specimen containers may be of glass or preferably plastic. They should be robust
and should not leak when the cap or stopper is correctly applied. No material
should remain on the outside of the container. Containers should be correctly la-
beled to facilitate identification. Specimen request or specification forms should
not be wrapped around the containers but placed in separate, preferably waterproof
envelopes.

Transport of specimens within the facility

To avoid accidental leakage or spillage, secondary containers, such as boxes,
should be used, fitted with racks so that the specimen containers remain upright.
The secondary containers may be of metal or plastic, should be autoclavable or
resistant to the action of chemical disinfectants, and the seal should preferably have
a gasket. They should be regularly decontaminated.

Receipt of specimens

Laboratories that receive large numbers of specimens should designate a particular
room or area for this purpose.

Opening packages

Personnel who receive and unpack specimens should be aware of the potential
health hazards involved, and should be trained to adopt standard precautio