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1. ABSTRACT

Tuberculosis is an age-old human affliction which
continues to flourish worldwide despite the development of
effective drugs for its treetment and a vaccine (BCG) for its
prevention. At least 8 million people die from this disease
each year, a figure which is likely to increase as the AIDS
epidemic continues its relentless spread into Africa and
Southeast Asa.  Consumption was shown to be caused by
Mycobacterium tuberculosis more than a century ago, yet we
dill know very little about the mechanisms used by this
organism to eude the normaly effective celular host
defenses as it establishes a progressive infection within the
lung. The maority of individuas exposed to tuberculous
infection are able to limit the primary infection to the lungs
and its lymph nodes, resulting in a latent form of the disease
which can provide the host with a lifdong immunity to
reinfection. While a great ded is known about the cdlular
mediators of this immune response (together with the
cytokines which modulate them) we lack a clear
understanding of the role that they play during the
establishment of the dormant form of the disease.

Live BCG vaccine has been widely used in many
Third World countries as a mgor component of their
tuberculosis control programs.  However, severa carefully
controlled human trials have shown little protection achieved
in vaccinated individuas.  Development of improved
vaccines, both for the prevention and therapy of thisdiseaseis
an urgent ressarch priority and a number of potentia
immunogens are under active investigation. However, our
limited understanding of the pathogenesis of this chronic
disease, together with a lack of data on the role played by
different bacterid components in the modulation of the
immune response, continues to severely limit our ability to
develop a rationa approach to this project. To achieve this
god, it will be necessary to establish innovative approaches to
the presentation of protective antigens by taking advantage of
recent advances in the molecular biology of this complex and
enigmatic group of organisms.

123

2. INTRODUCTION

Pulmonary tuberculosis has been recognized as an
important, life-threstening human disease since the beginning
of recorded history (1). Despite substantia advances made
over the past 100 yearsin the treatment and prevention of this
disease, it continues to kill nearly three million of people each
year, making it the most important bacterid infection we face
in the world today (2). According to the World Hedth
Organization, as many as a third of the world's population
(1.7 billion people) are presently infected with tubercle bacilli,
resulting in nearly 8 million new cases of this disease being
reported each year. Based on present trends, this yearly figure
is expected to rise to more than 10 million by the year 2000
(3). Even in the United States, where tuberculosis was once
thought to be on the brink of eimination (4), it is estimated
that 10 to 15 million Americans are till infected with tubercle
bacilli and therefore a risk of developing reactivationa
disease (5). After a steady decline over severd decades, the
number of new tuberculosis cases reported to the Centers for
Dissase Control in Atlanta, underwent a sharp increase
beginning in 1985, a shift which represents an excess of more
than 52,000 new cases over that predicted on the basis of the
earlier rate of decline. Much of thisincrease has been a direct
result of the worldwide AIDS epidemic, which reactivates
latent cases of tuberculoss with disastrous results for the
doubly infected individual (6). The combined M. tuberculosis
and HIV infections conditute a particularly deadly
combination with sharply increased mortality rates for both
diseases. While the number of new cases of tuberculosis for
the United States as a whole is once again on the decline
(largely as a result of strenuous public hedth control
measures), the numbers continue to rise in severd States, as
well asthe District of Columbia, where the disease remains at
near epidemic levels (7, 8). Some communities report that a
quarter to a third of their tuberculosis patients are coinfected
with HIV (9) and since many AIDS patients live in homeless
shelters, prisons or hospice settings, they are aso at increased
risk of acquiring multidrug-resistant tuberculosis infections
(10). Aslong asthe AIDS epidemic continues to spread (11),
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tuberculosis will remain a serious public hedth problem in
this country, aswell as overseas (12).

Pulmonary tuberculosis is a chronic, debilitating
lung disease, mainly caused by M. tuberculosis (13). Most
cases of tuberculosis are the result of direct person-to-person
spread by the M. tuberculosis as they are coughed out by an
individual suffering from open cavitary lung disease (14).
The tubercle bacilli are expelled into the air in tiny droplets 3 -
5 micronsin diameter which can travel surprising distancesin
dill air, infecting other people living or working with the
index case (15). Some strains are unbelievably infectious
(16), especidly in a closed environment such as occurs in
prison or in a nursing home (17). For obvious reasons, it has
been difficult to establish the minimum size of an infectious
dose for human patients, but guinea pig studies suggest that
active disease can occur following the inhalation of only 1 or
2 viable tubercle bacilli (15, 18). On entering the aveolus,
the organisms are taken up by the resdent aveolar
macrophages where they begin to multiply (19). Some of
these organisms will be caried to the hilaa and
tracheobronchiad lymph nodes where they will establish
secondary tubercles.  Most immunocompetent adults (90-
95%) are able to confine the infection to these draining lymph
node(s) alowing the latent form of this disease to develop. In
less fortunate individuds, the infection spreads via the
bloodstream to the spleen, the kidneys, the bone marrow and
the centra nervous system (frequently seen in infants and
children whose cellular defenses have not yet become fully
developed). The developing infection may continue to spread
despite the activation of a strong cell-mediated immune
response which nevertheless, seems incapable of limiting the
developing infection within the lung (20). Regardless of the
effectiveness of the immune response, it may not eiminate all
the viable organisms from the tissues (21). Thus, in many
patients, a smdl number of viable tubercle bacilli may
survive in vivo for years or even decades after the primary
infection has apparently been brought under control. Despite
the obvious immunological importance of this phenomenon
(22), we 4ill know very little about the mechanism(s)
involved or even the form that the organisms take whilst in
this dormant state (21). The latent infection may provide the
host with an increased resistance to second attacks of  this
disease (23), but at the same time, it can dso conditute an
important source of reactivationa disease late in life, or
following an HIV infection (17, 24).

3. CONSUMPTION, PHTHISIS, SCROFULOSIS,
POTT’S DISEASE OR THE WHITE PLAGUE

Pulmonary tuberculosis was first recognized as a
debilitating lung disease during the classca Greek era (1).
References to Consumption can aso be found in a number of
ancient Hindu texts. However, the infectious nature of this
dissase was not recognized until Villemin successfully
infected rabbits with blood and sputum taken from his
tuberculous patients in 1868. The implications arisng from
his findings ran contrary to the conventional medical wisdom
of the time and were dmost uniformly ignored by his
colleagues who continued to believe that consumption was
caused by bresthing unhedlthy air (miasmas), by bad living
habits, even a result of mord turpitude. This atitude only
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changed after Robert Koch reported in 1882 that he had
successfully cultured the tubercle bacillus on potato and
inspissated serum dants in his laboratory (25). Koch dso
injected his pure culture into rabbits and guinea pigs which
developed active tuberculosis, thereby satisfying his famous
st of postulates as the causative organism of this disease. By
injecting cultures obtained from patients exhibiting the many
clinica manifestations of this disease, he proved beyond al
doubt that M. tuberculosis was the sole cause of this highly
infectious human disease. Despite this masterful exercise in
experimenta  pathology, Virchow who was the most
influentid pathologist in Berlin a that time, steadfastly
refused to accept the vdidity of Koch's findings. His
resistance was dso responsible for the publication of this
milestone paper in arelatively obscure medica journa which
was not readily available to the mgority of physicians and
academiciansin the United States.

Abstracts of this paper appeared in a number of
British and American medica journas where they attracted
the atention of a young New York physcian, Edward
Livingston Trudeau, who was suffering from advanced
pulmonary tuberculosis (26). At that time, Dr. Trudeau was
living in a remote village in the Adirondack Mountains in
Northern New York State for the sske of his hedlth. He had
contracted tuberculosis in 1865 while nursing his elder brother
who died from miliary tuberculoss. While tending his
patient, Trudeau had no idea that the disease was contagious
and had taken no precautions againg his own infection. Asa
result, severa years later he developed a persistent fever and
cough and on consulting a colleague, was informed that he
had massive upper lobe tuberculous involvement.  Trudeau
was wel aware from his own medica training what this
meant and he commented in his autobiography that his
feelingswere akin to the prisoner at the bar who istold he is
about to be hanged (26). Within a year he was too sick to
continue his medica practice and decided to spend his few
remaining months of life hunting and fishing at Paul Smith’s
Camp on Lake St. Regis in the Adirondacks. At first, he was
too weak to walk more than afew steps and had to be carried
on alitter by his guides to a suitable hunting spot. However,
by the end of the summer, Trudeau's hedth had improved
substantidly as a result of a regimen of rest, good food and
clean mountain ar. His near miraculous recovery led
Trudeau to move his family to Saranac Lake, where his hedlth
continued to improve to the point that he was able to resume
the practice of medicine.

About this time he was given an English trandation
of Koch's paper which Trudeau later described as one of the
most important medical papers ever written (26). In
particular, he was druck by the incisve experimenta
gpproach used by Koch and resolved to isolate his own
culture of tubercle bacilli so he could carry out his own
experimental studies into the course of this enigmatic disease.
His first step was to learn how to stain and culture this
demanding pathogen in the laboratory, using his own clinica
materia for the purpose. Then, he established a diagnostic
laboratory in his house and set about studying the role of
various environmental factors in the establishment of a
tuberculous infection in rabhbits, using the pure culture of M.
tuberculosis which he had recently isolated from his own
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sputum (27). At tha time, a bitter controversy was raging
over the role played by environmental factors in the
establishment of tuberculosis in people. Trudeau set up his
first experiment in which he infected groups of rabbits with
tubercle bacilli and then housed them under different living
conditions. He placed hisfirst group of uninfected controlsin
a damp, dark pit with only minima food and water. A
second group of animals were infected with tubercle bacilli
and kept in a dark, crowded box in an unheated cellar. The
third group were aso infected and released on a smal idand
in Lake St. Regis where they had plenty of food and exposure
to fresh air and sunlight. When Trudeau examined his three
groups of rabbits severa months later, the results were clear
cut and the conclusions indisputable. The infected rabbits
which he kept in the cdlar were dl dead as a result of
progressive tuberculous disease whereas the uninfected
rabbits living under the same conditions were emaciated but
otherwise dive and well. Of the infected rabbits which he had
released on Rabbit Iand, one died in the firs month but the
other 4 were dive and well with no sign of tuberculous
disease when they were sacrificed 6 months later (27). The
results of this smple experiment vindicated Trudeau's belief
that the progress of a tuberculous infection could be arrested,
even reversed, by a regimen of rest, good food, sunlight and
fresh ar. He had dso established that poor housing and
mal nutrition were not, per se, acause of tuberculosis.

In retrospect, this smple experiment represented a
remarkable tour-de-force for a young country doctor with
little or no forma laboratory training and who, on his own
initiative, established an active research program a the
Adirondack Cottage Sanatorium only one year after it first
opened its doors in 1884. Throughout his life, Trudeau
remained convinced that effective trestment of this disease
depended on a combination of clinicad and experimenta
research, a philosophy which undoubtedly helped to establish
the Trudeau Laboratory as a leading tuberculosis research
center in the United States.

One of the most enduring dreams in tuberculosis
research has been the development of an effective, fully
protective vaccine againg this highly infectious pathogen. At
the time that Trudeau began his studies in tubercul ous rabbits,
the mortality rate for this disease in the United States was
around 500 cases per 100,000 persons per year, with surviva
rates ranging from 1 in 3 to 1 in 4 for mogt of these
unfortunate patients. Surviva of infected infants and young
children was even more dismal. In the absence of any known
cure, the best dternative seemed to be preventive by the use
of vaccination procedures adong the lines successfully
developed by Pasteur against rabies and fowl cholera. During
his early studies, Koch (28) tested a number of inactivated
products prepared from the tubercle bacillus and announced in
1891 that injections of an extract which he caled old
Tuberculin” showed therapeutic promise when injected into
tuberculous patients. The rationae behind this treatment was
based on his demonstration that the injection of killed tubercle
bacilli into the skin of tuberculous guinea pigs resulted in an
accelerated inflammatory response with loca necrosis (the so-
caled Koch reaction). Koch reasoned that a similar reaction
would occur within the lungs of tuberculous patients receiving
intravenous injections of Old Tuberculin and he assumed that
this would have some therapeutic benefit for the patient.
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Trudeau and his colleagues were quick to repeat Koch's study
but after seeing a number of fata complications (due to
tuberculin  shock), they concluded that such therapeutic
injections were too dangerous and discontinued the trestment
(29). Desxpite this early disappointment, Old Tuberculin
remained a useful diagnogtic reagent for more than haf a
century before its cdlular nature was first established by
Chase and Landsteiner (30).

During his early tuberculin thergpy studies,
Trudeau had tried vaccinating guinea pigs and rabbits with
killed suspensions of tubercle bacilli and their extracts, but
without much success. Like many pathologists, Trudeau had
been struck by the presence of old, healed tuberculous lesions
in the lymph nodes of many apparently hedthy adults who
had died from non-tuberculous causes (31). Trudeau assumed
that these individuals had been infected with tubercle bacilli
ealy in life and had developed the latent form of the disease
in which they continued to express a positive tuberculin skin
reactivity but with no signs of active, progressive disease.
Since virtualy everyone a that time was being exposed to
individuas with active pulmonary disease, Trudeau reasoned
that latent tuberculoss somehow protected the individua
againgt secondary attacks of the disease. If dead bacilli were
unable to protect vaccinated animals from a tuberculous
challenge, Trudeau reasoned that the living organism must
possess protective factors not present in killed bacilli. This
conclusion seemed consistent with his earlier finding that live
M. avium provided excellent cross-protection to rabhbits
challenged with virulent M. tuberculosis (32). However, M.
avium was too virulent to use in  humans and so Trudeau
turned his attention to an attenuated strain of M. tuberculosis
R1. At that time, there was no method to preserve M.
tuberculosis cultures in the laboratory. Clinical isolates were
transferred onto fresh media every 3 or 4 weeks, a procedure
which usudly resulted in a dow loss of virulence for
experimental animals (and presumably, for people). The usua
procedure was to discard such cultures and replace them with
a fresh clinica isolate, of which there was no shortage.
However, a few of these old strains had been retained in the
Trudeau Laboratory collection, usualy as a source of Old
Tuberculin. M. tuberculosis strain R1 had been maintained in
potato-glycerine-peptone broth for 11 years, by which time it
was no longer able to kill rabbits or guinea pigs even when
injected in massive doses. Trudeau inoculated a number of
rabbits and guinea pigs with two doses of the live R1 vaccine
and chalenged them 3 months later with a highly virulent
strain of M. tuberculosis (32). All of the vaccinated animals
were disease-free when examined 12 months later, whereas
the unvaccinated controls were al dead within 60 days of
challenge. Such aleve of protection was highly impressive,
yet there is no indication that Trudeau gave serious
consderation to testing his R1 vaccine in humans. Years
later, Steenken re-examined severa of these M. tuberculosis
strains for their immunogenicity in guinea pigs and concluded
that they could be potentialy useful as vaccines for silicotic
miners who were known to be extraordinarily susceptible to
tuberculous infection (33). However, there is no recorded
attempt to trandate these experimentd findings into clinical
testing in human volunteers and it remained for Camette and
Guerin to achieve this goa with their attenuated BCG strain
of M. bovis (34).
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4. BACILLE DE CALMETTE-GUERIN
VACCINE DEVELOPMENT

(BCG)

BCG vaccine was determined to be safe and
effective when administered oraly to infants and young
children with few serious side effects (35). However, this
concluson was amost completely negated by the Lubeck
dissster in which 72 infants died after being fed vaccine
which had been accidentaly contaminated with virulent
tuberclebacilli. This reputation was not helped by the dismal
failure of severa well-controlled BCG field trias carried out
in areas known to suffer from a high level of endemic disease
(36). A recent metaandysis of this published data has
concluded that the level of protection achieved as a result of
BCG vaccination averaged around 50%, with substantidly
lower levels being achieved in countries lying near the
equator, where, ironicaly, the need for effective protection
againg this disease is the greatest (37). The reasons for the
observed lack of anti-tuberculous protection in these trias
remains controversial, since the same vaccines showed high
levels of protective activity when tested in Britain (38).

A number of experimental studies had indicated
that specific antibodies played little role in the expression of
acquired anti-tuberculous immunity (39, 40). However, the
nature of the protective mechanism remained a mystery until
the pivotal studies of Max Lurie in tuberculous rabbits (41).
Lurie infected his rabbits with virulent strains of M.
tuberculosis or M. bovis and followed the progress of the
resulting pulmonary diseese.  During these studies, he
determined that the rabbit infection showed a number of
similarities to the naturally acquired human disease. Then, in
aseries of landmark studies, Lurie examined the course of this
dissese as it developed in rabbits bred for ther innae
susceptibility or resistance to tuberculosis (42). In the course
of these studies, Lurie was able to establish for the firg time
that anti-tuberculous immunity was mediated by a population
of immunologicaly activated macrophages (43). This was
achieved by following the growth of tubercle bacilli
introduced into the anterior chamber of the rabbit's eye,
together with activated macrophages harvested from naive or
BCG vaccinaed donors. Control animals receiving
monocytes from animas immunized with killed tubercle
bacilli were unable to kill virulent tubercle bacilli, thereby
demongtrating the crucid role played by the living organism
in the induction of an effective immunity to a tuberculous
chalenge (41). These studies were dl the more remarkable
because they were carried out before in vitro tissue culture
techniques became widely available and more than a decade
passed before Luri€'s findings could be confirmed using this
newly developed technique (44). These in vitro studies
ushered in the era of cdl-mediated immunity as a mgjor arm
of the host defense against a variety of intracellular pathogens
(45).

The pathogenesis of pulmonary tuberculosis as it
develops in the rabbit model was extensively described by
Dannenberg, based on his extensive histological examinations
of the resulting lesions (46). In many of these studies, the
animas were exposed to a small aerogenic challenge with
virdlent bovine tubercle bacilli and the progressive
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development of the resulting disease was divided into 4 main
phases:

a). Phagocytic uptake of the organisms by the
resident alveolar macrophages which carry them to the hilar
and mediastina lymph nodes.

b). Logarithmic growth by the organisms occurs a
both the origind infection site and in the draining lymph
nodes for a 3 to 4 week period.

€). Tuberculin skin hypersenstivity and cdl-
mediated immunity, mediated by separate populations of
specificaly sensitized T-cells, develop in the infected host and
the resulting activated monocytes dow or even reverse the
growth of the pathogen within the tissues.

d). The developing tubercle may undergo
progressive caseation, often followed by interna liquefaction
due to the hydrolytic enzymes released by the activated
macrophages. The resulting fluid provides a highly nutritious
growth medium for the tubercle bacilli which begin to
increase in number. Eventualy, the cavity will enlarge until it
erodes into a bronchiole and the entry of air results in an
explosve growth of the tubercle bacilli. Many of the
organisms are carried up with the sputum and expelled into
the air as infectious droplets during coughing or spitting (14).

A bitter controversy has developed over the last 50
years regarding the relationship between tuberculin
hypersensitivity and acquired cell-mediated immunity in the
tuberculous host (47). Much of this debate stems from the
apparent dissociation of the two phenomena in vaccinated
animas subjected to a number of experimental procedures.
Mackaness (48) pointed out the fdlacy in many of these
arguments, showing that tuberculin skin hypersensitivity is a
poor and unreliable indicator of the presence of a protective
cell-mediated immunity within the lungs and spleen of the
immunized host. With the availability of inbred mouse strains
differing in their innate resistance to tuberculous chalenge
(49), it became possible to adoptively immunize mice with
purified T-cell sugpensions harvested from immunized donors
(50). These dudies confirmed that these two celular
responses are mediated by different T-cell subsets which can
now be readily distinguished and quantitated on the basis of
their specific cell surface markers (51, 52). The explosion of
new daa stemming from sudies of this nature has
dramatically increased our understanding of the cdlular and
molecular mediators of this anti-tuberculous immune response
(53). The skin test anergy characteristic of many patients
suffering from advanced systemic disease may simply reflect
the inability of a minute amount of PPD injected into the skin
to be recognized by the circulating sensitized T-cdlls in the
presence of the great excess of mycobacteria antigens aready
present in the heavily infected host. The ability of splenic T-
cdls harvested from anergic donors to transfer tuberculin
hypersengitivity as wel as adoptively immunize naive
recipients againgt infection with virulent organisms would
seem to confirm this conclusion (51).

Development of delayed hypersensitivity by the
infected host seemsto be temporaly related to the evolution
of a protective cell-mediated immune response, suggesting
that the two processes may be functiondly linked in the
naturaly infected host (54). However, this conclusion is not
consistent with recent studies carried out in ICAM-1 knock-
out mice (55). On the other hand, a prolonged state of
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tuberculin hypersensitivity seems to be associated with severe
and progressive tissue damage of the kind usualy associated
with patients suffering from advanced clinica disease (19,
56). It seems that a little tuberculin hypersenstivity may be
good for you by drawing large numbers of blood monocytes
into the developing tubercle. However, prolonged
hypersensitivity leads to the destruction of functiona lung
tissue, presumably as a result of excessve IFN-g and
TNF-a production (57). For optima protection, a ddicate
baance must be struck between competing cytokine
populations as they are released within the developing
tubercle (53). This balance may vary depending on the organ
(or even tissue), the virulence of the pathogen and the stage of
the infection (58). Other factors involved in this process are
likely to be the age and nutritional status of the hogt, the
presence of physical or mental stress, and the existence of an
intercurrent infection (24, 59). The recent advances made in
our understanding of cytokine biology have moved the
immune response from a cellular to a molecular level, but we
dill  know surprisingly litle about the hodt-parasite
interactions which occur during the crucially important, initial
stages of the infection (60). Much of this ignorance stems
from an inability to decide just which antigens (or epitopes)
are responsble for the induction of the fully protective
immune response, or even which antigens are responsible for
the maintenance of a long-lived memory immune response
(61). The dominant T-cell population is known to undergo a
series of changes as the infection first develops and later
declines under the influence of the emerging immune
response.  However, we ill do not know whether this
immune memory depends on the presence of a residua
bacterid infection within the lymphoreticular organs of the
convalescent host or whether these cells can persist in the
absence of a latent infection (62). The kinetics of this
memory T-cell responseislikely to be the subject of intensive
immunologica investigation for some time to come.

5. VIRULENCE FACTORS ASSOCIATED WITH THE
TUBERCLE BACILLUS

M. tuberculosis possesses an array of unique and
rlativdly  toxic  sulfolipids, glycolipids and  lipo-
oligosaccharides, many of which may serve as virulence
factors in experimenta animas (63, 64). Some of thee
factors may only be produced in significant amounts while the
organism is growing in vivo, since it is known that bacteria
isolated from host tissues can differ in a number of ways from
their in vitro-grown counterparts (65). However, despite a
great ded of study, we dill know surprisingly little about
their role as virulence factors (genes, antigens, toxins,
enzymes) or how they are able to assist the growth of the
pathogen within an intracellular environment. Comparison of
the genetic makeup of M. tuberculosis strains H37Rv and
H37Ra, or M. bovis strains Ravend and BCG, indicate a
substantial  loss of genetic materid by the attenuated
organisms, athough the significance of the lost genes has yet
to be established in terms of pathogenicity (66, 67).

In contrast to the elegance and sophigtication of the
genetic approaches used in these studies (68), the resulting
vaccine must be tested for its residua virulence and
immunogenicity by methods which have changed little in
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over haf a century (69). Traditionaly, virulence tests are
caried out in guinea pigs which have long been known to be
exquisitely susceptible to parenteral chalenge with tubercle
becilli. Many of the early protection studies merely
compared the mean time to desth in vaccinated vs. control
animals following a large intratesticular (70) or intravenous
(71) chalenge dose of M. tuberculosis H37Rv. This
methodology was refined by recording the amount of
tuberculous involvement (number of surface tubercles) seen
in the spleen, liver and lung usng an abitrary semi-
qualitative scale (70, 72). Later, Mitchison transformed this
organ involvement into a root mean index of virulence
(ranging from 0.0 for M. tuberculosis H37Ra to 1.2 for
Erdman) as a more quantitative assessment of the level of
organ involvement (73). Finally, Middlebrook (74) and Smith
(75) introduced the use an aerogenic chalenge inoculum to
increase the relevance of the infection to the naturaly
acquired human disease. Using a Middlebrook chamber,
guinea pigs can be reliably infected with as few as 2 or 3
viable M. tuberculosis Erdman, with most of the control
animas dying within 100 days from a fulminant systemic
infection (76). On the other hand, the BCG vaccinated
animas were able to survive for at least 400 days. Smith
aso used X-ray examination of the lungs and the quantitation
of the bacterid population within the lung and spleen to
further increase the sengtivity of the methodology (77).
There islittle question that these refinements greatly increased
the sengtivity of the assay. However, these results may be
somewhat mideading because the guinea pig is too
susceptible to a tuberculous challenge to serve as an accurate
model of the human disease, in which the mgority of adults
are relatively resistant to this infection (78).

Mice have been used in tuberculoss research ever
since Koch first demonstrated that they were susceptible to
experimental infection by virulent tubercle bacilli (49).
Rodents are not naturally subject to tuberculous disease, with
the possible exception of M. microti, which was first isolated
from the fidd vole (79). Early mouse studies used large
challenge inocula of M. tuberculosis which killed the controls
after 3 or 4 weeks (71). In this modd, protection was
measured as the increase in survival seen in the vaccinated
compared to the control mice after 30 days. With the
development of 7H10 agar culture medium (80), it became
possble to follow the growth of a sublethd chalenge
inoculum in the lung and spleen at intervas throughout the
infection (81, 82). Counts carried out in BCG vaccinated
mice required the use of thiophene carboxylic acid hydrazide,
or acriflavine to the agar to inhibit the growth of any residua
BCG (83, 84). In aclassic saries of studies, Dubos and his
colleagues compared the immunogenicity of a number of
BCG subdtrains by quantitating the growth of both the
vaccine and chalenge populations in sdected host organs
throughout the entire experimenta period (82). While this
type of experimental protocol is extremely time consuming
and tedious, it demonstrates the presence of a protective
antibacteria immune response within the vaccinated host
(85). With the availability of inbred mouse strains showing
different levels of innate susceptibility to tuberculosis as well
as the reagents needed to identify and sort splenic T-cell
subsets, it became possible to adoptively protect naive
recipients against an aerogenic tuberculous challenge with
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pure suspensions of specificaly sensitized T lymphocytes
(86). These experiments have conclusively demonstrated the
pivotal role played by these T-cdls in the expresson of
acquired anti-tuberculous immunity (87). These studies have
led to an exploson of new immunologica information,
alowing a more sophisticated approach to the development of
protective reagents againgt a variety of intracelular pathogens
(88). Attempts to further improve vaccines for use in the
prevention and immunotherapy of this tenacious disease will
congtitute a major aspect of future studies with this important
human pathogen (89).

6. ANTI-TUBERCULOSIS VACCINES AND
PROTECTION AGAINST AEROGENIC INFECTION

The incidence of tuberculosis in the United States
has changed dramaticaly over the past century from a disease
affecting mainly infants and young adults in large urban
communities, to one occurring mainly in heath care settings
such as nursing homes and AIDS hospices, in homeless
shelters and in prisons (17, 90). While caseffinding and
chemotherapy has resulted in a spectacular drop in mortality
rates for this disease in Europe and North America, it has had
less effect in Third World countries where tuberculosis has
become an increasingly serious public health problem (3).
This shift probably reflects the crushing poverty,
overcrowding, nutritional deficiencies and lack of financia
and medica resources associated with these countries (91).
The severity of the problem has undoubtedly been
exacerbated by the HIV epidemic which continues to sweep
through Africa, Asa and much of Latin America (11). The
increasing incidence of multidrug-resstance seen in M.
tuberculosis isolates recovered from many of these patients is
even more worrying (92). Contrary to earlier conventiona
wisdom, these multiply resistant mutants have not lost ther
virulence for AIDS patients, many of whom develop an acute,
virtudly untreatable, life-threatening disease.  Under these
circumstances, tuberculosisiis likely to remain a serious world
problem for along time to come and in the absence of more
effective anti-tuberculous drugs, the only aternative strategy
would seem to be the development of more effective vaccines,
both for the prevention and immunoctherapy of this tenacious
disease (89, 93).

Live BCG vaccine has been widely used over the
past 50 years to immunize infants and young children (mostly
in Third World countries) with few serious side effects (36).
However, the efficacy of this vaccination has been questioned
following the fallure of severd carefully controlled human
vaccine trids (94, 95). Thus the decison by many
governments to continue using a potentialy flawed vaccine
has been based primarily on its low cogt, ease of production,
storage and administration. However, a recent meta-anayss
of the protection achieved in a number of BCG trids
concluded that neonatal vaccination does provide substantia
protection against the more severe miliary and meninged
forms of this disease in children (96). On the other hand, the
level of protection observed in adults has been low to non-
exigent, athough there may be circumstances in which its
use in healthcare workers and other high risk groups likely to
be exposad to infection with drug-resistant tubercle bacilli
should till be serioudy considered (97). When assessing the
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level of protection achieved in many of these trids, it should
be remembered that the intraderma vaccination procedure
was developed to induce maximum levels of protection with a
minimum of local discomfit, or adverse side effects (98). In
fact, few attempts have been made to compare different routes
and methods of inoculaion (ora, intranasal, aerogenic,
intraderma) for their relative immunizing efficiency in human
volunteers. Development of improved vaccination methods
will be essentid if we are to bring this worldwide tuberculosis
epidemic under effective control in the foreseeable future
(99).

The exciting advances in our understanding of the
molecular biology of the tubercle bacillus hold the promise of
better diagnostics, more effective therapeutic reagents and
improved vaccines (89, 100, 101). However, dl of these
products must be tested for safety and  biologicd activity
using qudity control methods which have changed little in
many decades. Part of the problem with vaccine testing has
been the lack of a clear consensus regarding which surrogates
best predict their protective activity in people.  Tuberculin
conversion rates have traditionally been used as a measure of
BCG efficacy, but this parameter does not aways agree with
the level of protection achieved in the fild (94). In an
attempt to get around this problem, the presence of a number
of cytokines such as IL-2, IL-12 and IFN-g have been
promoted as suitable predictors of a protective responsein the
vaccinated host (53). However, the relevance of these mouse
cytokine responses to the level of protection likely to be
achieved in a human population is not at dl clear and it may
till be necessary to subject these novel vaccines to extensive
human field trial , despite the extravagant cost and protracted
time that entails.

Laboratory assessment of a new anti-tuberculous
vaccine seems deceptively smple in theory, but has proven to
be far more difficult and contentious to achieve in practice
(102). The most obvious factor will be the animal test system
(103) but the vaccinating regimen will be important (size,
route, number of inoculations, time to challenge, sze and
route of chalenge), as well as the means used to assess the
resulting immune response (increased survival time, reduction
in bacteria growth in the lung, the nature and persistence of
the T-cell response and its cytokine profile). In fact, as many
as 20,000 variables are involved in a fully comprehensive
assay of a new vaccine (102). Given such variahility in the
design of the test protocal, it is hardly surprising that widely
differing results have been reported when the same vaccine
was tested in different laboratories (104).

The Nationa Inditutes of Hedth has recently
developed a standardized protocol for testing candidate anti-
tuberculosis vaccines which are submitted for testing.
Protection tests are first carried out in C57BL/6 inbred mice,
then progress to similar studies carried out in guinea pigs.
Some vaccines may be tested further in rabbits or monkeys
depending on the intended indication for the vaccine.  The
route, dose, number of inoculations and time between doses
can be varied somewhat to accommodate the manufacturer’s
specifications, but al animals will be subjected to a small
aerogenic chdlenge with virulent M. tuberculosis Erdman
(76). Protection can be assessed in terms of a significant
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reduction in the number of viable Mycobacteria recovered
from the lungs of the vaccinated vs. unvaccinated controls
some 4 weeks after challenge. In addition, the spread of the
infection to the spleen, the extent of granuloma formation
within the lung and the intralesiona cytokine profiles can be
measured. Finaly, the mean survival times for the vaccinated
vs. control animals can be compared as a measure of long
term protection. Thistesting protocal is both time consuming
and labor intensive, but it provides a quantitative measure of
the bactericida or bacteriostatic activity developed by the
vaccinated host compared to that achieved in a group of BCG
vaccinated controls.

7. PERSPECTIVES IN PATHOGENESIS

It is a humbling thought that despite nearly a
century of study, we ill know so little about the ways that
this pathogen antagonizes or neutralizes the normally efficient
celular defenses of the immunocompetent host. This lack is
partly because we know very little about the mechanisms
used by the norma host to block the development of clinica
disease in most norma individuas exposed to this diseese.
We badly need to develop a better experimenta model of
laency in humans and  the factors responsble for
reactivetional diseese later in life. We do know that a number
of genetic, nutritional, occupationd factors are involved in
this process (105, 106), aong with physica and mental stress,
acoholism, silicosis as well as intercurrent parasitic, vira or
bacterid infections (56, 107). Some strains of tubercle bacilli
areclearly more infectious (pathogenic) than others, although
the nature of the factors responsible for this variability is ill
unclear (16, 108). In fact, we know very little about which
virulence gene(s) are responsible for the development of
progressive disease, dthough it is generadly assumed that a
number of different factors which can neutrdize the
bactericidal activity of the activated macrophage are involved.
However, the actua mechanism(s) involved in this complex
process are largely unknown.

At the same time we know relatively little about the
bacteria factors which are ultimately responsible for the death
of the tuberculous host. The mycobacteria cell wall conssts
of a complex matrix of lipids, glycolipids and peptidoglycans
many of which are responsible for the strongly  adjuvantive
properties of these organisms (63). While a number of
products such as Wax D, cord factor and some sulfatides are
toxic when injected in purified form into mice, it is not clear
whether they are responsible for the symptomatology of the
diseese (65). The extensive immunochemical investigations
carried out on the cell walls of this organism over the past
decade have provided a clearer picture of the surface
structures and the myriad of antigens associated with these
complex organisms. The problem for the vaccinologist is to
sdect the most protective of these antigens from an
embarrassment of riches (109) and then to show tha the
purified antigen induces a fully protective immunity in an
appropriately vaccinated host (76). Some of these antigens
may act as effective immunogens in the mouse but not in the
guinea pig and vice versa, and neither may serve as adequate
predictors of the activity of the product in humans. At
present, few of these purified antigens appear to be as
effective as live BCG vaccine, which ill remains the gold
standard against which al immunizing preparations must be
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measured.  Idedlly, the vaccine of choice would prevent,
rather than merely dow the growth of the chalenge organism
within the lung, but this type of response would be difficult to
demongtrate experimentally given the limitations inherent in
any currently available method for the quantitation of small
numbers of Mycobacteria within the tissue. However, with
the development of more powerful analytica tools it may be
possible to detect the presence of the molecular mediators of a
protective response during the critically important early
phases of the host-parasite interaction. Development of these
advanced techniques may even dlow us to finaly answer
some of the questions posed more than a century ago by a
country doctor armed with little more than a microscope, a
wedlth of pathologica materid and a keen, enquiring mind
(110).

8. REFERENCES

1. Haas F. & S. S Haes Theoriginsof M. tuberculosis and the
notion of its contagiousness.  In: Tuberculoss. Eds. Rom W N,
Garay S Little, Brown & Co., Boston, MA. pp. 3-19 (1996)

2. Sudre, P, G. ten Dam, & A Kochi: Tuberculoss a globd
oveview of the stuation today. Bull World Health Organ 70,

14950 (1992)

3. Ddlin, P. J, M. C. Ravigliane, & A. Kochi: Globd
tuberculogis incidence and mortdlity during 1990 - 2000. Bull
World Health Organ 72, 213-20 (1994)

4. Centers for Dissese Control: A draegic plan for the
eimination of tuberculoss in the United States  Morb Mort
Weekly Rep 38 (Suppl. 3), 1-23 (1982)

5. Centers for Disease Contral: 1995. Screening for tuberculosis
and tuberculous infection in high-risk populaions. Morb Mort
Weekly Rep 44 (RR-11), 19-34 (1995)

6. Chretien, J The cursed duet. Bull Int Union against Tuberc
65, 25-8 (1990)

7. Cantwdl, M. F,, D. E. Siider, G. M. Cauthen & M. Onorato:
Epidemiology of tuberculosisin the United States, 1985 through
1992. JAMA 272, 5359 (1994)

8. Centers for Disease Control: Tuberculoss morbidity - United
Sates, 1997. Morb. Mort. Weskly Rep 47, 253-7 (1998)

9. Centersfor Dissase Control:  Surveillance of tuberculosis and
AIDS co-morhidity - Florida. Morb Mort Weekly Rep 45, 38-41
(19%)

10. Centers for Disease Control:  Nosocomid transmission of
multidrug-resistant tuberculosis among HIV-infected persons -
Florida and New York, 1988-1991. Morb Mort Weekly Rep 40,

585-91 (1991)

11. World Hedlth Organization: The current globd Stuation of
the HIV/AIDS pandemic. Weekly Epidemiol Rev 69, 189-96
(1994

12. Smith, P. G. & A. R. Moss: Epidemiology of tuberculoss
In: Tuberculosis Pathogeness, Protection and Control. Ed. B.
R. Bloom. ASM Publication, Washington, DC. pp. 47-59 (1994)

13. Baes J H: Transmisson, pahogeness, pathology and
dinica manifestations of tuberculosis. In: The Mycobacteria a
Sourcebook. Eds. KubicaG P, Wayne L G Marcd Dekker, New

York. pp. 991-1005 (1984).

14. Loudon, R. G. & R. M. Roberts Droplet expulsion from the
repiratory tract. Amer Rev Resp Dis 95, 435-42 (1967)



Mycobacterial pathogenesis

15. Riley, R. L., C. L. Mills; W. Nyka, N. Weinstock, P. B.
Sorey, L. K. Sultan, M. C. Riley, & W. F. Wdls Aeid
dissemingtion of pulmonary tuberculoss a two year study of
contagion in atuberculossward. Amer J Hyg 70, 185-96 (1959)

16. Vaway, S. E., M. P. C. Sanchez, T. F. Shinnick, |. M. Orme,
T. Agerton, D. Hoy, J S Jones H. Westmorland & 1. M.
Onorato: An outbregk involving extensive transmisson of a
virulent strain of Mycobacterium tuberculosis. N Engl J Med
333, 633-9 (1998)

17. Sead, W. W,, J. P. Lofgren, E. Warren & C. Thomas
Tuberculos's as an endemic and nosocomid infection among the
ederly innursng homes. N Engl J Med 312, 1483-7 (1985)

18. Smith, D. W., D. N. McMurray, E. H. Wiegeshaus, A. A.
Grover & G. E. Hading: Hog-paagte rddionships in
expaimentd arborne tuberculoss. 1V, Ealy events in the
course of infection in vaccinated and non-vaccinated guinea
pigs Amer Rev Resp Dis 102, 937-49 (1970)

19. Dannenberg, A. M. & G. A. W. Rook: Pathogeness of
pumonary tuberculoss an interplay of tissue-damaging and
meacrophage-activating immune responses - dud mechaniams
that control badllay multiplicaion. In:  Tuberculoss
Pathogenesis, Protection and Control. Ed. B. R. Bloom. ASM
Press, Washington DC. pp 459-83 (1994)

20. Cdllins F. M: In vivo and in vitro killing of virulent
Mycobacterium tuberculosis. Res Microbiol 141, 212-7 (1990)

21. Grange J M: The mystery of the mycobecterid persgter.
Tubercle Lung Dis 73, 249-51 (1992)

22. Wayne L. G: Dormancy of Mycobacterium tuberculosis
and latency of disease. Eur J Clin Microbiol Infec Dis 13, 908
14 (1994)

23. Sutherland, 1. & I. Lindgren:  The protective effect of BCG
vaccination asindicatied by autopsy studies. Tubercle 60, 225-31
(1979

24. Sepkowitz, K. A, J Réfdli, L. Riley, T. E. Kiehn & D.
Armstrong: Tuberculossin the AIDS era Clin Microbiol Rev

8, 180-99 (1995)

25. Koch, R: The agtiology of tuberculoss. Berlin Klin
Wochenschr 19, 221-30 (1882)

26. Trudeau, E. L: An autobiography. Doubleday Page & Co.,
New York, NY (1915)

27. Trudeau, E. L: Environment in its relation to the progress of
bacteria invasion in tuberculoss. Amer J Med Sci 94, 118-23
(1887)

28. Koch, R: Weitere mittheilung uber das tuberkulin. Deutsch
Med Wochenschr 17, 1189-92 (1891)

29. Brown, L: A study of the cases of pulmonary tuberculosis
treated with tuberculin a the Adirondack Cottage Sanatorium.
Zeitschr fur Tuberkulose 6, 235-54 (1904)

30. Chae M. W: Ealy daysin cdlular immunology. Allergy
Proc 9, 683-7 (1988)

3L Trudeau, E. L: Arificd immunity in experimentd
tuberculoss. New York Med J 78, 105-9 (1903)

32. Trudeau, E. L: Eye tuberculoss and antitubercular
inoculaion in therabbit. New York Med J 58, 97-101 (1893)

33. Steenken, W. & L. U. Gardner: Vaccinating properties of
avirulent dissociates of five different strains of tubercle beacilli.
Yale J Biol Med 15, 393-403 (1943)

130

3. Waelll-Hadle, B. & R Turpin: 1925. L’immunization
antituberculeuse et la vaccination parle bacille Cadmette-Guerin

(BCG). Paris Med 55, 20-4 (1925)

35. Huebner, R. E: Badillus of Cdmette and Guerin (BCG)
vaccine. In: Tuberculoss. Eds W. N. Rom, S. M. Garay.
Little, Brown & Co., Boston. pp. 893-904 (1996)

36. Fine P. E. M: The BCG ory: lessons from the pest and
implications for the future. Rev Infec Dis 11(suppl 2), S353-9
(1989)

37. Calditz, G. A., T. F. Brewer, C. S. Berkey, M. E. Wilson, E.
Burdick, H. Fineburg & F. Mogtdler: Effi of BCG vaccine
in the prevention of tuberculoss Meta-andysis of the published
literature. JAMA 271, 698-702 (1994)

38. Sutheland, 1. & V. H. Springett:  Effectiveness of BCG
vaccinaion in England and Waes in 1983. Tubercle 68, 81-92
(1987)

39. Bddwin, E. R, H. M. Kinghorn & A. H. Allen: Studieson
immunity to tuberculoss the propeties of the serum of
immunized rabbits. Med News 87, 636-8 (1905)

40. Reggiardo, Z. & G. Middlebrook: Failure of passve serum
trandfer of immunity againgt aerogenic tuberculoss in guinea
pigs Proc Exp Biol Med 145, 173-5 (1974)

41. Lurie M. B: Redgance to tuberculoss experimentd
studies in native and acquired defensve mechanisms. Harvard

University Press, Cambridge, MA. pp. 77-104 (1964)

42. Lurie, M. B,, S. Abramson & A. G. Heppleston: On the
respone of gendticaly resstant and susceptible rabbits to
quantitative inhdation of human type tubercle badilli and the
nature of resstance to tuberculoss. J Exp Med 95, 119-34
(1952

43. Lurie, M. B: Sudies on the mechanism of immunity in
tuberculoss the fate of tubercle bacilli ingested by mononuclear

es derived from norma and immunized animas. J Exp
Med 75, 247--67 (1942)

44. Mackaness, G. B: The growth of tuberde badilli in
monocytes from norma and vaccinaed rabbits.  Amer Rev
Tuberc 69, 495-504 (1954)

45. Suter, E: Interaction between phagocytes and pathogenic
micro-organiams. Bacteriol Rev 20, 94-132 (1956)

46. Dannenbearg, A. M. & J. F. Tomashefski: Pathogenesis of
pulmonary tuberculosis. In: Pulmonary Diseases and Disorders.
Ed. A. P. Fshman. McGraw Hill Book Co., New York 3, 1821-
42(1989)

47. Rich, A. R: Mechaniams of acquired ressance. In: The
Pathogenesis of Tuberculoss Sec. Ed. Thomas, Springfield, IL.
pp. 536-64 (1951)

48. Makaness, G. B:  The rdationship of ddayed
hypersenstivity to acquired cdlular resstance. Brit Med Bull
23,52-4(1967)

49. Orme, |. M. & F. M. Cdllins Mouse modd of tuberculods.

In: Tuberculoss Pathogenesis, Protection and Control. Ed. B.R.
Bloom. ASM Press, Washington, D C. pp. 113-34 (1994)

50. Orme, I. M., P. Andersen & W. H. Boom: T-cdll response to
Mycobacterium tuberculosis. J Inf Dis 167, 1481-97 (1993)

51. Orme I. M. & F. M. Cdllins Adoptive protection of the
Mycobacterium tuberculosis infected lung.  Dissociaion
between cdls that passvey trandfer protective immunity and



Mycobacterial pathogenesis

those that trandfer delayed-type hypersenstivity to tuberculin.
Cell Immunol 84, 113-20 (1984)

52. Bamnes P. F, R. L. Modiin & J. J. Ellner: T-cell responses
and cytokines. In: Tuberculosis Pathogenesis, Protection and
Contral. Ed. B. R. Bloom. ASM Press, Washington, D C. pp.
417-35 (1994)

53. Bamnes P. F. & W. N. Rom: Cytokine production in
tuberculods.  In: Tuberculoss. Eds Rom, W. N. Gaay, S.
Little, Brown & Co., Boston, MA.. pp. 291-303 (1996)

54. Mackaness, G. B: The immunology of anti-tuberculous
immunity. Amer Rev Resp Dis 97, 337-44 (1968)

55. Johnson, C. M., A. M. Cooper, A. A. Frank & 1. M. Orme:
Adequate expression of protective immunity in the absence of
granuloma formation in Mycobacterium tuberculosis-infected
mice with a disruption in the intracdlular adhesion molecule 1
gene. Infec Immun 66, 1666-70 (1998)

56. Dannenberg AM: Immunopathogenesis of pulmonary
tuberculosisin hospitd practice. 15, 51-8 (1993)

57. Rook, G. A. W. & R. Al Attiyah: Cytokines and the Koch
phenomenon. Tubercle 72: 13-20 (1991)

58. Orme I. M., E. S. Miller, A. D. Roberts S. K. Furney, J. P.
Griffith, K. M. Dobos, D. Chi, B. Rivoire & P. J Brennan: T-
lymphocytes mediating protection and cdllular cytolysis during
the course of Mycobacterium tuberculosis infection. J Immunol
148, 189-96 (1992)

59. Leme, B. H: Can dress cause dissas? Revisting the
tuberculosis research of Thomas Holmes 1949-1961. Ann Intern
Med 124, 673-80 (1996)

60. Rook, G. A. W. & B. R Bloom: Mechanisms of
pathogenesis in tuberculosis.  In: Tuberculoss Pathogenesis,
Protection and Control. Ed. B. R. Bloom. ASM Press,
Washington, D C. pp. 485-501 (1994)

61. Orme |. M: Characterisics and specificity of acquired
immunologic memory to Mycobacterium tuberculosis infection.
J Immunol 140, 3589-93 (1988)

62. Lefford, M. J & D. D. McGreggor:  Immunologicd
memory in tuberculoss 1. Influence of pesding viable
organisms. Cell Immunol 14, 417-28 (1974)

63. Bremnan, P. J  Sructure of mycobacteria recent
developments in defining cdl wal carbohydrates and protein.
Rev Infec Dis 11(suppl. 2), $420-30 (1989)

64. Goren, M. B: Immunoresctive substances of Mycobacteria
Amer Rev Resp Dis 125: 50-69 (1982)

65. Segd, W: Growth dynamics of in vivo and in vitro grown
mycobecteria pathogens. In: The Mycobacteria: A Sourcebook.
Eds. G. P. Kubica, L. G. Wayne. Marcd Dekker, New York, N
Y 1 547-73 (1984)

66. Cdlins D. M., R. P. Kawakami, G. W. delLide, L.
Pascopdla, B. R. Bloom & W. R. Jacobs  Mutaion of the
principd transcription factor causes loss of virulence in a strain
of Mycobacterium tuberculosis complex. Proc Natl Acad Sci
USA 92, 8036-40 (1995)

67. Maharas G. G., P. J Sabo, M. J. Hickey, D. C. Singh & C.
K. Stover: Molecular andyss of genetic differences between
Mycobacterium bovis BCG and virulent M. bovis. J Bacteriol
178, 1274-84 (1996)

68. Jacobs, W. R: 1992, Advances in mycobacterid genetics
new promisesfor old diseases. Immunobiol 184, 147-55 (1992)

131

69. Wi E. H. & D. W. Smith: Experimenta modds
for sudy of immunity to tuberculoss. Ann N 'Y Acad Sci 154,

194-9 (1968)

70. Steenken, W., W. H. Oaway & S. A. Petroff: Biologicd
dudies of the tuberde bacillus 1ll. Disocigion and
pathogenicity of the R and S variants of the human tuberdle
bedillus (H37). J Exp Med 60, 515-40 (1934)

71. Youmans, G. P. & A. S Youmans. The measurement of the
reoonse of immunized mice to infection with Mycobacterium
tuberculosis var hominis. J Immunol 78, 318-28 (1957)

72. Dannenberg, A. M: Luri€ s tubercle count method to test TB
vaccine efficacy inrabbits. Frontiers in Science 3, 27-33 (1998)

73. Mitchison, D. A., J. G. Wdlace, A. L. Bhatia, J. B. Sdkon,
T. V. Subbariah & M. C. Lancaster: A comparison of the
virulence in guinea pigs of South Indian and British tuberdle
becilli. Tubercle 41, 1-22 (1960)

74. Cohn, M. L., C. L. Davis & G. Middliebrook: Airborne
immunization againgt tuberculoss. Science 128, 1282-3 (1958)

75. Smith, D, W. & G. E. Hadingg Animd modd:
experimenta arborne tuberculoss in the guinea pig.  Amer J
Pathol 89, 273-6 (1977)

76. Bddwin, S. L., C. D'Souza, A. D. Roberts B. P. Kdly, A.
A. Frank, M. A. Lui, J B. Ulmer, K. Huygen, D. N. McMurray
& |. M. Orme. Evdudtion of new vaccines in the mouse and

guineapig model of tuberculogis. Infec Immun 66, (1998)

77. Smith, D. W. & E. H. Wiegeshaus: Wha animd modds
can teach us about the pathogenesis of tuberculoss in humans.
Rev Infec Dis 11(Suppl 2): S385-93 (1989)

78. Cdllins F. M: 1991. Pulmonary tuberculoss the
immunology of a chronic infection. In:  Vacdnes and
Immunotherapy. Ed. S. J. Cryz. Pergamon Press, New York.
pp. 140-55 (1991)

79. Wdls A. Q. Tuberculossinwild voles Lancet 232, 1221
(1937)

80. Middlebrook, G. & M. L. Cohn: Bacteriology of
tuberculods laboratory methods. Amer J Pub Health 48: 844-
53(1958)

81. Fenner, F., S P. Matin& C. H. Pierce The enumeration of
viable tuberde badilli in cultures and infected tissues. Ann N'Y
Acad Sci 52, 751-64 (1949)

82. Dubos, R. J & C. H. Perce Differentid characterigtics in
vitro and in vivo of severd substrains of BCG. IV. Immunizing
effectiveness. Amer Rev Tuberc 74, 699-717 (1956)

83. Cdlins F. M. & G. B. Mackaness The reldionship of
delayed hypersenstivity to acquired anti-tuberculous immunity.
I. Tuberculin senstivity and resistance to reinfection in BCG-
vaccinaied mice. Cell Immunol 1, 253-65 (1970)

84. Kana, K: Experimenta studies on host parasite
equilibrium in tuberculosis infection in reaion to
vaccination and chemotherapy. Japan J Med Sci Biol 19,
181-99 (1966)

85. Cadllins, F. M: Protection against mycobacterial disease
by means of live vaccines tested in experimenta animals. In:
The Mycobacteria: a Source Book. Eds. G. P. Kubica, L. G.
Wayne. Marcd Dekker, New York, N Y 2, 787-839 (1984)

86. Orme I. M. & F. M. Collins. Protection against
Mycobacterium  tuberculosis  infection by adoptive
immunotherapy. J Exp Med 158, 74-83 (1983)



Mycobacterial pathogenesis

87. Orme |. M., E. S Miller, A. D. Robatts, S K. Furness & J.
P. Griffith: T lymphocytes mediating protection and cdlular
cytolysis during the course of a Mycobacterium tuberculosis
infection. J Immunol 148, 189-96 (1992)

83. Szulay, G. & S. H. E. Kaufmann: Functiona T-cdl subsets
in mycobacterid and ligterid infections lessons from other
intracdlular pathogens. Curr Topics Microbiol 215: 283-302
(1996)

89. Young, D. B. & K. Duncan: Prospectsfor new interventions
in the treatment and prevention of mycobaecterid dissase. Ann

Rev Microbiol 49, 641-73 (1995)

90. Stead, W. W: Specid problemsin tuberculosisin the elderly
and in resdents of nurang homes, correctiond facilities, long-
term care hospitds, mentd hospitds, shelters for the homdess
andjals. Clin Chest Med 10, 397-405 (1989)

91. Enason, D. A. & J F. Murray: Globa epidemiology of
tuberculoss In: Tuberculoss. Eds. W. N. Rom, S. M. Garay.
Little Brown & Co., Boston, MA. pp. 57-75 (1996)

92. Bloom,B.R. & C. J L. Murray: Tuberculoss commentary
onare-emergent killer. Science 257, 1055-64 (1992)

93. Sanford, J. L., C. A. Sanford, G. A. W. Rook & J M.
Grange  Immunotherapy for tuberculoss. Clin Immunother 1,

430-40 (1994)

94. Comstock, G. W: Fdd trids of tuberculods vaccines: how
could we have done better?  Contr Clin Trials 15, 247-76
(1999

95. Gheorghiu, M: The present and future role of BCG vaccine
in tuberculogs contral. Biologicals 18, 135-41 (1990)

9. Rodriguez, L. C., V. K. Diwan & J. G. Wheder: Protective
effect of BCG agang tuberculous meningitis and miliary
tuberculoss ameta-andyss. Int J Epidemiol 22, 1154-8 (1993)

97. Greenbag, P. D, K. G. Lax & C. B. Schechter:
Tuberculoss in house s&ff. A decison andysis comparing the
tuberculin screening strategy with BCG vaccination. Amer Rev
Resp Dis 143, 490-5 (1993)

98. Stanford, J. L: Improving on BCG. Acta Pathol Microbiol
Immunol Scand 99, 103-13 (1991)

. Mille, B. & K. G. Cagtro:  Sharpen available tools for
tuberculoss control, but new tools needed for dimination.
JAMA 276, 1916-7 (1996)

100. Shinnick, T. M. & V. Jones Molecular gpproaches to the
diagnoss of tuberculoss.  In: Tuberculoss Pathogeness,
Protection and Control. Ed. B. R. Bloom. ASM Press,
Washington, D C. pp. 517-30 (1994)

101. Young, D. B: Strategies for new drug development. In:
Tuberculosis: Pathogenesis, Protection and Control. Ed. B. R.
Bloom. ASM Press, Washington, D C. pp. 559-68 (1994)

102. Wiegeshaus E. H. & D. W. Smith: Evaudion of the
protective potency of new tuberculoss vaccines. Rev Infec Dis
11(Suppl. 2), 484-90 (1989)

103. McMurray, D. N., F. M. Cdllins A. M. Dannenberg & D.
W. Smith: Pat is of experimentd tuberculoss in animd
models. In: Tuberculoss Ed. T. M. Shinnick. Springer-Verlag,
New York, NY. pp. 157-79 (1996)

104. Wiggeshaus E. H., G. Harding, D. N. McMurray, A. A.
Grover & D. W. Smith: A co-operdive evdudion of test
systems used to assay tuberculosis vaccines. Bull World Health
Organ 45, 543-50 (1971)

132

105. Stead, W. W,, J W. Senner, W. T. Reddick & J P.
Lofgren: Racid differences in susceptibility to infection by
Mycobacterium tuberculosis. N Engl J Med 322, 422-7 (1990)

106. McMurray, D. N: Nutritiond determinants of resstance to
tuberculosis. J Nutr Immunol 5: 3-10 (1997)

107. McKenna, M. T., M. Hutton, G. Cauthen & 1. M. Onorato:
The asociation between occupation and tuberculoss. Amer J
Resp Crit Care Med 154 587-93 (1996)

108. Ordway, D. J, M. G. Sonnenberg, S. A. Donahue, J. F.
Bdide & I. M. Orme: Drug-resstant srains of Mycobacterium
tuberculosis exhibit a range of virulence for mice. Infec Immun
63, 741-3 (1995)

109. Hubbard, R. D., C. M. Hory & F. M. Callins Immunization
of mice with mycobacterid culture filtrate proteins.  Clin. Exp.

Immunol 87, 94-8 (1992)

110. Cadllins, F. M: Tuberculoss research in a cold dimate.
Tubercle Lung Dis 78, 99-107 (1998)

Key words: Tuberculoss, pathogenes's, immunity

Send correspondence to: Dr. Frank M. Callins, Laboratory of
Mycobecteria, CBER, FDA, Building 29, Room 505, 1401
Rockville Pike, Rockville, MD 20852., Tel:(301) 496-5045, Fax:
(301) 402-2776, E-mail: collinsf @al.cher.fdagov




