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ABSTRACT OF DISSERTATION

THE ROLE OF CD8 T CELLS DURING PULMONARY INFECTION WITH

MYCOBACTERIUM TUBERCULOSIS

With over 8 million deaths per year and incidence rates increasing in many
countries, tuberculosis is a world-wide pandemic that is responsible for more human
suffering, death, and lost productivity than any other infectious disease in the history of
mankind. Although a vaccine for tuberculosis exists and is currently in widespread usage,
experimental evidence indicates that the bacille Calmette-Guérin live attenuated vaccine
provides limited protective efficacy that decreases with age. As the preponderance of
cases typically occurs in underdeveloped nations with limited resources to combat the
problem, a major multinational effort is currently underway to develop a safer, more
effective vaccine. Identification of the immunological correlates of protection is therefore
an essential prerequisite for vaccine development. Recent evidence indicates a role for
CD8 T cells in protective immunity. We therefore sought to investigate the role that CD8
T cells play during pulmonary infection with Mycobacterium tuberculosis to elucidate the
protective effector functions and ultimately determine if epitopes targeting CD8 T cells
should be included in candidate tuberculosis vaccines.

In order to understand the CD8 T cell response, we began these studies by
characterizing the magnitude and the kinetics of CD8 T cell recruitment into the infected
lung, in conjunction with phenotypic characterization of the CD8 T cell response to

pulmonary infection with M. tuberculosis.
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Observations by our laboratory of the preferentially peripheral location of CD8 T
cells around the murine granuloma led us to examine CD8 T cell expression of integrin
adhesion molecules. Although we were ultimately unable to correlate poor migration with
deficient integrin molecule expression, we were able to verify the presence of four
principal integrin molecules on CD8 T cells and observe their upregulation and
maintenance following infection.

Further experiments were performed to phenotypically define the CD8 T cell
population following aerosol infection with M. tuberculosis. We examined multiple
surface markers of activation and costimulation, as well as markers associated with
memory in mice infected with M. tuberculosis and in memory-immune mice that were
infected and subsequently treated using a combination anti-tuberculosis drug regimen. In
these experiments, we characterized not only the total CD8 T cell population in the lungs
and spleens of mice, but also an antigen-specific CD8 T cell subpopulation using a novel
MHC class I tetramer reagent containing a peptide epitope located within the M.
tuberculosis-derived Mtb32 secreted protein. In subsequent experiments, we
characterized the cytokine secretion profile and expression of cytolytic effector molecules
by the responding CD8 T cell population following infection. These experiments allowed
us to precisely observe the phenotypic changes that occurred following aerosol infection,
as well as document the phenotypic changes associated with the emergence of CD8
memory T cells following chemotherapeutic-induced reduction of bacterial numbers.

In chapter three, we utilized the MHC class I tetramer reagent to track Mtb32-
specific CD8 T cells in the lungs of mice infected with M. tuberculosis. We were able to

characterize the antigen-specific response to this protein over time in both infected mice
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and mice that were first immunized with the protective candidate Mtb72F vaccine. These
experiments revealed an early, robust antigen-specific CD8 T cell response possessing
interferon-gamma secreting ability in the lungs after aerosol infection, the size of which
temporally correlated with immunologic control of bacterial replication. We were further
able to demonstrate the induction of an antigen-specific memory response following
immunization with a novel liposomal/protein vaccine adjuvant. Other experiments
utilizing this tetramer reagent in conjunction with mice lacking CD4 T cells defined the
requirement for CD4 T cell help in augmenting the CD8 T cell response.

Chapter four outlines experiments examining the antigen-specific CD8 T cell
response to the Mtb10.3/Mtb10.4 vaccine candidate proteins. Although CD8 T cell-
directed immunization with the minimal peptide epitope failed to confer protection in the
lungs of mice, an exceptionally large and persistent antigen-specific CD8 T cell response
possessing cytolytic activity directed against this single antigenic peptide was observed.
The significance of this large but nonprotective CD8 T cell response remains to be
determined.

In these studies, we were able to comprehensively characterize the pulmonary
recruitment kinetics, surface phenotype and cytokine secretion profile of the CD8 T cells
responding to pulmonary tuberculosis infection in a murine model. Importantly, we were
able to track and characterize with precision the antigen-specific CD8 T cell response
directed against the Mtb32 and Mtb10.3/Mtb10.4 M. tuberculosis-derived proteins over
the course of infection.

These experiments have further demonstrated that antigen-specific CD8 T cells

can be targeted by multiple different immunization regimens, including liposomal, DNA,
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and protein in adjuvant combinations containing M. tuberculosis-derived antigens that
possess CD8 T cell epitopes. In addition, we have shown that the cells elicited by
immunization rapidly traffic to the lungs following aerosol infection and secrete
interferon-gamma; a cytokine known to be protective during tuberculosis infection. We
were able to monitor these cells over the timecourse of infection to determine the
magnitude and duration of the CD8 T cell response. We have also shown that CD8 T
cells elicited by vaccination can express phenotypic markers associated with a memory
phenotype, which is the ultimate goal of a successful vaccine.

These studies have contributed to the collective knowledge of the CD8 T cell
response during pulmonary infection with M. tuberculosis in the hope that a better
understanding of this response will aid in rational vaccine design and selection of

candidate antigens for incorporation into future tuberculosis vaccines.

Scott M. Irwin

Department of Microbiology,
Immunology, & Pathology
Colorado State University
Fort Collins, CO 80523
Summer, 2006
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Chapter 1

Literature Review
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The Epidemiology of Tuberculosis

It is estimated that one-third of the world is currently infected with
Mycobacterium tuberculosis, the causative agent of tuberculosis. To define it more
precisely, in a world of approximately 6.2 billion people, 1.86 billion are believed to be
currently infected. In a recent epidemiological study, there were an estimated 8.3 million
new cases of tuberculosis in the year 2000, and approximately 1.8 million people died as
the result of infection with M. tuberculosis [68]. Of the almost 2 billion people currently
infected, approximately 10% of them will at some time during their lives present with
active tuberculosis disease [245, 275]. Due to the increased susceptibility of tuberculosis
recrudescence in human immunodeficiency virus (HIV) infected individuals, this 10%
lifetime risk markedly increases to a 10% annual risk [41, 105, 218]. While the
percentage of people who exhibit symptoms of active disease appears quite low when
compared to the infectious potential of other diseases, this still translates into almost 3.9
million new cases of active tuberculosis disease per year [290]. On a global scale, these
numbers are absolutely staggering.

The fact that greater than 98% of new tuberculosis cases occur in developing
countries underscores the disproportionately higher economic and social burden placed
upon countries with already severely limited economic resources at their disposal to
combat this problem [84]. To further complicate this situation, the majority of new cases
of tuberculosis occurred within the healthiest and most productive segment of the

population; adults between the ages of 15-49 years of age [68]. Therefore tuberculosis is
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not only responsible for a tremendous amount of death and human suffering, it also
places an immense drain on the economic productive potential of afflicted nations.

While the incidence of tuberculosis within industrialized nations has been
declining at a steady rate, the total number of new tuberculosis cases worldwide increased
at a rate of 1.8% per year between 1997 and 2000 [68]. Two factors primarily account for
the observed increase in tuberculosis cases: the HIV/AIDS pandemic and the emergence
of multidrug-resistant strains of tuberculosis. In 2000, 11% of all new tuberculosis cases
within the adult population occurred in persons coinfected with HIV [68]. To further
illustrate the magnitude of the growing problem, within the sub-Saharan region of Africa,
31% of adult tuberculosis cases were attributable to HIV [68]. To complicate the
situation, multidrug-resistant isolates of M. tuberculosis are highly prevalent in some
parts of Asia and Eastern Europe. In fact, in some Eastern European countries, the
incidence of acquired resistance to at least one anti-tuberculosis drug is 100% [186, 289].
The synergistic effect of HIV infection upon both the incidence and the mortality rate of
tuberculosis is certain to fuel more rapid increases in the prevalence of multidrug-
resistant tuberculosis unless drastic measures are undertaken to control the pandemic
spread of both diseases.

Since the mid 1800s, well before the introduction of effective anti-tuberculosis
chemotherapy, the incidence of tuberculosis within the United States began to decline.
When nationwide reporting was initiated in 1953, the incidence of tuberculosis within the
United States was declining rather dramatically, at a rate of about 5.8% per year [199].
This steady decrease in case numbers can be attributed to a multitude of factors that

encompass not only advances in infectious disease research, but social and economic
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policies as well. Over two hundred years of economic prosperity have endowed the
United States with abundant resources to construct and maintain a social infrastructure
that has reduced the conditions that promote the spread not only of tuberculosis, but of
many infectious diseases. Increased public sanitation, clean drinking water, pasteurization
of milk, and a reduction in homelessness, poverty, malnutrition, and overcrowding
combined to reduce the prevalence of tuberculosis even prior to the advent of modern
chemotherapeutic agents [287]. Access to unsurpassed medical care, rigorous skin test
screening of children, and the implementation of multiple drug chemotherapy in
conjunction with effective treatment regimens further served to decrease the incidence of
tuberculosis.

These advances in medicine and improvements in living conditions, when seen in
the afterglow of milestone medical accomplishments such as the discovery of the broad
spectrum antibiotic penicillin, widespread control of diseases such as polio and
diphtheria, and the imminent eradication of the smallpox virus; led the Surgeon General,
William H. Stewart in 1967 to declare that it was “time to close the book on infectious
diseases, declare the war against pestilence won, and shift national resources to such
chronic problems as cancer and heart disease” [238]. And for an optimistically blissful
but remarkably short period of time, this pronouncement seemed to be entirely accurate.

The high standard of medical treatment within the United States, the decreasing
prevalence of tuberculosis, and the fact that developing countries harbor the
overwhelming majority of fatal tuberculosis cases created an air of complacency towards
a pathogen that has infected more people than any other pathogen since the beginning of

mankind [84]. That we were wrong to ignore such a formidable opponent became
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obvious fifteen years ago, when dutbreaks of multidrug-resistant tuberculosis occurred in
New York and Miami. In the period from 1985 to 1992 the annual number of tuberculosis
cases in the United States increased by 20% [50]. Social and economic collapse abroad
fostered increased transmission of tuberculosis while ineffective or prematurely
abrogated treatment regimens generated multidrug-resistant strains. These conditions
coincided with the HIV pandemic, fueling the spread of tuberculosis while
simultaneously increasing its lethality. With the prevalence of M. tuberculosis infection
approaching 50% in some southeast Asian countries and considering the ease and rapidity
of modern travel, it should have come as no surprise that multidrug-resistant tuberculosis
would follow the trail of the HIV pandemic to the shores of North America.

The effect of this resurgence in tuberculosis cases within the United States goes
beyond incidence and mortality statistics. It is estimated that each case of tuberculosis
costs $25,000 to treat, with each case of multidrug-resistant tuberculosis costing ten times
more [230]. Estimates of the current cost of tuberculosis control in the United States
range from $700 million to $1 billion per year [40].

If a silver lining can be found within so much death and suffering, it is that the
tuberculosis outbreaks of the 1990s served to focus world-wide attention on a disease that
had been primarily confined to developing countries. In the past twenty years, remarkable
advances have taken place in the fields of genetics, bacteriology, drug development, and
immunology. Never before have infectious disease researchers had so many powerful
tools at their disposal. With renewed attention and continued funding, it is hoped that the

“the captain of all these men of death” can finally be silenced [44].
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A Concise History of Tuberculosis

Within the archaeological record, evidence exists that M. tuberculosis has infected
humans almost since the inception of humanity itself. Mycobacteria have been
macroscopically identified from human skeletal remains found in Heidelberg, Germany
dated to 5,000 B.C., and Egyptian mummies from 3,500 B.C. possess evidence of skeletal
manifestations of tuberculosis known as Pott’s Disease [59, 175, 208]. Although it was
once believed that the Americas were absent of tuberculosis until European colonization,
acid-fast bacilli and M. tuberculosis DNA have been isolated from the lungs of 1,800
year old mummies in Peru, and skeletal remains dated to 100 B.C. from native Americans
living in Illinois and in the Ohio Valley region possessed evidence consistent with
tuberculosis [5, 10, 42, 189, 210].

It is important to understand that for the majority of human existence, tuberculosis
was a sporadic disease that played a minor role in the realm of human infectious disease.
The available evidence indicates that tuberculosis did not become endemic until
approximately 10,000 years ago [169]. Small isolated communal bands of hunter-
gatherers could not support the widespread dissemination and high infection rates
observed in the more modern tuberculosis pandemic. M. tuberculosis is above all a
persistent pathogen, and this persistence allowed the bacterium to survive throughout
human existence until the conditions required for its pandemic spread emerged. The rise
of large agrarian societies eventually followed by the even more crowded, unsanitary, and
poverty-stricken conditions of the industrial revolution fueled the epidemic spread of

tuberculosis. Malnutrition and overcrowded living conditions created an environment
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optimized for the rapid transmission of an aerosolized pathogen, as well as for the
maintenance of a sufficiently large reservoir of persons presenting with actively
infectious disease.

While there has been much speculation as to the precise evolutionary origins of
M. tuberculosis, it took the miracles of modern genomics and high-throughput DNA
sequencing to ultimately shed some light upon this mystery. Originally, it was believed
that M. tuberculosis evolved from the related pathogen Mycobacterium bovis, and that
domestication of cattle by early humans served as the critical link for pathogen
transmission and adaptation to human hosts [163]. While this explanation was temporally
satisfying, there was no conclusive scientific evidence to support this hypothesis. More
recently, detailed phylogenetic analysis of genomic deletion patterns by Brosch et al.
indicated that M. bovis and M. tuberculosis diverged from a common evolutionary

ancestor that most likely possessed human tropism [37, 159].

The Etiologic Cause of Tuberculosis, and the Dawning of Microbiology

Throughout history, a great deal of mythology and superstition has surrounded the
unfortunate individuals who have contracted infectious diseases. Ignorance, fear, and an
innate sense of self-preservation have intermingled to promote wild speculation in the
absence of scientific reason as to the cause of observable pathologies. The historical
record regarding tuberculosis is no exception. Many therapeutic treatments with no

scientific basis were performed to treat tuberculosis. These practices ranged from
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innocuous treatments such as the supposedly curative touch of a monarch or eating the
uncooked liver of a wolf, to more physically injurious treatments such as blood letting
and artificial pneumothorax which supposedly promoted pulmonary healing by allowing
the infected lung to rest [75, 81]. The eventual discovery of the causative transmissible
agent of tuberculosis ultimately dispelled these ineffective treatments by providing a
scientifically sound framework with which to test and apply medically relevant
treatments.

Although the Greek philosopher Aristotle first postulated that tuberculosis was
transmissible, it took more than 2,000 years until the causative agent of tuberculosis was
conclusively proven. Benjamin Marten is credited with ascribing tuberculosis to a living
microorganism that could be transmitted to other humans by aerosolization from the
lungs [80]. However, due to the varied manifestations and pathologies caused by M.
tuberculosis, it wasn’t until the early 1800s, nearly 100 years after Marten’s observation,
that Theophile Laennec first identified the diverse pathological manifestations of
disseminated tuberculosis as being the result of a single disease [144, 161].

It took until the latter half of the 1800s before the first scientifically sound
experiments regarding the infectious nature of tuberculosis were performed. In 1868,
Jean-Antoine Villemin transferred sputum from an infectious human isolate into healthy
rabbits, successfully transmitting the disease and inducing a pathological response that
mimicked tuberculosis disease in humans [161]. Although these initial experiments
established the infectious nature of tuberculosis, they fell short of ascribing the disease to

a specific microbiological pathogen.
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In 1881, a brilliant German researcher named Robert Koch began performing
experiments to definitively identify the etiologic agent of tuberculosis. At the inception of
these experiments, Koch realized that to accomplish this goal, he must be able to visually
identify the causative bacterium as well as propagate the bacterium under in vitro
conditions, in a manner whereby he could isolate pure strains for further study. By
exploiting the exotic nature of the mycobacterial cell envelope, Koch developed
microscopic staining methods to identify mycobacteria from infectious isolates. In
addition, he was the first to utilize solid media to propagate bacteria. In conjunction with
this, he developed techniques still being used today for obtaining pure bacterial strains
from mixed cultures. With these novel tools, Koch applied the scientific method to
develop a simplistic set of rational, stepwise postulates to conclusively identify the
infectious agent responsible for a particular disease. These postulates, which bear his
name in honor of his scientific contributions, state that in order to determine the etiologic
agent responsible for a disease: the agent must be present in every case of disease but not
in healthy individuals, one must isolate the organism from a diseased individual,
propagate the organism in a pure culture, induce the identical disease state in
experimental animals infected with the pure culture, and finally re-isolate the same
organism from these infected animals following the appearance of disease. This
methodology, along with irrefutable evidence that M. tuberculosis was the causative
agent of tuberculosis, was presented in 1882 at the Berlin Physiological Society [135].
Thus, with that single historic speech, Robert Koch dispelled the mythology surrounding
the infectious nature of disease and simultaneously ushered in the age of microbiology

and infectious disease research. This single speech forever changed the course of human
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history, for once the infectious nature of tuberculosis had been identified, scientifically
sound steps could now be taken to treat infected individuals, prevent further transmission,
and systematically search for efficacious vaccines and chemotherapeutic agents to
eradicate the disease.

While Koch elucidated the causative agent responsible for tuberculosis, the
American physician Edward Trudeau was about to uncover the effect that the
environment has on the progression, pathology, and ultimate outcome of tuberculosis
infection. Afflicted with tuberculosis himself, Trudeau experienced a miraculous
recovery which he attributed to the clean air, healthy food, and rest that he experienced
while living in the Adirondack mountains in upstate New York. To test the effect of
environmental conditions upon the progression of disease, Trudeau housed uninfected
and infected rabbits in a damp, dark cellar with minimal food and water, and
simultaneously released infected rabbits on a small island containing ample food, water,
sunlight, and fresh air. Six months later, all of the infected rabbits living under poor
conditions had died of progressive tuberculosis, while all but one of the infected rabbits
living on the island under healthy conditions had survived [258]. These results clearly
demonstrated that poor environmental conditions had the ability to impact transmission
rates by resulting in higher numbers of infectious cases, as well as impact mortality rates

attributed to tuberculosis infection.
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Physical Characteristics of the Tubercle Bacillus

The M. tuberculosis bacillus that Koch originally identified as the etiologic agent
of tuberculosis is taxonomically defined as belonging to the Order Actinomycetales,
Suborder Corynebacterineae, Family Mycobacteriaceae [30]. While the majority of
mycobacteria are nonpathogenic, saprophytic environmental bacteria found ubiquitously
in soil and water, a minority have evolved to become intracellular pathogens of
vertebrates. The only members of this family that possess medical significance belong to
the Genus Mycobacterium. Of these, M. tuberculosis is the most relevant pathogen of
humans.

M. tuberculosis is a facultative intracellular pathogen that primarily infects
mononuclear phagocytes and occasionally pulmonary epithelial cells and other
nonprofessional phagocytes of humans and other primates. While it normally prefers an
aerobic environment, it possesses the metabolic potential to adapt to microaerophilic and
anaerobic environments [36]. It is a pleomorphic, rod-shaped bacillus of approximately
1-4 um in length. It is nonsporeforming, nonmotile, and is considered a slow growing
bacterium, having a generation time of 15-20 hours [23, 277]. M. tuberculosis is
nonencapsulated, and is not known to possess any transmissible or extrachromosomal
plasmid DNA.

M. tuberculosis can be routinely cultured irn vitro upon solid egg-based media
such as Lowenstein-Jensen or upon agar-based media such as Middlebrook 7H11. After
incubation at 37°C in an environment of 5-10% CO, for 10-20 days,v 1-3 mm rough, light

buff-colored colonies with irregular edges appear. Growth in liquid media is
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characterized by serpentine cording resembling rope-like aggregates of bacilli, due to the
presence of trehalose dimycolate in the cell wall of mycobacteria. Being primarily an
intracellular pathogen, M. tuberculosis can tolerate only minor fluctuations in acidity,
from pH 6.5-7.0.

M. tuberculosis possesses an extremely complex bacterial envelope that is
composed of 60% lipids by dry weight; the primary constituent being long-chain mycolic
acids [35, 74]. Due to this lipid-enriched cellular envelope, mycobacteria fall outside of
Hans Christian Gram’s traditional classification of bacteria, based upon iodine retention
in crystal violet stained cells. Although sometimes referred to as weakly Gram positive,
M. tuberculosis is more appropriately classified as an acid-fast organism based upon its
ability to retain the arylmethane dye; carbol fuchsin, when subjected to aqueous acid-
alcohol decolorization [23]. It is believed that the unique properties of the mycobacterial
cell envelope are responsible for their characteristic staining properties, as mycobacteria
with shorter chain mycolic acids or mycobacteria with disrupted cell envelopes stain only
weakly acid-fast [82]. Biochemical characterization has revealed that M. tuberculosis
possesses a thick peptidoglycan layer consistent with that found in other Gram positive
bacteria.

Upon publication of the genome sequence of M. tuberculosis H37Rv by Cole et
al., it was determined that the genome possessed 65.6% G+C content, and consisted of
4,411,532 base pairs containing 4,043 genes that encode 3,995 predicted proteins [61]. Of
the almost 4,000 genomically encoded proteins, only 52% have been assigned a function

upon annotation [45]. Completion of the entire genomic sequences for M. tuberculosis
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strains H37Rv and CDC 1551, M. bovis AF2122/97, and M. leprae have revealed that the
mycobacterial genome is highly conserved, possessing a remarkable stability over time

[234].

The Route of Infection

Disease caused by M. tuberculosis primarily targets the tissues of the lungs,
although under certain circumstances, this organism can disseminate and infect almost
any anatomical site within the body. The cycle of transmission begins when virulent
bacilli within an infected individual erode through the bronchial walls of the lungs and
enter the airways. This is normally the result of a breakdown in the protective
architecture of the granuloma, and is characterized by caseation of a Ghon focus followed
by central necrosis, liquefaction, cavitation, and erosion of bacilli into the airways. This
process is responsible for much of the destructive pathology observed within the lungs.
When an infected individual coughs, sneezes, or speaks, bacilli contained within aqueous
droplets from 1-10 um in diameter are aerosolized and released into the environment
[103]. Each droplet is estimated to contain 1-10 bacilli, and while a single bacillus is
capable of transmitting infection in animal models, more realistic estimates of infectious
dose indicate that 5-200 bacilli are required for infectivity [103, 284].

Upon inhalation by a healthy contact, a small percentage of bacilli-containing
droplets are deeply inhaled into the terminal bronchioles and alveolar sacs, bypassing

many of the innate pulmonary physiological barriers. Within the alveolus, bacilli
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encounter resident macrophages, and are internalized by a phagocytic process that fails to
initiate a respiratory burst which would otherwise be effective in killing the ingested
bacilli [93]. Once inside macrophage cells, the bacilli halt normal phagosome maturation
by blocking phagosome-lysosome fusion and subsequent acidification, contributing to the
intracellular survival of the bacilli. Here the bacilli begin to replicate until a critical
threshold is reached, whereby the adaptive immune response is initiated, which
ultimately halts bacterial replication. Concurrently, some bacilli traffic to the draining
lymph nodes (LNs) either within pulmonary dendritic cells (DCs) or as free bacilli via the
draining lymph [103]. At sites of initial infection, there is an occurrence of localized
pneumonia and a chronic granulomatous response. Infected and dying macrophages
release a variety of chemotactic factors that recruit activated monocytes and lymphocytes
into the lung and initiate formation of a protective granulomatous response that
effectively sequesters the bacteria by physically walling it off. The granulomatous
response surrounding the primary foci of infection may eradicate the organisms entirely
through a process that can involve calcification, or this response may successfully
sequester but maintain viable bacilli for the life of the host [103]. These bacilli have the
potential to cause recrudescent disease under conditions of decreasing cellular immunity
caused by age, stress, infection with HIV, or in response to immunosuppressive drug
treatment. In a small percentage of individuals, an alternate scenario develops where
there is a failure to initially contain the bacilli at the foci of infection within the lungs.
This facilitates dissemination of infectious bacilli to extrapulmonary anatomical sites, and
results in a condition termed miliary tuberculosis. This condition has a faster progression

and a much poorer prognosis when compared to pulmonary tuberculosis.
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These pathological events occurs in the vast majority of infected individuals, with
approximately 90% of infected individuals mounting a protective response that will either
eliminate or control the bacteria for the lifetime of the host. Of the remaining 10% of
cases, approximately one-half will present with progressive disease within three years.
The remaining half will recrudesce at some point later in life, which is typically
associated with a decrease in cellular immunity [63].

The classical symptoms of tuberculosis infection include an initially dry,
nonproductive cough that eventually becomes productive and may or may not contain
bloody sputum. In the later stages of active disease, progressive weight loss commonly
occurs, which gave rise to the name consumption. Fever, night sweats, malaise, and chest
pain also accompany infection to a greater or lesser degree.

While transmission of tuberculosis may also occur through ingestion, this process
is significantly less efficient than aerosol transmission. This mode of transmission
typically occurs with the related pathogen, M. bovis, and was relatively common in

industrialized nations until pasteurization of milk became a routine practice.

Current Drug Therapy

The discovery of the first effective anti-tuberculosis drug; streptomycin, by

Schatz and Waksman in 1944 initiated the modern era of chemotherapeutic treatment of

tuberculosis [213]. Only two years later, para-aminosalicylic acid (PAS) was discovered

and shown to be effective against tuberculosis [151]. However, less than four years
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following the discovery of streptomycin, the emergence of drug-resistant strains of M.
tuberculosis was documented [48, 64, 70]. Although ominous in nature, the initial
manifestations of drug resistance were largely overshadowed by the discovery of
isoniazid (INH) in 1952. This drug was shown to be to be highly active, inexpensive, and
had few significant side effects [294]. That same year, pyrazinamide (PZA) was
introduced and shown to be a highly effective anti-tuberculosis drug, especially for the
treatment of latent tuberculosis [162]. These discoveries were soon followed by the
addition of rifampin (RIF), one of the most powerful anti-tuberculosis chemotherapeutic
agents. Rifampin rapidly became the primary first-line drug for the treatment of
tuberculosis and has been a mainstay in anti-tuberculosis treatment since the 1970s. The
period of time spanning the mid 1940s through the mid 1960s was truly the Golden Era
of tuberculosis drug discovery, as this period of time encompassed the discovery of the
majority of front-line anti-tuberculosis drugs still in use today.

Equally important as having a diverse and highly active arsenal of first-line anti-
tuberculosis drugs is the method in which they are administered. Although the stability of
mycobacterial genomes makes spontaneous mutations that induce drug resistance a rare
event, the persistent nature of this organism and the long course of treatment required
effectively facilitate the emergence of drug-resistant strains [48, 64]. It was soon realized
that multidrug regimens were an effective countermeasure for limiting the emergence of
resistant strains of tuberculosis. Combined treatment with PAS and INH for 18-24
months with the addition of streptomycin for the first two months was found to be highly
effective, producing cure rates in excess of 97% [98, 136]. Unfortunately, the long

timecourse of therapy fostered patient noncompliance, which aided in the emergence and
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spread of drug-resistant strains of tuberculosis. As such, a more powerful, shortened
course of multidrug therapy was developed and was shown to maintain cure rates in
excess of 95%, improve patient compliance, and consequently limit the generation of
drug-resistant strains [55, 292]. Based upon these findings, the World Health
Organization (WHO) developed the current fecommended tuberculosis chemotherapy,
termed Directly Observed Treatment, Short course (DOTS). Treatment consists of INH,
RIF, PZA, and ethambutol for two months, followed by four months of INH and RIF
[291, 292]. The addition of the powerful drugs RIF and PZA allowed for a reduction in
the duration of treatment from greater than 12 months to 6 months.

In industrialized nations possessing adequate tuberculosis funding, proper disease
surveillance, medical follow-up after treatment, and correct implementation of DOTS, the
emergence and transmission of drug-resistant strains was minimized and the incidence of
tuberculosis declined sharply. In contrast, within developing nations, political strife and
economic collapse lead to an inadequate supply of drugs, poor infrastructure to support
detection and follow-up of tuberculosis cases, and a failure to fully or correctly
implement DOTS therapy. Improper implementation of DOTS lead to the generation and
spread of drug-resistant strains of tuberculosis, including multidrug-resistant strains,
defined as possessing resistance to at least INH and RIF [136, 278]. In situations where
multidrug-resistant tuberculosis is present, the cure rate using standard DOTS treatment
drops from greater than 90% to approximately 50% [76, 123, 133]. In these situations,
short course chemotherapy is no longer recommended [86]. The WHO now recommends
a modification of DOTS called DOTS-Plus, which consists of DOTS treatment plus

second-line tuberculosis drugs for a period of 24 months [292].
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Due to failed treatment regimens and patient noncompliance, many individuals
have developed acquired drug-resistant infections, defined as the presence of drug-
resistant strains in a patient that has previously been treated for tuberculosis for at least
one month [194]. In contrast, primary drug resistance is defined as the presence of
resistant strains in newly diagnosed individuals who have never received anti-
tuberculosis chemotherapy, or received drug treatment for less than one month [194].
From a purely epidemiological perspective, ineffective drug therapy is worse than no
treatment at all, for it extends the lives of chronically infected individuals and increases
the likelihood of transmission when compared to the significantly shorter lifespans of
untreated individuals. Not only do these individuals spread tuberculosis for a longer
period of time, but they serve as a reservoir for the dissemination of primary drug-
resistant strains within the community. This creates a current and future problem, by
spreading cases of tuberculosis that are both more difficult and more costly to treat. In
addition, cure rates of multidrug-resistant tuberculosis are significantly reduced and only
approach 50% when properly administered [123, 186]. The longer treatment regimen
required by DOTS-Plus therapy significantly decreases patient compliance rates,
furthering the spread of the most drug-resistant strains. The problem of drug resistance
has become so large, that within some regions such as Ivanovo Oblast in Russia, acquired
drug resistance to at least one anti-tuberculosis drug is 100% [186]. Even more
unsettling, the incidence of primary multidrug-resistant tuberculosis in Estonia increased
from 10% to 14% in only four years [194].

To further compound the problem of drug resistance, multidrug-resistant

tuberculosis patients coinfected with HIV have a significantly higher risk of presenting
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with active tuberculosis and a faster rate of disease progression. In addition,
chemotherapeutic treatment regimens are less effective and mortality rates can approach
80% [29, 123, 136]. Unless significant new resources are devoted to the detection and
treatment of tuberculosis in developing countries, the worldwide increase in the incidence
of tuberculosis will continue to escalate at an ever faster rate. With the rapidity of modern
international travel and the increase in global emigration, this will eventually lead to
more epidemics of multidrug-resistant tuberculosis occurring within industrialized
nations, compromising once successful anti-tuberculosis programs and resulting in

substantial financial and human costs.

The Development of a Vaccine - BCG

Due to the enormous global problem of tuberculosis, there has been an intensive
search for an effective vaccine. Vaccination provides many benefits over conventional
chemotherapy including reduced cost, higher rates of patient compliance, and persistence
of lifelong immunity in many instances. Vaccination also circumvents the ever-growing
problem of drug resistance encountered with the majority of anti-tuberculosis drugs
currently in use. The smallpox virus, the only disease to ever be successfully eradicated
from human circulation, was eliminated through the use of an effective strategy of
vaccination.

Upon recognition that heat-killed M. tuberculosis failed to induce protective

immunity in animal models, Trudeau began experimenting with the related pathogen, M.
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avium in an attempt to develop a live attenuated tuberculosis vaccine. He observed that
live M. avium could protect against subsequent challenge with virulent M. tuberculosis in
animal models, although M. avium was too virulent for human use [259]. Trudeau next
utilized a strain of M. tuberculosis known as R1 that had been serially cultured for 11
years, and had been shown to be attenuated for virulence in animal models. All of the
rabbits and guinea pigs that received immunization with the R1 strain followed by
challenge with virulent M. tuberculosis survived, while all of the nonimmunized controls
died [259]. Even though these results were highly encouraging, for unknown reasons
Trudeau never pursued clinical applications for this vaccine.

In 1908, based upon the observations of bacterial attenuation following prolonged
in vitro culture, Albert Calmette and Camille Guérin began a process of bacterial
attenuation using a strain of M. bovis obtained from an infected cow. In a remarkable
demonstration of scientific persistence, after 13 years of subculturing the pathogenic
isolate upon a medium composed of potatoes, 5% glycerol, and ox-bile, they successfully
demonstrated that the new strain was attenuated for virulence and conferred resistance to
infection with M. tuberculosis both in animal models and ultimately in humans [108].
The live attenuated vaccine strain was named bacille Calmette-Guérin (BCG), and has
since been given to over three billion people worldwide, making it the most widely
administered vaccine in history.

Although world-wide usage of the BCG vaccine is high, it is the most
controversial vaccine currently in use. Throughout the history of its use, BCG has
consistently been shown to be safe in most individuals. Adverse reactions are

predominantly confined to minor vaccination site reactions. However in 1929, a

20

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



preparation of BCG vaccine became contaminated with virulent M. tuberculosis,
resulting in bthe death of 72 children [62]. While more rigorous manufacturing controls
have since eliminated the risk of contamination, this incident focused attention on the
inherent dangers of live attenuated vaccines. Although no evidence exists of reversion of
BCG to its previously virulent state, immunization with BCG can cause disease in
individuals who are infected with HIV, or in individuals who possess genetic
immunological defects. While the risk is rare, these individuals often contract a
disseminated form of BCG infection that is usually fatal [34, 273, 279]. Even in light of
these rare, potentially fatal complications, BCG is considered a very safe vaccine [91].

The BCG vaccine possesses many other attributes that foster its continued usage.
It is inexpensive to manufacture, stable, can be given at birth, and leaves a small scar at
the site of inoculation which can be used in future epidemiological monitoring.
Vaccination also results in long lasting sensitization, although the correlation with
protective efficacy remains unclear [252)].

Aside from the considerations of live attenuated vaccine use in
immunocompromised individuals, the BCG vaccine has two major disadvantages — a
failure to prevent initial infection and inconsistent protective efficacy in clinical trails. An
analysis of multiple BCG vaccination studies revealed that the protective efficacy varied
from 0-80% [16, 60, 261]. While the range of efficacy within this study was extremely
large, further studies indicated that immunization with BCG conferred approximately
50% protective efficacy [58, 60]. It is also believed that while immunization with BCG

has variable efficacy against adult pulmonary disease, it appears to consistently protect
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children from severe forms of tuberculosis such as disseminated disease and tuberculosis
meningitis, which often have fatal outcomes [203].

While the exact cause of the observed variations in the protective efficacy of BCG
is unknown, current hypotheses include the genetic variability inherent in different
human populations, variation in the regional prevalence or virulence of M. tuberculosis
strains, differences in the protective efficacy of the multiple strains of BCG currently in
use, and the effect of BCG vaccination on individuals harboring prior subclinical
tuberculosis infection [198]. While the cause of the variation in efficacy is most likely
multifactorial in nature, the most generally accepted explanation involves regional
differences in the prevalence of environmental strains of mycobacteria. It has been
postulated that previous exposure to environmental mycobacteria might block subsequent
BCG replication, resulting in incomplete induction of protective immunity [33]. It has
also been proposed that previous sensitization with environmental mycobacteria might
induce some level of protective immunity to infection with M. tuberculosis, and that
subsequent BCG immunization fails to improve upon this [187].

Due to the immense potential that vaccination holds for control of infectious
disease, and in light of the variable protective efficacy observed in clinical BCG
vaccination trials, a major effort is currently underway to develop a safe, more effective
tuberculosis vaccine. Even though the BCG vaccine has questionable efficacy in human
trials, it is still the gold standard to which all new candidate vaccines are compared. The
absence of any concrete, definitive laboratory correlate of protection in humans is a major
challenge to the discovery of more efficacious vaccines. Current work utilizing animal

models is underway to elucidate the protective mechanisms involved in resistance to
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tuberculosis infection, so that these mechanisms can be specifically targeted by future

vaccines.

The Acquired Immune Response to Tuberculosis

After many unsuccessful attempts to transfer passive immunity through the use of
immune serum, it became apparent that protective immunity to tuberculosis was cellular
in nature. A formal demonstration of this was performed by Suter, and consisted of
adoptive transfer of resistance by immune lymphocytes [244]. Utilizing the mouse model,
Lefford demonstrated that splenocytes from mice previously sensitized by immunization
with BCG could adoptively protect recipient mice that had been irradiated prior to
transfer [150]. Furthermore, treatment with anti-thymus serum, but not treatment with
anti-immunoglobulin serum prior to adoptive transfer abolished the observed protection,
implicating T cells as the cell type that conferred protection. The formal and conclusive
demonstration that T cells mediated protection to tuberculosis was performed by Orme
and Collins [183, 184]. Utilizing subset-specific complement-mediated antibody
depletion of splenocytes prior to transfer, it was demonstrated that T cells transferred
adoptive immunity to tuberculosis in irradiated mice.

With the formal understanding that T cells conferred protection to tuberculosis in
place, the next obstacle was to define the precise T cell subsets involved in protective
immunity, and characterize their activation status and phenotype. In 1987, Orme

demonstrated that CD4 T cells adoptively protected irradiated mice at a level equal to
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adoptive transfer of mixed splenocytes [182]. While the CD4 T cell population provided
the most protection, CD8 T cells were also shown to protect naive recipient mice,
although to a lesser degree than the protection mediated by CD4 T cells [182]. These
experiments hinted at the fact that CD8 T cells may play a protective role during
infection with M. tuberculosis.

Exactly how CD4 T cells mediated the observed protective effect was unknown,
but secretion of protective cytokines was a likely explanation. With the development of a
mouse model possessing a gene disruption within the [FN-y gene, experiments
demonstrated that these mice were exquisitely susceptible to infection with M.
tuberculosis [94]. Infection of IFN-y knock-out (KO) mice was characterized by
uncontrolled bacterial replication within the lungs, and death by 40 days following
infection. Subsequent experiments by Cooper et al. revealed that following infection, IL-
12 mRNA levels were increased in the lungs, and that administration of exogenous IL-12
increased the production of IFN-y, and had a transient positive effect upon the course of
infection in mice [67]. Further experiments using an IL-12 p40 KO mouse model
revealed that these mice failed to control bacterial replication within the lung, and that
this failure was primarily the result of an inability to activate T lymphocytes to produce
IFN-y [66].

Based upon this body of experimental evidence, a model of adaptive immunity to
tuberculosis has been developed. This paradigm consists of phagocytic uptake of
infectious bacilli within the lungs by nonactivated alveolar macrophages. Nonactivated
macrophage cells are unable to kill ingested bacilli, which begin to replicate

intracellularly. Upon reaching a critical threshold of bacterial numbers, adaptive
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immunity is initiated in the draining LNs by antigen-primed DCs. Activated, antigen-
specific CD4 T cells migrate to the lungs and extravasate into the pulmonary airways.
Following a chemokine gradient elicited by infected macrophage cells, CD4 T cells
encounter infected macrophages at the sites of initial infection and secrete IFN-y, which
serves to activate infected cells. IFN-y activated macrophage cells respond by producing
IL-12, which promotes further IFN-y production by responding T cells. Activation of
macrophage cells also partially reverses the inhibitory effect intracellular bacilli have on

phagosome-lysosome fusion, resulting in increased killing of internalized bacilli.

The Role of CD8 T Cells in Immunity to Tuberculosis

While experimental work has clearly identified CD4 T cells as being essential for
host control of infection with M. tuberculosis, evidence supporting a clear protective role
for CD8 T cells is less compelling and often contradictory. Several studies have shown
that CD8 T cells arrive within in the lungs of aerosol-infected mice within one week of
infection [88, 219]. These cells possess an activated surface phenotype, consisting of
CD44" CD62L", CD45RBY, LFA-1", and VLA-4" [88]. Furthermore, it was
demonstrated that activated CD8 T cells arriving in the lungs of infected mice could
produce IFN-y as well as TNF-a upon ex vivo restimulation, indicating that these cells
were actively responding to infection. While the temporal association between the

initiation of infection and the arrival, activation status, and cytokine production implied a
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protective role for CD8 T cells during pulmonary infection, further research was required
to conclusively define a protective role for this subpopulation of cells during infection.

Early work using in vivo antibody depletion of specific T cell subsets implicated
CDS8 T cells as contributing to protection during pulmonary infection with tuberculosis.
Experiments by Kaufman’s laboratory using an intravenous infection model
demonstrated that depletion of CD8 T cells impaired resistance to subsequent challenge
with virulent tuberculosis [177]. Further experiments utilizing antibody depletion
followed by a more realistic, low dose aerosol challenge with M. tuberculosis confirmed
these results and noted a shortened lifespan as well as histopathological differences in the
pulmonary granulomas of CD8 T cell depleted mice [152]. It was later shown that CD8 T
cells also played a protective role following infection with avirulent M. bovis BCG [143].
Taken together, these results indicate that while CD8 T cells do contribute to protection
as measured by recoverable colony forming unit (CFU) counts, the protective function
that these cells exhibit during infection might well be to reduce or limit the destructive
pathology associated with pulmonary tuberculosis infection, and therefore the
significance of this effect is only revealed upon histological examination or by the use of
time-to-death experiments.

Although the T cell depletion data provided a tentative link between CD8 T cells
and adaptive immune protection during infection, the adoptive transfer experiments by
Orme in 1987 conclusively demonstrated that while CD4 T cells mediate the majority of
protection following challenge infection, adoptively transferred CD8 T cells also protect
recipient mice [182]. At 10 days following infection, modest reductions in bacterial

numbers were observed in irradiated mice that received CD8 T cells from M. tuberculosis
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infected donors. In a complementary study, both CD4 and CD8 T cell-depleted
splenocytes obtained from M. tuberculosis infected and antibiotic treated donor mice
were able to confer protection [119]. These experiments lent evidence to the idea that not
only can CD8 T cells mediate protection, but that protective CD8 memory T cells were
generated during infection, and therefore could be targeted by vaccination.

In another study that utilized an aerosol infection-based modified Cornell model
of latent infection, antibody depletion of CDS8 T cells during acute infection had no
discernable effect [268]. Conversely, antibody depletion during the latent stage of
infection resulted in a significant increase in the bacterial burden within the lungs. These
data support the idea that CD8 T cells exert their greatest protective effect during the
chronic stage of infection, and may represent an important mechanism preventing
recrudescent disease later in life.

With the advent of techniques for the genetic manipulation of the mouse model, a
series of mice with targeted gene disruptions were engineered in an attempt to precisely
define the role that CD8 T cells play during infection with tuberculosis. Mice lacking
CD8 T cells were first generated through targeted deletion of the ,-M accessory
molecule required for MHC class I expression by antigen presenting cells (APCs) [137].
Flynn et al. utilized this model to examine the requirement for CD8 T cells following
intravenous infection with M. fuberculosis [96]. These studies demonstrated a
significantly increased susceptibility to infection in ,-M KO mice when compared to
control mice, as measured by CFU counts in the lungs, spleen, and liver. The survival of
these KO mice was also drastically impacted, with all mice succumbing to disease by 10

weeks following infection, compared to no deaths in the control group. Further studies by
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D’Souza et al. utilizing the low dose aerosol route of infection confirmed the increased
susceptibility of the $,-M KO mouse model and in addition, careful histological
examination revealed that the $,-M KO mice failed to efficiently recruit lymphocytes into
pulmonary lesions [83]. Furthermore, this novel B,-M-associated defect was independent
of MHC class I and CD1 molecules.

While these results were initially intriguing and implicated a prominent role for
CD8 T cells during infection, an increased understanding of the immune system has
revealed significant limitations in the B,-M KO mouse model. The 3,-M accessory
molecule is found not only in the classical MHC class la molecules which present antigen
to conventional ap TCR™ CD8 T cells, but it is also a component of several nonclassical
MHC class Ib molecules and the CD1 molecule, as well as a mammalian transferrin
receptor. Disruption of the ,-M molecule therefore has a broad effect on multiple
antigen presentation pathways, as well as adverse effects upon host iron metabolism
[211]. In retrospect, utilization of this model does not distinguish between the protective
effect of classically restricted CD8 T cells from nonclassically restricted CD8 T cells.

Studies involving mice in which the TAP1 molecule was genetically disrupted
were also performed, to circumvent the complications associated with the ,-M KO
mouse model [19, 232]. In experiments using intravenous infection, decreased survival
times as well as greater organ bacterial burdens were observed, indicating an increased
susceptibility of TAP KO mice to infection [19]. Unfortunately, this mouse model also
suffers from an inherent drawback. The TAP molecules transport short peptide fragments
into the endoplasmic reticulum (ER) for assembly onto classical MHC class Ia molecules.

However, through a process termed ER retrograde transport, certain specific peptides
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such as signal sequence fragments can be transported out of the ER, for TAP-mediated
reentry and assembly onto nonclassical MHC class Ib molecules such as H2-M3 or Qa-1.
Similar to the B,-M KO mouse model, the TAP KO model also fails to ascribe the
increased susceptibility of these mice to either classically or nonclassically restricted
CD8 T cells.

To overcome the inherent limitations present in the $,-M and TAP KO mouse
models, mice lacking the CD8a coreceptor were generated. Using an intravenous
infection model, the susceptibility of f,-M KO and CD8a KO mice was directly
compared [232]. It was noted that the $,-M KO mice had approximately 1-log;o CFU
more bacteria in the lungs at 80 days following infection and survived two months less
than the CD8a KO mice. Importantly, while $,-M KO mice clearly possessed an
increased susceptibility to infection, the CD8a KO mice also possessed an increased
susceptibility when compared to wild-type control mice. CD8a KO mice had
approximately 0.5-log;o more bacterial lung burden and survived on average two months
less than controls. These results were confirmed and extended by Turner ef al. who
showed that mice lacking the CD8a coreceptor can initially contain infection as well as
control mice, but that this control is gradually lost beyond 50 days following infection,
even in the presence of IFN-y at levels equal to or greater than control mice [262].

Although the CD8a KO mouse model confirmed the increased susceptibility of
mice lacking CD8 T cells following infection, there are inherent problems with this
mouse model as well. The CD8 and CD4 coreceptor molecules serve to increase the
overall avidity of TCR-MHC class I molecule interactions, and facilitate increased

signaling at the immunological synapse. During thymic selection within normal mice, T
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cells of intermediate avidity are selected for survival while T cells that possess very low
or exceedingly high avidity are deleted. In the absence of the CD4 coreceptor, it appears
that an increased TCR-MHC class I avidity can compensate for the lack of this
coreceptor, permitting thymic survival of cells destined to become CD4 positive T cells,
but which fail to express the CD4 molecule [263]. This same scenario is likely to occur
during thymic selection in the CD8a KO model. Therefore the CD4 and CD8a mouse
KO models may possess cells that are functionally CD4 or CD8 T cells, but that
phenotypically lack the expression of the these surface molecules.

The conclusive experiments ascribing a protective role to the CD8 T cell
population were performed in MHC class [ KO mice, and in the H-2K°/H-2D" double KO
mouse models [171, 205, 264]. These studies are in agreement that CD8 T cells, while
not as effective as CD4 T cells, aid in adaptive immunological control of bacterial
numbers in the lung. In addition, work using the H-2K"/H-2D" KO mouse model
confirmed the histological findings of D’Sousa et al., further implicating MHC class I
molecules as playing a central role in the organization and construction of protective
granulomas and/or recruitment of lymphocytes into infectious foci [83, 264].
Collectively, these studies demonstrated that classically restricted CD8 T cells participate
in the protective immune response in the lungs of mice infected with tuberculosis [171,

205, 232, 264].
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The Effector Functions of CD8 T Cells

With the understanding that CD8 T cells contribute to the ability of the adaptive
immune system to control bacterial replication in the lungs, significant progress has been
made in defining how CD8 T cells mediate this protective effect, and in specifically
targeting the induction of CD8 T cells by vaccination.

CD8 T cells possess two primary effector mechanisms: lysis of cells by the
granule exocytosis pathway or through contact-dependent Fas-FasL interactions, and
secretion of protective cytokines. CD8 T cells play an essential role during many viral
infections, and current evidence suggests that the primary effector mechanism involves
the granule exocytosis pathway. After CD8 T cell recognition of an infected cell,
endosomes containing cytotoxic molecules such as perforin and serine proteases termed
granzymes are mobilized and released in a directional fashion to the immunological
synapse between the cytotoxic lymphocyte (CTL) and the infected target cell. It is
currently believed that the secretory endosomes released by the CTL are endocytosed by
the target cell, where perforin molecules polymerize within the endosomal membrane,
facilitating the release of granzymes into the cytoplasm of the target cell [52]. Granzymes
then act upon caspase 3 to initiate mitochondrial damage, DNA fragmentation, and
ultimately apoptosis [256].

Based upon viral infection models, the search for the effector function of
mycobacteria-specific CD8 T cells initially began by examination of cytolytic activity.
Early experiments by De Libero et al. generated cell lines from mice infected with M.

tuberculosis, and identified cytolytic CTLs that were able to lyse mycobacteria-primed
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macrophage cells [77]. Subsequently, many other groups identified CD8 T cells
possessing cytolytic activity both in humans and in the mouse model [145, 220, 227,
237].

While these results seemed to indicate that CD8 T cells mediate their anti-
mycobacterial activity by lysing infected cells, experiments by Cooper et al. using
perforin KO and granzyme KO mice clearly demonstrated that within the first 80 days of
infection these cytolytic molecules did not affect the bacterial numbers in the lungs [65].
Similar experiments by multiple groups failed to observe any decrease in protection in
perforin KO mice [46, 147, 232].

Contact-dependent cytolytic activity is also an important cytotoxic mechanism
utilized by CD8 T cells. Multiple cell types express the Fas molecule. Upon ligation of
Fas by CTL expressing FasL, intracellular signaling events are initiated, ultimately
resulting in target cell apoptosis. Similar experiments were therefore performed to
examine the contribution of CTL-mediated Fas-FasL induced cell death during infection
with tuberculosis. Turner et al. examined the progression of disease in both Fas and FasL
KO mice, and while these KO mice were not different from wild-type controls within the
first 30 days following infection, the bacterial numbers in the lungs of both KO strains
significantly increased during the chronic phase of infection [262]. In addition,
histological examination of the granulomatous response revealed an uncharacteristic
necrotic degeneration of infectious foci and an influx of neutrophils in the absence of an
intact Fas-FasL apoptotic pathway.

Cytokine secretion by activated CD8 T cells is an important, although

underappreciated mechanism of CTL function. In fact, CD8 T cells have been shown to
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produce IFN-y and TNF-a, both of which are known to have anti-mycobacterial activity
[94, 95]. Following thé successful demonstration that adoptively transferred CD8 T cells
can protect a recipient host, Orme postulated that the most likely protective mechanism
was via production of IFN-y [185]. As previously noted, CD8 T cells capable of rapidly
producing IFN-y are recruited to the lungs within one week following aerosol infection
[88, 182, 219]. In a series of elegant experiments by Tascon et al., adoptive transfer of
CDS8 T cells from IFN-y KO donor mice, but not from control donor mice, failed to
protect recipient athymic mice following intraperitoneal infection [250]. However, on
average CD8 T cells produce one-half to one-tenth the amount of IFN-y as CD4 T cells,
making them rather inefficient at [FN-y production [47]. These experiments confirmed
that the primary role of CD8 T cells during acute tuberculosis infection is exerted through
production of IFN-y. That the mechanism by which CD8 T cells protect may revert to a
cytolytic mechanism during the chronic phase of infection was indicated by the perforin
and Fas KO studies and the chronic phase CD8 T cell depletion experiments previously
described [262, 268]. Thus, it appears that rapid accumulation of IFN-y-secreting CD8 T
cells into the lungs may augment CD4 T cell-derived IFN-y, aiding in early adaptive
control of bacterial replication. However, during the chronic phase of infection,
immunosurveillance by activated, antigen-specific CD8 T cells may serve to lyse infected
macrophage cells that attempt to escape the confines of the protective granuloma.

Due to the increasing evidence that CD8 T cells play a protective role in adaptive
control of pulmonary infection with M. tuberculosis, there has been a directed effort to
identify M. tuberculosis-specific CD8 T cell epitopes for inclusion in candidate

tuberculosis vaccines. Currently, a number of murine CD8 T cell epitopes have been
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discovered and characterized, underscoring the fact that CD8 T cells have the ability to

recognize a diverse array of M. tuberculosis-specific antigens (Table 1.1).

The Classical MHC Class I Antigen Processing Pathway

In the past 30 years, a vast amount of information has been added to our
understanding of how CDS8 T cells recognize infected cells, since the discovery of MHC
class I restriction of CD8 T cells by Zinkernagel and Doherty in 1974 [298]. The
requirement for antigen processing prior to antigen presentation was elucidated by
Ziegler and Unanue, to be followed shortly by the discovery that CD8 T cells recognized
virally infected cells by their surface expression of small virus-derived peptide fragments
rather than whole protein molecules [255, 297]. Since these seminal discoveries, the
majority of players in the sequence of events known as antigen processing and antigen
presentation have been elucidated, and their functional significance revealed.

CD8 T cells evolved to identify malignant cells or cells infected with viruses or
intracellular bacteria. They accomplish this by constantly surveilling small peptide
epitopes bound to MHC class I antigen presentation molecules expressed on the surface
of all nucleated cells in the body. Recognition of a foreign peptide epitope by CD8 T
cells results in T cell activation, clonal proliferation, and initiation of cytokine secretion
and/or cytolytic activity. These mechanisms serve to increase the number of antigen-
specific cells capable of responding to a particular pathogenic organism and allow for the

secretion of cytokines capable of warning nearby cells of the infection and halting viral
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replication. In the event that cytokine activation of infected cells fails to eliminate the
pathogen, CD8 T cells are equipped with a more deadly arsenal composed of perforin and
associated granzyme molecules that have the ability to lyse infected cells.

‘Critical factors influencing the repertoire of epitopes presented by a cell include
the efficiency of liberating the peptide epitope from the parent protein, the relative
abundance of the antigenic protein, resistance of the epitope to cytosolic endopeptidase
attack, efficiency of peptide transport into the ER, MHC class I-peptide affinity, and
levels of MHC class I/peptide complexes expressed upon the surface of cells [178]. The
combination of these factors ultimately determines the efficiency of pathogen recognition

by CDS8 T cells following infection.

The Proteasome - Generation of Peptides

The major function of the proteasome is to degrade cytosolic proteins to generate
a pool of peptides from which immunodominant epitopes can be selected for transport
into the ER. Targeting of cytosolic proteins for degradation is based upon the ATP-
dependent ubiquitin-proteasome pathway [57]. Ligation of the poly-ubiquitin peptide
motif to a target protein acts as a molecular tag for proteolytic destruction within the
proteasome complex. Both the ubiquitin-protein ligase and the proteasome require ATP
for substrate degradation to occur.

The constitutively active 26S proteasome is a hollow, barrel-shaped multisubunit

cytosolic protease found within eukaryotic cells. It is composed of a 20S core attached to
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two 19S regulatory subunits which aid in substrate recognition. The 20S core is
composed of four heptameric rings of approximately equal diameter, stacked atop each
other. The two identical outer rings are constructed of seven different o subunits, and the
two identical inner rings are constructed of seven different f subunits. Three of the
subunits possess proteolytic activity responsible for the catabolic function of this
complex. The outer rings serve to restrict proteolytic activity to the interior of the
complex, and form a gate to prevent access of non-ubiquitinated substrates. The 19S
regulatory complexes are attached to the outer rings of the 20S core, and facilitate
recognition of the poly-ubiquitinated substrates and subsequent opening of the central
gate in an ATP-dependent manner. The 19S complexes also possess reverse-chaperone
activity to unfold proteins into the linear conformation necessary for entrance into the
proteasome.

Although the 26S proteasome is constitutively active, the presence of IFN-y has
been shown to dramatically upregulate this system [39, 106]. The three proteolytically
active f subunits have corresponding [FN-y-inducible homologs (LMP2, LMP7,
MECLI1) that possess proteolytic activity and replace their constitutive partner upon IFN-
v induction. The presence of IFN-y also upregulates expression of the proteasome
activator complex PA28, which increases the efficiency of antigen processing by an as
yet undefined mechanism. It has been speculated that the addition of PA28 facilitates
substrate entry into or product exit from the proteasome, or that it may preferentially
generate slightly longer peptides of 8-11 amino acids in length which more readily bind
to MHC class I molecules [239, 243]. The addition of these IFN-y-inducible components

to the proteasome generates a complex called the immunoproteasome. IFN-y-inducible
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immunoproteasomes have been associated with altered cleavage site preferences and an
improved ability to generate peptides that are more favorable for MHC class I binding
[225, 267, 295].

Although some controversy still exists, it is believed that the exact C-terminus of
the peptide epitope is generated by proteasomal cleavage, while the exact N-terminus
may or may not be proteasomally generated [69, 85, 179, 231]. When N-terminally
extended peptide fragments are generated by the proteasome, the extra amino acids are
removed by ER or cytoplasmic endopeptidases that perform N-terminal trimming to
generate the exact epitope sequence required for optimal MHC class I binding [179, 181].
Upon release from the proteasome, peptide fragments are protected from cytosolic
degradation by chaperone molecules until they reach the ER [142].

That proteasome activity is essential for the generation of the majority of peptides
required for antigen presentation was established by Rock ef al. through the use of
highly-specific proteasome inhibitors [201, 202]. These results demonstrated that the
proteasome and not other cellular proteases was responsible for the majority of peptide
generation. The fact that the Epstein-Barr virus (EBV) specifically targets the proteasome
degradation portion of the antigen presentation pathway to avoid CTL recognition
underscores the important role this organelle plays in recognition of virally-infected
infected cells. The EBV nuclear antigen 1 protein contains a repeated Gly-Gly-Ala motif
that has been shown to become ubiquitinated, but is degraded much less efficiently by the
proteasome complex [153]. Thus, avoidance of viral protein degradation may facilitate

pathogen persistence by preventing antigen presentation and ultimately CTL detection.
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The TAP Complex - Transport of Peptides

The TAP proteins belong to the ATP-binding cassette family of transporter
proteins. They are transmembrane proteins embedded within the membrane surrounding
the ER in the form of a heterodimeric complex composed of TAP1 and TAP2 subunits.
They contribute to antigen presentation by shuttling small peptide fragments generated
within the cytosol into the lumen of the ER where they can be loaded into the peptide
binding groove of newly synthesized MHC class I molecules. As such, they not only
serve as a peptide transport mechanism, but their inherent specificity for peptide length
and peptide charge characteristics modifies the composition of the available peptide pool
within the ER, and therefore contributes to the repertoire of peptides that can be
expressed on the surface of a given cell.

TAP proteins normally transport peptides in the range of 15 amino acids or less
with a higher efficiency, as these peptides are the optimally suited length for binding to
MHC class I molecules [173, 266]. Because the TAP proteins are encoded within the
MHC locus, there are suggestions of coevolution in transporter peptide specificity and
MHC class I polymorphic binding patterns to cooperatively optimize the display of
antigenic epitopes [168]. In fact, it is believed that the proteasome, TAP proteins, and
MHC class I molecules co-evolved for the efficient generation, transport, and
presentation of peptide fragments to more readily facilitate the detection of infected or
transformed cells.

TAP proteins serve a vital link in the antigen presentation pathway required for

the detection of intracellular pathogens by CD8 T cells. The observation that some
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viruses have evolved immune subversion mechanisms that specifically target TAP
proteins is an indication of their importance in the overall antigen presentation process.
For example, the herpes simplex viral protein ICP47 binds to the cytosolic face of the
TAP complex, physically blocking importation of peptides into the ER lumen [101]. The
human cytomegalovirus (HCMV) adopts a similar strategy to prevent the surface display
of its antigenic proteins by encoding a protein that blocks TAP transporter function,
although this occurs on the luminal side of the ER rather than on the cytosolic side [3].
Thus, the targets of viral subversion mechanisms serve as an indication of the critical

importance of these components within the overall antigen presentation pathway.

Generation of MHC class I Molecules - Antigen Presentation

MHC class I molecules are expressed on the surface of virtually all nucleated
cells. Therefore, their expression is not confined solely to professional antigen presenting
cells. MHC class I molecules are a trimolecular complex composed of a class I heavy
chain, the f,-M accessory molecule, and a cognate peptide that may be either self- or
nonself-derived. All three of these components are required for proper folding, stability,
and surface expression of the MHC class I molecule. MHC class I heavy chain molecules
are encoded by three loci in the mouse, identified by the designation K, D, and L. These
regions code for the MHC class I heavy chain, which is composed of a1, a2, and a3
globular domains, a transmembrane domain, and a short cytoplasmic tail. Although the

cytoplasmic tail is too short to support intracellular signaling, recent evidence suggests
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that it is involved in endosomal trafficking [155]. The two most distal globular domains,
ol and a2, are known be highly polymorphic and constitute the peptide binding groove.
The peptide binding groove is structurally defined by two parallel a-helices resting atop a
flat base composed of B-pleated sheet structure. This binding groove possesses multiple,
highly polymorphic pockets that interact in a noncovalent manner with the side chains of
a bound peptide [158]. Degeneracy in the location and size of these pockets results in the
promiscuous binding patterns for a wide range of short peptide fragments characteristic
of each MHC class I allele. The size range of MHC class I peptides is typically from 8-11
amino acids in length, with nonamers being particularly prevalent [192].

Construction of the MHC class I complex begins as it is co-translationally
inserted into the ER immediately following ribosomal synthesis. Inside the ER, the
membrane-bound chaperone molecule calnexin binds to and stabilizes the heavy chain
and initiates proper folding in a step-wise manner. This is followed by binding of the
soluble chaperone molecule calreticulin, binding of the thiol oxidoreductase molecule
ERp57, and binding of B,-M. It is believed that calreticulin continues the heavy chain
folding process, while ERp57 catalyzes disulfide bond formation within the a2 and a3
globular domains. Incorporation of the $,-M accessory molecule is believed to stabilize
the partially-folded heavy chain. Binding of these three components allows for the
dissociation of calnexin, and promotes binding to the membrane-bound molecule, tapasin
which normally associates with the TAP complex and serves as a noncovalent bridge that
connects the TAP proteins with peptide-deficient MHC class I molecules. Localization of
awaiting MHC molecules in close proximity to the transporter that supplies the requisite

peptide fragments serves to optimize the loading efficiency of peptides into the MHC
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class I peptide binding groove. Physical association with tapasin may facilitate peptide
binding and may allow for peptide exchange to encourage binding and retention of
peptides with the highest affinities [174, 285]. It should be noted that not all MHC class I
molecules bind to tapasin or require physical association with the TAP complex. While
the efficiency of peptide loading of these molecules is most likely reduced, this
mechanism probably serves as a backup pathway to preserve antigen presentation
following infection with viruses that encode proteins which bind to tapasin and inhibit
antigen presentation, such as the US3 protein encoded by HCMV [188].

Once the MHC class I molecule has been properly folded and has acquired 3,-M
and an appropriate peptide, ERp57, tapasin, and calreticulin are released and the trimeric
MHC class I complex can be exported via the trans Golgi network (Figure 1.1). By
utilizing conserved motifs located within the cytoplasmic tail, MHC class I molecules can
be targeted to the endosomal trafficking network or directly targeted to the surface of the
cell for presentation of the peptide fragment to MHC class I-restricted CD8 T cells [155].
Surface expression of foreign peptide fragments is the first step in the activation of the

CD8 T cell component of the adaptive immune response.

Mycobacterial Access to the MHC Class I Pathway

Early investigations into the mechanisms by which M. tuberculosis persists within

macrophage cells indicated that virulent bacilli were maintained within the phagsomal

membrane. Studies by D’ Arcy Hart demonstrated that phagosomes containing live but
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not dead M. tuberculosis failed to fuse with lysosomes and were halted at an early stage
of phagosome maturation [9, 38]. Blocking normal phagosome maturation prevents the
acquisition of toxic hydrolases, proteases, lipases, and other molecules that would
otherwise facilitate the destruction of intraphagosomal pathogens. Thus, actively
metabolizing bacteria produce products that modulate host endocytic trafficking patterns,
to the benefit of the pathogen.

It is also known that upon phagocytic uptake, M. tuberculosis is able to inhibit
recruitment of proton ATPase pumps to prevent acidification of the phagosome and
maintain an intraphagosomal pH conducive for mycobacterial viability [240]. Normal
phagosomal maturation proceeds via acquisition of Rab5, a small GTPase molecule. This
facilitates the binding of Vps34, which is a class III phosphatidylinositol 3-kinase (PI 3-
K) that generates PI 3-P. Production of PI 3-P allows for recruitment of EEA1, which
binds calmodulin. This complex then has the ability to acquire the Rab 7 GTPase. It has
been shown that infection with M. tuberculosis blocks normal phagosomal progression,
and is characterized by a failure to acquire EEA1 as well as Rab7 [99]. Although the
precise mechanism is not currently known, bacterial products such as lipoarabinomannan
and trehalose dimycolate have been implicated in the disruption of normal phagosome
maturation. Both of these products have been shown to alter endosomal trafficking when
coated upon latex microspheres [100, 121]. Regardless of the exact mechanism,
premature termination of phagosome maturation prevents recruitment of lysosomes
containing bactericidal hydrolases, and facilitates intracellular survival of this organism.

Since M. tuberculosis is believed to reside only within the phagosome and not

escape into the cytosol, the question arises as to how pathogen-derived antigens escape
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the confines of the phagosomal membrane and enter the MHC class I antigen
presentation pathway. It is known that M. tuberculosis as well as other intracellular
pathogens confined to intraphagosomal survival can initiate an antigen-specific CD8 T
cell response [73, 122, 130, 207, 247]. There are two major hypotheses to explain how
antigens from these membrane-enclosed pathogens possess the ability to access the
cytosol.

The first hypothesis involves the observation by Bloom’s group that infection of
macrophage cells with live but not dead M. tuberculosis in conjunction with soluble
ovalbumin (OVA) resulted in cytoplasmic access of the internalized OVA in a TAP-
dependent manner [167]. Further studies revealed that macrophage cells infected with
live BCG possessed phagosomes permeable to proteins up to 70 kDa in size, whereas
macrophages that had taken up dead BCG possessed membrane-impermeable
phagosomes [251]. The implications of this study are that live, metabolically active M.
tuberculosis and M. bovis BCG have the ability to modify the host phagosomal
membrane, resulting in size-restricted permeability. Phagosomal access to the cytoplasm
may provide nutrients to the internalized bacilli, or may allow for the egress of bacterial
virulence factors and immunomodulatory molecules into the host cell cytoplasm.
Fortunately for the host, bacterially-induced permeability of the phagosome concurrently
allows bacterial antigens to enter the cytoplasm and enter the classical MHC class I
antigen presentation pathway.

The second hypothesis involves active, host-mediated translocation of bacterial

antigens out of the phagosomal compartment and into the cytosol where they intersect the
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classical MHC class I antigen processing pathway (Figure 1.2). This is a process termed

cross-presentation, and is discussed in detail below.

Cross-Presentation of Exogenous Antigen

For a time, there existed an antigen processing paradigm whereby exogenous
antigens that entered a cell would be processed and presented upon MHC class II
molecules, and endogenous antigens generated within the cytoplasm would be processed
and presented upon MHC class I molecules. However, this rigid separation of the MHC
class I and class II antigen presentation pathways led to an interesting conundrum: since
only professional antigen presenting cells are able to stimulate naive T cells and initiate a
primary adaptive immune response, how does the immune system recognize viruses that
possess a solely nonhematopoietic tropism? Early work performed by Bevan et al.
demonstrated that in some instances, exogenously-derived antigen could be presented
upon MHC class I molecules [24, 25]. This was followed by an elegant series of
experiments by Sigal e al. demonstrating that infected nonhematopoietic cells are unable
to stimulate a primary CD8 T cell response, and that the generation of virus-specific
CTLs required the cross-presentation of exogenous antigen on MHC class I molecules by
bone marrow-derived APCs [226].

Because of these observations, a series of models based upon ER retrograde
protein transport, endosomal peptide exchange, peptide regurgitation, or phagosome to

cytosol transport were developed to explain this apparent overlap of the class I and class
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II pathways [56, 113, 139, 180, 204]. Until recently, these models were collectively
termed ‘alternate’ MHC class I antigen processing pathways, and were believed to be
either in vitro artifacts, or occur only under very specialized conditions. With the
simultaneous discovery of the exogenous antigen cross-presentation pathway by three
separate groups, the importance of this pathway for MHC class I antigen presentation has
been elucidated [1, 110, 117].

Although a direct phagosome to cytosol pathway for the delivery of exogenous
antigens into the classical MHC class I antigen processing pathway had been described
10 years earlier, it wasn’t until 2004 that the mechanisms behind this phenomenon and its
functional relevance were fully realized [110, 139]. Guermonperez et al. demonstrated
that upon phagocytosis, for a short period of time the ER membrane fuses with the
phagosomal membrane, delivering all of the necessary MHC class I antigen processing
components to the phagosome, including TAP proteins, newly synthesized MHC class I
molecules, 3,-M, and the requisite stabilizing chaperone molecules necessary for class I
peptide loading [110]. Antigens within the phagosome are then transported from the
phagosome to the cytosol by a mechanism similar to ER retrograde protein translocation.
Although the exact transport molecule has yet to be conclusively identified, it is believed
to be Sec61. Furthermore, it has been shown that proteasomes are recruited to and
associate with the cytoplasmic face of the phagosomal membrane [117]. This most likely
increases the efficiency of cross-presentation. Experimental evidence indicates that most
exogenously-derived antigens destined for class I expression must reach the cyt0501 and

intersect the classical MHC class I pathway [139, 180, 200].
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The exact outline of events involves exogenous antigen uptake by endocytosis,
followed by phagosome to cytosol transport of exogenous antigen mediated by Sec61
(Figure 1.2). These proteins are then degraded by proteasomes physically associated with
the cytoplasmic side of the phagosomal membrane, and the antigenic peptides are
transported back into the phagosome by TAP molecules. Within the phagosome, naive
MHC class I molecules can be loaded with exogenously-derived antigenic peptides, and
the mature MHC class I molecules can then be targeted to the surface of the cell via a
conserved motif in the cytoplasmic tail of the class I molecule [155].

Further research indicates that cross-presentation of exogenous antigen is limited
primarily to DCs of the CD8a" subtype, although evidence exists that macrophages and
B cells may utilize this pathway under specialized circumstances although with reduced
efficiency [78, 190]. How these DCs obtain exogenous, bacterially-derived antigens is
currently a matter of debate, although there is considerable evidence that the apoptotic
remains of dead infected cells can readily be taken up by sentinel DCs and their antigenic
peptides cross-presented [212]. Evidence also exists that heat shock proteins released
from necrotic cells bind to bacterial protein fragments, and that these complexes can be
internalized by DCs using receptor-mediated endocytosis and their antigenic cargo
efficiently cross-presented [27].

Intuitively, confining cross-presentation to DCs makes immunological sense.
Dendritic cells are the only cell type that can readily initiate a naive T cell response, and
this cell type is highly equipped to survey the environment for the antigenic signals of
infection. It would be more efficient for DCs to actively acquire and present the antigens

of other infected cells, rather than to simply present endogenous antigens which would
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necessitate infection of the DC before class I presentation could occur. Utilization of the
cross-presentation pathway by DCs would also reduce the expression of primarily self-
derived antigens upon a cell type that has the ability to readily prime a naive T cell
response. Cross-presentation therefore has implications involving the reduction of
autoimmunity as well as the induction of infectious immunity. The fact that cross-
presentation is primarily confined to DCs would also limit the destruction of bystander
cells in the proximity of virally infected cells. For example, if epithelial cells could cross-
present antigen from a nearby virally-infected cell, it would be difficult for responder
CDS8 T cells to distinguish the cells that were actually infected from the cells cross-
presenting exogenous viral antigens, and the amount of unnecessary bystander killing
would be enormous.

While the vast majority of cells in the body processes endogenous antigens
through the classical MHC class I antigen processing pathway, DC cross-presentation of
exogenously-derived antigens may represent a major component of CD8 T cell antigen
priming. Although this mechanism is likely to significantly contribute to the antigenic
peptide repertoire expressed on the surface of DCs, the exact contribution of exogenous

antigen cross-presentation still remains to be determined.

Alternate MHC Class I Antigen Processing Mechanisms

Although the proteasome is responsible for generating the majority of peptides

destined for antigen presentation, other proteasome-independent processes have been
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implicated in the generation of antigenic peptides (Figure 1.3). Within the endocytic
pathway, lysosomal degradation of exogenous antigens may produce peptide fragments
possessing the correct binding motifs for MHC class I molecules. It has been postulated
that when portions of the plasma membrane are incorporated into the phagosome, some
MHC class I molecules displayed on the exterior surface of the cell are internalized and
line the interior of the phagosome [134]. Upon lysosomal acidification, the nascent
peptides from these class I molecules could be released and exchanged with newly
degraded peptides derived from exogenous antigens. Alternately, it has been proposed
that newly synthesized MHC class I molecules could be transported from the Golgi
network and intersect the endocytic pathway, supplying MHC class I molecules that
could exchange their bound ER-derived peptide for an exogenously-derived one [56].
Leader sequences which are proteolytically cleaved as polypeptides are co-
translationally transported into the lumen of the ER can be presented by nonclassical
MHC class Ib molecules such as HLA-E (humans) and Qal (mice) [15]. Surface
expression of these peptides has been shown to be TAP-dependent, but proteasome-
independent. It appears that these signal sequences are transported out of the ER by an as
yet undefined transport protein, and then re-enter the ER by TAP-mediated transport.
Since the requisite MHC class I antigen presentation molecules are present in the ER, this
may seem to be an unnecessarily cumbersome process, however some viruses efficiently
block TAP proteins to subvert antigen presentation. TAP-dependent presentation of these
signal sequences may provide a mechanism for testing TAP function as a means to detect

these viral infections.
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Other peptides derived from signal sequences have been shown to directly bind to
MHC class I molecules in a TAP-independent manner, and there is an example of a
signal sequence derived from a lymphocytic choriomeningitis virus (LCMV) protein that
is TAP-dependent and proteasome-dependent [102, 112, 149]. In these cases, it appears
that if the correct epitope can be generated in the ER by resident endopeptidases, it can
directly bind to MHC class I molecules, however larger proteins can be shuttled out of
the ER utilizing retrograde protein translocation, and undergo normal cytosolic
processing [260].

Although these novel alternate MHC class I antigen processing mechanisms are
interesting from a purely immunological point of view, the exact biological significance
of these pathways remains to be determined. In all likelihood, the inherent inefficiency of
these processes means that they normally contribute only minimally to the antigenic
peptide pools generated by the proteasome, and so have little effect upon adaptive
immunity. However under conditions of active viral subversion of normal host antigen
processing pathways, these pathways may serve a critical backup role for viral detection

and elimination.

CD8 T Cell Priming and the Requirement for CD4 T Cell Help

The components of innate immunity are part of a highly conserved, evolutionarily

ancient system that specializes in pathogen identification and clearance through the use of

germline-encoded receptors. The adaptive immune system is a more recent evolutionary
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advancement that possesses an almost infinite flexibility for pathogen recognition
through the use of antigen-specific receptors generated by random gene rearrangements.
Although the adaptive immune system possesses a much greater degree of specificity,
random rearrangement of receptors occasionally permits the generation of self-reactive
cells that could potentially initiate autoimmune disease. It is therefore of paramount
importance that adaptive immunity be initiated only in situations where it is absolutely
required, and that the development and termination of this response be carefully
regulated. Dendritic cells reside at the critical juncture of the innate and adaptive immune
responses, for only they possess the ability to initiate, orchestrate, and ultimately
terminate adaptive immunity.

The hallmark of immunity is the ability to distinguish foreign pathogens from self
molecules and to mount an appropriate response resulting in pathogen clearance.
Dendritic cells occupy this critical niche within host immunity. After hematopoiesis in
the bone marrow, DC precursors circulate within the blood and eventually enter the
tissues where they become resident immature DCs. These cells preferentially accumulate
in tissues that interface with the external environment, where they continuously migrate
and sample antigen via endocytosis and macropinocytosis. Immature DCs normally
possess a high endocytic ability although they express low levels of MHC class I and
class II antigen presentation molecules and low levels of costimulatory molecules such as
B7.1 and B7.2 [111]. Dendritic cells become activated upon encountering specific
warning signals during antigenic sampling. These warning signals include not only
pathogen-derived immunostimulatory molecules such as lipopolysaccharide (LPS),

peptidoglycan (PG), hypomethylated CpG DNA motifs, and dsRNA but also host-derived
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indicators of cellular damage or necrosis such as heat shock proteins and uric acid as
originally described by Matzinger’s ‘danger signal’ hypothesis [17, 166, 223].

While normally being unresponsive to host antigens, DCs have a remarkable
ability to detect and react to foreign antigens through the use of pattern recognition
receptors (PRRs) that identify conserved, pathogen-associated molecular patterns
(PAMPs) [124]. Dendritic cells possess a multitude of PRRs which include cytosolic
proteins such as protein kinase R and 2',5'-oligoadenylate synthase, secreted proteins such
as mannose binding lectin and C-reactive protein, as well as surface-expressed receptors
such as the mannose receptor, complement receptors, DEC205, DC-SIGN, scavenger
receptors, and toll-like receptors (TLRs) [111, 124]. By recognizing evolutionarily
conserved motifs expressed by pathogenic organisms, ligand binding to PRRs (especially
TLRs) serves as a critical signal of infection that initiates a carefully orchestrated genetic
DC maturation program. Upon TLR-mediated pathogen recognition, DCs dramatically
upregulate surface expression of CD1, MHC class I, and MHC class II antigen
presentation molecules, while simultaneously increasing the rate of antigen processing
[53]. Phagocytic ability is also shut down, to limit the concomitant expression of
pathogen-derived and host-derived peptides on the surface of activated APCs. Dendritic
cells also upregulate surface expression of costimulatory molecules of the B7 family
(CD80, CD86), which are critical for initiation of a naive T cell response. Furthermore,
DC maturation results in the secretion of chemokines (MCP-1, IL-8, etc.) to recruit
neutrophils and monocytes as well as the production of proinflammatory cytokines (IL-
1B, IL-6, IL-12, TNF-a, etc.) that activate innate host defense mechanisms [111]. Lastly,

activated DCs upregulate integrin molecules and chemokine receptors such as CCR7
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which allow the DCs to migrate out of peripheral tissues and traffic to regional draining
LNs. Once they reach the LN, DCs migrate to T cell rich regions and initiate an adaptive
immune response through a process called T cell priming.

Due to the efficient antigen processing capabilities and high-level surface
expression of CD1, MHC class I, MHC class II, and costimulatory molecules, DCs are
the most potent APC known and are the only cell type that normally has the capability of
stimulating a primary immune response. In addition, DCs possess the ability to
orchestrate the magnitude and direction that the ensuing adaptive immune response will
take. Dendritic cells have a remarkable capacity to integrate and process a vast array of
signals within an inflammatory environment to ultimately determine the type of immune
response that will be successful in elimination of the invading pathogen. Since different
TLRs are activated by different classes of pathogens, this signaling information not only
activates the DC, but helps shape the resulting adaptive immune response. Other signals
such as the site of DC encounter with antigen and the local cytokine milieu also help
determine the magnitude and type of immune response to initiate. This ability to translate
a multitude of diverse signals into a coherent, pathogen-specific response allows DCs to
correctly prime the appropriate T cell subsets that will efficiently clear an invading
pathogen. Based upon differences in signaling patterns, DCs can either initiate no
response, prime effector or memory Tyl or Ty2 biased lymphocytes, prime CTLs, or
tolerize recruited T cells through the generation of regulatory T (Ti,) cells.

In contrast to CD4 T cell priming, DCs require additional activation and
maturation signals to initiate a strong CD8 T cell response in order to prevent the

induction of a pathogenic self-reactive CD8 T cell response [216]. This process, termed
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‘licensing’ endows a DC with the ability to prime naive CD8 T cells [109]. The signals
required to properly license a DC include CD40-CD40L interactions with CD4 T helper
cells, triggering of Fc receptors by antigen-antibody complexes, and the presence of
various cytokines including IL-4, IL-12, and IFN-o/p [21, 148, 235].

Early work investigating the requirement for CD4 T cell help demonstrated that
for non-inflammatory stimuli such as immunization with OVA, CD4 T cell help was
required for the efficient initiation of a CD8 T cell response. A further requirement was
that the licensing CD4 T cell and the naive CD8 T cell must recognize their cognate
antigenic epitopes displayed upon the surface of the same APC [22, 51]. Other
experiments have shown that CD4 and CD8 T cell epitopes occurring within the same
antigen induce more efficient CD8 T cell immunity [126, 224]. Although the exact
mechanism by which physical epitope linkage increases CD8 T cell responses is
unknown, it has broad implications in the field of vaccinology for explaining the superior
efficacy of fusion protein constructs in inducing strong T cell responses. Exactly how
CD4 T cells license a DC was unknown until experiments by multiple groups
demonstrated that agonistic CD40 antibodies could bypass the need for CD4 T cell help,
uncovering the pivotal role that CD40-CD40L interactions play in DC licensing and
subsequent DC activation [21, 197, 215]. Binding of CD40 on an APC to its cognate
ligand (CD40L) was shown to upregulate the costimulatory molecules B7.1 and B7.2,
and to initiate the production of IL-12, which promotes full activation of a CD8 T cell
response [71, 191, 214].

Recent studies examining the highly inflammatory conditions following active

infection and utilizing more sensitive assay conditions such as MHC class I tetramer
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reagents and ELISPOT assays have come to a different conclusion as to the requirement
for CD4 T cell help. These experiments indicate that the initiation of a primary CD8 T
cell response and the generation of protective CD8 effector T cells in response to
pathogenic organisms is CD4 T cell help independent [43, 154, 222]. It appears that in an
infectious context, pathogen-derived molecules interacting with host TLRs, in
conjunction with proinflammatory cytokines such as TNF-o and IFN-o/p have the ability
to overcome the requirement for CD4 T cell help.

An important observation from these experiments was that CD8 T cells generated
in the absence of CD4 T cell help failed to form long lasting, competent memory cells
[125, 221, 241]. Upon secondary encounter with the same antigen, CD8 memory T cells
generated in the absence of CD4-mediated help responded poorly, as indicated by an
inferior proliferative response, decreased production of IFN-y, and compromised
protection to the secondary challenge [20, 31, 221, 241, 272]. Even more controversial
than the requirement for CD4 T cell help is the issue of exactly when CD4 help is
required. Elegant experiments by Bevan’s laboratory confirmed that the initial priming of
most CD8 T cell responses in an infectious context was CD4 help-independent, but that
CD4 T cells were required for the maintenance of memory CD8 T cells [242].
Intriguingly, these experiments also indicated that the nature of the CD4 T cell help in
memory CD8 T cell maintenance is most likely antigen-independent. An explanation for
this observed phenomenon awaits further study.

Thus, it appears that under noninflammatory conditions, initiation of a CD8 T cell
response is dependent upon CD4 T cell help in the form of CD40-CD40L interactions

with the APC. Dendritic cells endocytose antigen and present it in conjunction with MHC
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class II molecules to CD4 T cells. Upon activation, CD4 T cells upregulate CD40L,
which interacts with CD40 expressed on the DC and effectively licenses the DC to
upregulate the expression of requisite costimulatory molecules that enable it to efficiently
prime a naive CD8 T cell response. Presentation of CD8 T cell epitopes in the context of
adequate costimulation then leads to the initiation of a robust CD8 effector T cell
response. Conversely, if a naive CD8 T cell encountered its cognate antigen expressed on
an unlicensed DC, it would fail to receive the necessary costimulatory signals for
activation and instead would become tolerized. Thus, dual recognition of an antigenic
stimulus by both CD4 and CD8 T cells provides a mechanism to ensure that the displayed
antigen is indeed foreign, in order to prevent the induction of autoimmunity.

However, in the highly immunostimulatory context of an infection, the
requirement for DC licensing by CD4 T cells can be overcome by pathogen-derived
signals. This allows for the efficient generation of a primary CD8 T cell response in the
absence of CD4 T cell help. It is important to note that under both scenarios, CD4 T cells
are still required for the maintenance of the CD8 memory T cell population.

While CD40-CD40L interactions mediated by CD4 T cells are the predominant
DC licensing mechanism under noninflammatory conditions, cytokine regulation of CD8
T cell priming has the ability to shape the resultant polarization of the CD8 response, and
in some instances may be sufficient to overcome the requirement for CD4 T cell-derived
help. Experiments utilizing IL-4 KO mice demonstrated that IL-4 negatively impacted the
resultant CD8 T cell response to LCMYV infection [271]. However, other experiments
have shown that IL-4 possesses an adjuvant-like activity that promotes a strong Tyl

response, most likely by initiating a cytokine cascade that triggered the release of large
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amounts of IL-12 [26]. IL-4 has also been shown to promote differentiation of CD8 T
cells into long-lived memory cells when it is present early in T cell priming [118]. As IL-
4 normally has a strong association with Ty2 polarization, further experiments are
required to elucidate the exact role that this cytokine plays during initiation of a Tyl
response and its role in memory cell differentiation.

Although the exact requirements for IL-4 during T cell priming are unclear, the
presence of IL-12 or the type I interferons has been shown to promote DC activation and
licensing of a strong CD8 T cell response, especially in the context of viral infections
[140, 156]. While the type I interferons possess the ability to act at the DC-CD8 T cell
level during initiation of a CD8 T cell response, they also act upon clonally-expanded
CD8 T cells to promote Tyl cytokine production, differentiation, and survival [72, 165,
280]. Recent experiments utilizing IFN-a/BR KO donor cells adoptively transferred into
wild-type recipient mice demonstrated the requirement for type I interferon recognition
by CD8 T cells during the antigen-driven clonal proliferation phase [138]. In the absence
of type I interferon receptor signaling, CD8 T cell survival during clonal expansion was
markedly reduced, resulting in a greater than 99% reduction in the number of CD8 T cells
surviving antigen-specific proliferation. Interestingly, the Tyl cytokine IL-12 has the
ability to reverse this survival defect during the antigen-specific proliferative phase [72].
Therefore, the presence, absence, or balance of these two cytokines during the
inflammatory process may ultimately control the magnitude of the CD8 T cell response

to different infectious pathogens.
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Generation of Competent CD8 T Cells

CD8 T cell responses can be divided into four distinct phases: activation,
expansion, contraction, and memory cell maintenance. Following TCR-mediated
recognition of its cognate peptide antigen, the activation phase initiates a modifiable
genetic program of differentiation that directs the expansion and effector function of the
resulting CD8 T cells. The expansion phase is responsible for the massive clonal
proliferation of activated T cells, which is composed primarily of effector cells capable of
combating infection. The contraction phase encompasses the elimination of 90-95% of
the effector cell population, and occurs following pathogen control as antigen levels
decrease. Following contraction, the surviving memory cell population is actively
maintained through slow, homeostatic proliferative renewal during the maintenance
phase. Progression through each of these stages is critical for protective CD8 T cell
immunity to pathogenic organisms, and there is evidence that the dynamics of each of

these phases is controlled, at least in part, by the initial encounter with antigen.

CDS8 T Cell Activation

As previously described, the initial activation of naive CD8 T cells occurs within

the lymphoid tissues and is mediated by an activated DC that has been properly licensed

to initiate a CD8 T cell response. Classical activation of T lymphocytes involves a

sequential series of interactions that must occur within a time-dependent context. Initial
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recognition of an antigenic peptide presented by a MHC class I molecule has been termed
Signal 1, and results in intracellular signaling through the CD3 protein complex [107].
This is immediately followed by binding of the CD8a heterodimer to a conserved
region on the MHC class I molecule. Binding by the CD8 coreceptor increases the overall
avidity of the TCR-MHC class I interaction and prolongs the duration of contact to allow
for formation of the immunological synapse and to facilitate continued intracellular
signaling. Following TCR-MHC class [ interaction, CD28 expressed on the CD8 T cell
must interact with one of the B7 family of costimulatory molecules expressed by the APC
in an event termed Signal 2 [115]. Failure to receive Signal 2 in temporal association to
Signal 1 results in abortive activation of the CD8 T cell and the induction of anergy.

While these two signals comprise a large part of lymphocyte activation, a third
signal has recently been identified. Signal 3 is mediated by soluble cytokine molecules,
and serves to direct the polarization of a CD4 T cell response towards a predominantly
Tyl or Ty2 bias [131]. Priming of CD8 T cells is also influenced by soluble factors, with
IL-12 or IFN-o/p being the predominant Signal 3 moiecules [72, 265]. In the absence of
Signal 3, CD8 T cells proliferate but fail to develop classical effector functions such as
cytolytic activity. This third signal for CD8 T cell activation not only serves as a
molecular switch regulating activation and tolerance, but also regulates the resulting CD8
effector T cell function through T¢1 or T2 polarization.

In addition, other surface molecule interactions serve to increase the activation
status of the CD8 T cell, or modify the proliferative program or effector function of the
resulting response. While the precise role of many of these molecules has yet to be

elucidated, expression of CD27, 4-1BB, CD40, and LFA-1 have been shown to be
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important in shaping the resultant CD8 T cell response to a greater or lesser degree [11,

32, 49, 114].

Expansion Phase

There is increasing evidence that the initial duration of antigenic stimulation has a
profound effect upon the resulting characteristics of the CD8 T cell response. The effects
of the duration of exposure to antigenic stimulation have been investigated by adoptive
transfer at various timepoints during infection, premature termination of infection by
antibiotic treatment, as well as through the use of a novel ex vivo membrane antigen
presentation system [269, 286]. Multiple studies have shown that a brief encounter with
antigen of approximately 24 hours in duration is sufficient to initiate an antigen-
independent proliferation, differentiation, and effector function program within CD8 T
cells [127, 170, 270]. Following this 24 hour period, activated CD8 T cells begin to
rapidly proliferate in the presence of IL-7, IL-15, and IL-2. Cell division occurs every 5-6
hours and it has been shown that cells undergo approximately 14 cycles of division [28,
288]. This rapid proliferation cycle allows the initial pool of antigen-specific CD8 T cells
to increase greater than 50,000-fold by the peak of infection, when examined in a murine
LCMYV infection model [28]. These newly-generated effector cells begin to leave the LN
after 3-4 days, and migrate to the sites of active infection [87].

While the duration of antigenic stimulation clearly has a profound impact upon

subsequent CD8 T cell proliferation, the amount of antigen also plays a role in the
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ultimate size of the responding antigen-specific effector cell response, as well as the total
number of memory cells generated. An elegant study utilizing vaccinia constructs
expressing differing amounts of OVA demonstrated a correlation between the amount of
antigen and the size of the resulting antigen-specific CD8 T cell population [282].
Similarly, others have shown that the burst size of the CDS effector T cell response
ultimately determined the size of the CD8 memory T cell pool [116]. The implications
from these two studies are that the amount of antigen controls the size of the effector cell
population, which in turn governs the size of the memory T cell pool that persists
following the contraction phase.

Although the effect of the initial priming conditions on the magnitude and quality
of the effector cell population is well defined, the degree to which initial priming events
impact the differentiation of the population of cells destined to become long-lived
memory cells is less certain. Kaech ef al. utilized microarray analysis to characterize
genes indicative of the memory cell population [128]. Through this analysis, they
discovered that although naive CD8 T cells express high levels of the alpha chain of the
IL-7 receptor (IL-7Ra), effector cells rapidly lost expression of this molecule. More
importantly, CD8 memory precursor T cells reacquired expression of IL-7Ra and could
be identified at the peak of active viral infection [129]. While these cells were at an early
stage of memory cell differentiation and possessed effector cell-like functions, they could
gradually acquire the characteristics of memory cells upon antigen clearance. Further
studies by Wherry e al. utilizing purified murine LCMV-derived central memory (Tcm)
and effector memory (Tgym) subpopulations as defined by CD62L expression determined

that Tgwm converted to Teym cells while the reverse (Tev—Trem) Was not observed in the
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absence of antigen [283]. Together, these results indicated that cells destined to become
memory cells diverged in their cellular differentiation patterns at an early stage following
activation, implicating the conditions of initial priming upon subsequent memory cell
development and demonstrated that CD8 T cell differentiation was a linear process that
ultimately culminated in the generation of a protective CD8 T¢ym subpopulation. These
observations led Ahmed’s group to propose a linear and progressive model for CD8
memory T cell generation. This model incorporates initiation of a CD8 T cell
proliferation and effector function acquisition program following a brief period of
antigenic stimulation, and the gradual transition of CD8 T cells through a linear naive —
Tetector — TeM — Tom progressive differentiation program.

Similarly, Williams et al. showed that antibiotic treatment 24 hours following
infection with Listeria monocytogenes generated similar effector CD8 T cell responses
when compared to mice without antibiotic treatment, however alterations in memory cell
development that did not impact protective efficacy were observed [286]. Taken together,
these experiments indicate that the initial priming events contribute to and modify the
early differentiation program of memory cells, and that the development of this
population of cells diverges soon after antigenic exposure. It is also evident that the initial
imprinting events may be more important for the generation of immunological memory
than for the generation of the effector T cell response.

In contrast to the linear and progressive model, an alternate theory proposed by
Lanzavecchia and Sallusto advocates that the signal strength received by a lymphocyte
through its TCR is the primary factor determining the state of differentiation and the

acquisition of T cell characteristics [146]. This divergent model of T cell activation states
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that differential signaling results in the differential attainment of T cell attributes on a
progressively increasing scale.

The first part of this model identifies differences in the strength of stimulus that T
cells receive as being the result of antigen dose (which affects the rate of TCR
stimulation), the amount of costimulation (which affects the amplification of TCR
signaling), and the duration of TCR signaling (which determines the accumulation of
TCR signals). Collectively, these signaling attributes result in a specific level of signaling
through an additive effect.

The second part of this model relates distinct cellular processes such as cell cycle
progression, the ability to respond to cytokines, migratory potential, effector function,
etc. to individual transcriptional programs. The acquisition of each of these programs
would require a sequentially increasing amount of TCR signaling. Therefore, the specific
level of signal received by a lymphocyte during DC priming would determine how many
transcriptional programs the cell could enact. For example, weak signaling results in
proliferation, but a failure to acquire effector functions and cellular fitness, culminating in
tolerance or apoptosis (i.e. peripherally silenced cells). Intermediate signaling results in
proliferation and fitness acquisition, but a failure to acquire effector function (i.e.
memory cells). Strong signaling results in the acquisition of proliferation, fitness, and
effector function (i.e. effector cells). Within this model, extremely weak signals induce
anergy, while excessively strong signals trigger activation-induced cell death.

This model advocates the idea that CD8 T cells possess various activation
thresholds, and that different combinations of costimulatory signals, duration of contact,

or the presence of cytokines can additively combine to attain a particular threshold level
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of signaling. Once this threshold has been reached, CD8 T cells initiate an antigen-
independent program that governs proliferation, effector function, and memory cell
generation. This program can be subtly modified by activation signals either prior to or
during initiation of the program, which serves to shape the resultant CD8 T cell response.
Therefore this model differs from the linear and progressive model by suggesting that
effector cells, Tgym, and Tem subpopulations arise separately from the initial DC-CD8 T
cell contact, rather than progress through distinct stages of cellular differentiation
culminating in the generation of a T¢ym subpopulation.

While the divergent model of T cell activation possesses many appealing
characteristics that explain the existence of different T cell subsets as well as the
acquisition of function, by definition it relegates the generation of memory cells to a
somewhat random, stochastic process based entirely upon DC-T cell encounters of
variable length to reproducibly generate consistent memory T cell responses. In addition,
although not addressed by the authors, the implications of this model are that the memory
cell population would be generated from T cell clones of intermediate avidity, rather than
from the highest avidity clones. While this at first seems counterintuitive, one could
argue that in a secondary immune response, memory cells possessing lower thresholds of
activation are consequently less dependent upon high-avidity TCR interactions as
compared to naive T cells. The actual explanation for the development of heterogeneous
T cell responses will most likely contain elements from the linear and progressive
differentiation model, as well as from the divergent differentiation model to completely

describe the complexities of T cell differentiation and memory cell generation.
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Contraction Phase

Upon pathogen clearance and in conjunction with decreasing antigen levels, the
effector cell population undergoes a massive contraction phase, resulting in 90-95% of
the effector cells dying through the induction of apoptosis. The remaining 5-10% of
activated cells differentiate into long-lived memory cells. The mechanisms for effector
cell death are complex and interrelated, but primarily involve a reduction in anti-
apoptotic molecules of the Bcl-2 family, which result from a failure to sustain high-level
pro-survival signaling in a progressively less inflammatory environment following
pathogen clearance.

It has been demonstrated that signaling through CD28, as well as 4-1BB induces
expression of the anti-apoptotic protein; Bcl-xg. [233, 236]. However upon activation, T
cells concurrently upregulate surface expression of CTLA-4. CTLA-4 competes with
CD28 for binding to B7 molecules on APCs, effectively increasing the requirement for T
cell costimulation. In addition, signaling through the common chain of the IL-2 family of
cytokine receptors (IL-2R, IL-4R, IL-7R, IL-9R, IL-15R) induces expression of a related
anti-apoptotic protein; Bcl-2. In fact, reductions on the levels of IL-2 are known to result
in the death of effector cells by a mechanism termed activation-induced cell death [193].
Therefore, costimulatory signals as well as cytokine signaling trigger pro-survival
pathways that actively inhibit apoptosis. However, as the inflammatory process is
resolved, a lack of T cell costimulation in conjunction with decreasing cytokine levels
results in a reduction of intracellular anti-apoptotic molecules, followed by apoptosis. In

effect, these inhibitory signaling pathways serve to increase the survival threshold for
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activated effector cells, shifting the delicate survival balance towards apoptosis. As long
as a strongly pro-inflammatory environment exists, the induction of anti-apoptotic
molecules continues and effector cells can persist. However, in the absence of continued
proinflammatory signaling, the elevated survival requirements can no longer be met,
triggering apoptosis.

Two recently discovered mechanisms regulating effector cell survival may also
have a significant impact upon the contraction phase. As previously described, Kaech et
al. observed that naive cells expressed high levels of the IL-7R, which facilitates survival
through the induction of Bcl-2 [129]. Effector cells rapidly downregulate IL-7R
expression following activation, rendering them insensitive to in vivo levels of IL-7; a
critical regulator of CD8 T cell survival. Thus, in the absence of other compensatory pro-
survival signals, the effector population rapidly succumbs to apoptosis. Another cytokine
involved in the CD8 T cell contraction phase is IFN-y. While normally associated with its
antiviral and cellular activation properties, IFN-y has also been implicated in the
regulation of the CD8 T cell contraction phase. Although the exact mechanism by which
IFN-y mediates this effect is unknown, it has been observed that following infection with
L. monocytogenes, activated CD8 T cells in IFN-y KO mice fail to undergo the T cell
contraction characteristic of wild-type mice [14]. Taken together, these two mechanisms
contribute significantly to effector cell death following antigen clearance, and as such
play a major role in CD8 T cell homeostasis.

Other mechanisms may also contribute to the massive death of effector cells
during the contraction phase. Increased expression of Fas and upregulation of molecules

of the TNF family, especially the TNF p50 receptor have all been shown to induce
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apoptosis through the caspase-mediated death pathway [193]. That these mechanisms are
unlikely to play a major role in the decline of effector cells following antigen clearance is
indicated by a failure to observe large differences in apoptosis using mouse KO models
[164]. Conversely, this might indicate that redundancy within this system exists, due to
the central importance of these mechanisms for regulation of lymphocyte numbers
following pathogen clearance.

A model of lymphocyte contraction can be outlined where activation of naive
CD8 T cells triggers a series of mechanisms that increases the threshold required for
survival of effector cells. In the presence of active infection and in the context of a
proinflammatory environment, effector cells receive an abundance of pro-survival signals
and are able to achieve this increased level of signaling. However, upon pathogen
clearance, effector cells are at a competitive disadvantage as compared to naive and
memory cell populations and rapidly die under conditions of reduced activation signals.
In effect, upon cellular activation the lifespan of effector cells is governed by a molecular
clock that can be continually reset in response to proinflammatory stimuli, but begins to
wind down in the absence or reduction of these stimuli.

The question then arises as to how a small percentage of cells manages to escape
the massive apoptosis characteristic of the contraction phase. Survival of CD8 T cells
destined to become long-lived memory cells is critically dependent upon phenotypic
changes that confer resistance to apoptosis.

Even though the contraction phase seems tied to the loss of antigenic stimuli,
evidence exists that the contraction phase is also imprinted upon the CD8 T cell during

the initial priming phase [13]. Early priming events such as the programming of cytokine
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receptor expression patterns or the production of IFN-y during early infection may define
the scope and magnitude of the contraction phase [12]. In contrast to models of increased
memory celi fitness and competitive survival advantage, regulation of cytokine receptor
expression provides a passive model based upon the ability or inability to respond to IL-
7, explaining CD8 memory T cell survival and concurrent effector cell death.

While there has been significant progress in understanding the cellular
mechanisms responsible for the generation of memory CD8 T cells, further research
needs to be performed to determine the precise signaling events required for optimal
memory cell formation. These signaling pathways are attractive targets for

immunological adjuvants, to boost the protective efficacy of modern subunit vaccines.

Maintenance of CD8 Memory T Cells

While survival of the CD8 memory T cell population is based primarily upon
cytokine receptor expression, persistence of the memory cell population involves two
separate but interrelated mechanisms: phenotypic changes that increase the fitness of the
memory cell population, and a resource-limiting environment within which these
memory cells possess a competitive advantage.

It has been shown that while the lifespan of a CD8 memory T cell is significantly
longer than an effector cell, it is still finite in length. Therefore a slow, homeostatic
proliferation rate equal to the natural death rate is necessary to maintain constant numbers

of CD8 memory T cells [141, 254]. Homeostatic proliferation is primarily dependent
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upon the constant presence of basal levels of IL-15, and to a lesser degree IL-7 [18, 249].
Although the functions of these two pro-survival cytokines overlap to some extent, IL-7
is responsible for the continued survival and fitness of CD8 memory T cells, while IL-15
induces homeostatic proliferation by triggering cell cycle progression. In addition, the
total amount of available IL-15 regulates the size of the CD8 T cell memory pool.
Competition for IL-15, therefore selects the most fit memory cells for retention.

While a basal level of IL-15 efficiently regulates the ultimate size of the CD8
memory cell pool, it also dictates that newly generated memory cells must compete with
existing memory cells for available IL-15. This creates a situation where newly generated
memory cells proportionally reduce the existing memory cell populations to previously
encountered infections [217]. The result is progressive attrition of existing memory cells
at the expense of newly generated memory cells. Therefore, competition for a finite
amount of available IL-15 drives the continued maintenance and survival of memory

CD8 T cell numbers at relatively constant homeostatic levels.

The CD8 T Cell Memory Response

The ability to mount a more rapid and qualitatively superior pathogen-specific
response to a secondary challenge is the hallmark of immunological memory. As such,
the generation of durable immunological memory is the primary target of vaccinology,
and therefore our understanding of the dynamic process of memory cell generation and

maintenance is of paramount importance.
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Memory cells collectively possess several attributes that give them superior
abilities in clearing pathogenic organisms. The primary characteristic that defines a
memory cell is the ability to persist for long periods of time in the absence of antigen; in
many cases for the lifetime of the host. In addition, when compared to naive cells,
memory cells respond more quickly to pathogens as the result of three characteristics:
greater initial numbers of antigen-specific memory cells compared to the numbers of
antigen-specific naive cells in a primary infection, a reduced dependence upon
costimulation resulting in a lower threshold of activation, and more rapid cytokine
production. In combination, these characteristics allow memory cells to mount a rapid,
highly effective secondary immune response that in many cases prevents reinfection.

There is increasing evidence that the cells comprising the memory pool are in fact
a heterogeneous population, and that these subsets differentially contribute to protection
upon infectious challenge with a diversity of pathogenic organisms. Recent work by
Lanzavecchia and Sallusto identified two populations of memory cells, as defined by
their effector functions and migratory patterns [209]. Central memory T cells are
phenotypically characterized by surface expression of CCR7 and CD62L molecules, and
reside primarily within the LN, spleen, and blood. In contrast, effector memory T cells
express low levels of CCR7 and low or variable levels of CD62L and reside primarily
within nonlymphoid tissues [209]. In addition to these phenotypic and tissue homing
differences, Tgy cells possess a low proliferative potential, high cytotoxic activity, and
rapidly secrete IFN-y, TNF-a., or IL-4 upon restimulation. Tcum cells possess a rapid
proliferative capacity, immediately secrete IL-2, and exhibit delayed secretion of effector

molecules such as IFN-y and TNF-a [195]. These functional differences suggest that the
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Tgm population provides an initial defense mechanism to quickly constrain pathogen
replication at the sites of initial infection, while the Ty population rapidly proliferates,
providing a newly-generated source of pathogen-specific effector cells that can migrate to
the periphery and mediate pathogen clearance.

While the effector functions of these subsets have been well-defined, the
generation of these populations and their lineage relationships are not completely
understood. Most evidence; however, favors a progressive linear differentiation model,
where naive cells differentiate into activated effector cells following antigenic
stimulation. Upon antigen clearance, a small proportion of effector cells that survives the
contraction phase differentiates into the Tgy population. Further differentiation in the
absence of antigen leads to the generation of the Tcum population [196, 257, 283]. Upon
secondary challenge, the Tcum population rapidly proliferates and these newly generated
cells differentiate into effector cells that home to infected tissues.

The generation of functional memory cells begins soon after initial contact with
an activated APC. Evidence indicates that upon stimulation for as little as 24 hours,
memory CD8 T cells can be programmed to develop in the absence of further antigenic
stimulation or additional costimulation [127]. These early priming events trigger a
memory cell developmental program that can be modified by stimulatory events during
its initiation. Importantly, this memory cell developmental program is heritable, as all of
the daughter cells produced following cell division retain this imprinted program.
Signaling events during priming initiate a series of transcription factors that not only
upregulate or downregulate important effector functions, but also initiate chemical and

structural modifications to the DNA, many of which can be passed on during mitosis. For
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example, within CD4 T cells, TCR triggering in conjunction with IL-12R or IL-4R
signaling induces the transcription factors T-bet or GATA-3, which promote the
differentiation of Tyl or Ty2 biased cells, respectively [120, 176, 248]. These
transcription factors then induce chromatin remodeling events such as histone acetylation
and demethylation of DNA, which increases the accessibility of a specific subset of genes
[2, 6]. In particular, demethylation of the IFN-y locus in Ty1 biased cells and
demethylation of the IL-4 locus in Ty2 biased cells allows for increased accessibility of
these genes for their respective transcription factors, and may account for the shortened
time and increased amount of cytokine production characteristic of memory cells upon
restimulation [6, 92]. Similar events are believed to occur within CD8 T cells, which
demethylate DNA regions preceding the IFN-y, perforin, and granzyme loci.

Further evidence for the importance of these early signaling events upon the
imprintation of the memory cell differentiation program occurs in CD8 enhancer (E8))
KO mice, which have the ability to express the heterodimeric CD8af3 molecule, but fail
to express the CD8aat homodimer. Upon antigen encounter, E8; KO mice generated a
normal functioning primary immune response, but antigen-specific CD8 T cells failed to
upregulate the IL-7R and consequently these mice failed to generate memory cells [157].
The explanation for this involves the spatial localization of the CD8aaw molecule within
the plasma membrane. In contrast to the CD8af molecule, CD8aa fails to enter cellular
membrane lipid rafts, and therefore decreases TCR signaling by sequestering tyrosine
kinase molecules away from the TCR-CD?3 signaling apparatus located within
cholesterol-rich lipid rafts [8, 54]. This lends support to Sallusto’s signal strength model

of memory cell formation, whereby the expression of CD8aax weakens the otherwise
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strong TCR signaling required for effector cell generation, resulting in intermediate level
signaling which promotes the generation of memory cells [104].

While these early events are crucial for initiation of the memory cell
developmental program, subsequent signaling events during the ensuing inflammatory
process have the ability to modify this program and ultimately shape its outcome.
Following experimental infection of mice with LCMV, a gradual acquisition of memory
cell characteristics was observed. This differentiation was detectable by the peak of
infection, and continued well beyond the clearance of antigen. In fact, changes in gene
profiles could still be observed 100 days following infection [128]. The exact post-
priming stimuli are unknown, but are most likely tied to the amount of inflammation and
the levels of cytokines to which developing memory cells are exposed.

Therefore a complex series of events serves to initiate and further shape the
resultant memory cell developmental program. This process may take months following
antigen clearance for complete memory cell differentiation and acquisition of the full
complement of memory cell attributes to occur. The signaling events that contribute to
memory cell formation include the initial priming events, the amount and type of
costimulatory molecules present, the cytokine environment, the amount of antigen, the
duration of antigen persistence, as well as the presence or absence of CD4 T cell help.
Together, these signals serve to imprint a unique, durable level of differentiation that
makes a recipient cell competent for memory cell generation. While the exact
contribution of each of these stimuli to the complete memory cell differentiation program
is unknown, it appears that the initial priming events occurring within the first 24 hours

following T cell activation have the largest impact, while secondary stimuli occurring
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during the inflammatory process and following antigen clearance have the ability to
subtly modify the program established during priming. It is therefore becoming clear that
the acquisition and development of memory T cell properties is a progressive

differentiation event that occurs for weeks following pathogen clearance.

Protective Memory Cell Subsets

From a vaccinology standpoint, the existence of multiple memory cell subsets
invokes the question of which of these subpopulations provides the most durable,
longest-lasting protective efficacy, and how this subset can be effectively targeted by
vaccination. In an elegant paper by Zaph et al., CD4 Tcm and Tgv populations were
directly examined for their ability to mediate protection upon infection with Leishmania
major [293]. They determined that while the Ty population provided some amount of
initial protection to infection, these memory cells failed to persist following antigenic
clearance. In contrast, the Ty population took longer to develop, but rapidly proliferated
in response to secondary challenge and afforded significant protection.

In a related study Wherry et al. examined the development of CD8 T¢y and Tem
populations during acute and chronic infection with LCMV [281]. Importantly, it was
demonstrated that following acute infection accompanied by antigen clearance, CD8
memory T cells fully differentiate and progressively acquire the hallmarks of memory
immune cells. However, in the presence of continued antigenic stimulation during

chronic infection, functional defects in CD8 memory T cell development and survival
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were noted. In addition, the amount of functional decline directly correlated with the
duration and intensity of the antigenic stimulus. This decline ultimately resulted in
functional exhaustion and clonal deletion of antigen-specific CD8 T cells that were
subjected to uninterrupted antigenic stimulation. That these functional defects are long
lasting was demonstrated by transfer of memory cells generated under conditions of
chronic antigenic stimulation. When adoptively transferred into antigen-free naive mice,
the Tcm population gradually declined in numbers, indicating a fundamental defect in
acquisition of the hallmark memory cell characteristic of persistence [281]. Lastly, these
experiments also concluded that the Tcym population, due to its rapid proliferative
potential and long-term persistence following antigen clearance, should be targeted by
vaccines.

Together, these experiments have important implications for the development of
vaccines. Both studies determined that for long-term protection, vaccines should
specifically target the generation of the Tcym subpopulation, as this population of cells
possesses rapid proliferative potential and long-term persistence following antigen-
clearance, and ultimately results in the greatest amount of durable protection. These
experiments also revealed a major difference between the CD4 Tcy and CD8 Tem
populations. While protective CD4 Ty cells can be generated in the presence of
persistent antigen, functionally competent CD8 Tcwm cells required the elimination of
antigen for completion of their functional differentiation program and ultimate

persistence.
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Table 1.1. Murine MHC Class I Epitope List

Protein Rv # Epitope Allele Reference
Mtb10.3528 Rv3019¢ GYAGTLQSL H-2K¢ [160]
Mtb10.45928 Rv0288 GYAGTLQSL H-2K¢ [160]
Ag85A144.152 Rv3804c VYAGAMSGL H-2K¢ [79]
PstS-1326.333 Rv0934 INYEYAIV H-2K° [274]
PstS-1129.138 Rv0934 AQQVNYNLPG H-2D° [296]
PstS-1 225-234 Rv(0934 ALGEN_GNGGM H-2Db [296]
PstS-1166-175 Rv0934 IAALNPGVNL H-2D° [97, 276]
PstS-3285.293 Rv0928 SGVGNDLVL H-2DP [206]
Mtb32A309.318 Rv0125 GAPINSATAM H-2D° [122, 228]
Mitb8.433.41 Rv1174c¢ ASPVAQSYL H-2D° [4]
Mtb8.44¢.55 Rv1174¢ AAPPPQRAAM H-2D° [4]
Mtb4143.52 Rv0915¢ VSYGSVVSTL H-2D° [4, 229]
MPT7096.105 Rv2875 YTVFAPTNAA ND [253]
MPT6419¢.198 Rv1980c¢ FAVTNDGVI H-2D"° [89, 90, 276]
MPT5154.32 Rv3803¢ GGPHAVYLL H-2D¢ [7, 246]
GmdAsg.as Rv1511 TFNTSRIDHL H-2K¢ [172]
GmdAg7.76 Rv1511 TRLVTLLSTI H-2K¢ [172]
GmdA 135.143 Rvi1511 ASPPPQNEL H-2K¢ [172]
GmdA 146-155 Rv1511 FYPRSPYGAA H-2K¢ [172]
GmdA 190.199 Rvi1511 TFVTRKITRA H-2K¢ [172]
GmdAj11219 Rv1511 VYMGNLDAV H-2K¢ [172]
GmdA;71.280 Rv1511 QYVKFDQRYL H-2K¢ [172]
Rv2520c¢ DPNTIKQEI H-21.¢ [172]
Rv2520¢ RVIAFLRKPI H-2K¢ [172]
Rv3407 IPARRPQNL H-2L.¢ [172]
Rv3407 RPQNLLDVT H-21.¢ [172]
CFP1032.39 Rv3874 VESTAGSL H-2KX [132]

Note: Predicted MHC class I anchor residues are underlined

ND = Not Determined
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Key for Figures 1.1-1.3. N = Nucleus, ER = Endoplasmic Reticulum, G = Golgi
Apparatus, ES = Endosome, PS = Phagosome.
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Figure 1.1. The classical MHC class I antigen processing and presentation pathway.
Host-derived as well as pathogen-derived proteins are ubiquinated within the cytosol and
targeted for destruction by the proteasome. These proteins are degraded into peptide
fragments which are transported into the ER by the TAP proteins. Once inside the ER,
peptide fragments combine with empty MHC class I molecules, releasing the associated
chaperone molecules. The complete MHC class I complex is then targeted to the Golgi
network where it is exported to the plasma membrane for surface display.
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Figure 1.2. The exogenous antigen MHC class I cross-presentation pathway. During
phagosome formation, portions of the ER fuse with the phagosome, delivering all of the
associated MHC class I antigen processing components. Exogenously-derived protein
antigen is then transported out of the phagosome where it is degraded by phagosome-
associated proteasome complexes. The resulting peptide fragments are then transported
into the phagosome by TAP proteins, where they associate with empty MHC class 1
molecules. MHC class I-peptide complexes then traffic through the endocytic system and
are targeted for surface expression.
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Figure 1.3. Alternate MHC class I antigen processing and presentation pathways.
Multiple alternative processing pathways exist, which include retrograde transport of ER
proteins via Sec61, which may or may not utilize proteasome-mediated protein cleavage;
MHC class I recycling and intraphagosomal peptide exchange following proteolytic
breakdown of exogenous proteins; and peptide regurgitation and exchange following
exocytosis of degraded exogenous antigens. A = ER Retrograde Transport, B= MHC
Recycling and Intraphagosomal Peptide Exchange, C = Peptide Regurgitation and
Exchange.
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Chapter 2

Phenotypic Characterization of the CD8 T Cell Response Following Aerosol

Infection with Mycobacterium tuberculosis
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Introduction

Infection with Mycobacterium tuberculosis, the causative agent of tuberculosis, is
arguably responsible for more lost productivity, human suffering, illness, and death than
any other bacterial pathogen in the history of mankind. Although improved social and
economic conditions in conjunction with effective monitoring and improved access to
health care have contributed to long-term control of this disease in many industrialized
countries, tuberculosis remains a significant problem in underdeveloped nations.

The emergence and dissemination of multidrug-resistant strains of tuberculosis,
and the pandemic spread of the human immunodeficiency virus have combined to fuel a
resurgence of disease, and ultimately threaten to subvert successful tuberculosis control
programs, even within industrialized nations. Although a live attenuated strain of M.
bovis has been used for decades as a tuberculosis vaccine, M. bovis bacille Calmette-
Guérin (BCG) has proven to have variable protective efficacy in populations most
susceptible to infection [4, 12]. In addition, it often fails to prevent adult pulmonary
infection and the protective efficacy of the vaccine declines with time [12, 60]. Due to the
shortcomings of the BCG vaccine, there has been a major effort to develop novel vaccine
candidates with increased protective efficacy.

In order to aid rational vaccine design, there has been an increase in research to
define the immunological correlates of protection to pulmonary tuberculosis infection.
One of the leading questions in this area of research is whether CD8 T cells mediate
protection to tuberculosis, and if so, to define the protective mechanisms involved. While

the evidence for a protective role for CD8 T cells is often contradictory, it is known that
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CDS8 T cells having an activated phenotype arrive in the lung within one week following
aerosol infection, and that following ex vivo restimulation, these cells possess the ability
to secrete IFN-y and TNF-a.; two cytokines known to mediate resistance to mycobacterial
infection [16, 18, 19, 54]. Using in vivo antibody depletion of previously thymectomized
mice, it was demonstrated that CD8 T cells can confer protection in a mouse model of
tuberculosis infection [39]. Furthermore, adoptive transfer of cell populations enriched
for CD8 T cells conferred protection to a low dose aerosol challenge [42]. Memory cell
populations generated by M. tuberculosis infection and subsequent drug treatment, when
depleted of CD4 T cells conferred protection to recipient mice upon adoptive transfer,
demonstrating that protective CD8 T cell populations can be targeted by vaccination [31].
In addition, various mouse knock-out models having no or significantly reduced numbers
of CD8 T cells support a protective role for CD8 T cells during tuberculosis infection,
although the relative amount of protection, as measured by pulmonary bacterial load, is
often small [7, 15, 20, 37, 46, 56, 61]. We therefore began our inquiry into the role of
CD8 T cells during tuberculosis infection with a phenotypic survey of these cells, and an
examination of the protective mechanisms that they commonly employ. There are four
primary functional attributes that protective immune cells must possess in order to
effectively combat infectious pathogens. These attributes are lymphocyte activation,
recruitment and migration into sites of infection, effector function, and memory cell
generation. Therefore, we wanted to examine CD8 T cell expression of various cell
adhesion molecules, markers of cellular activation, costimulatory/inhibitory molecules,
and memory-associated markers to phenotypically characterize the CD8 T cell response

following aerosol infection with M. tuberculosis. We also utilized intracellular antibody
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staining coupled with flow cytometric analysis to characterize the cytokine secretion
profile and cytolytic capacity of CD8 T cells following infection.

Previous work by Gonzalez-Juarrero et al. demonstrated that CD8 T cells
preferentially localize around the periphery of murine granulomas [22]. In fact, it has
been speculated that CD8 T cells may provide a critical immunosurveillance role during
the chronic phase of infection, to prevent infected macrophages from escaping the
protective confines of the granuloma [39]. Since adhesion molecules play a prominent
role in cell migration and retention within the lung environment, we wanted to examine
whether the failure to penetrate murine granulomas was the result of poor integrin
expression. We initiated these studies by examining the expression patterns of four
relevant integrin molecules (VLA-4, LFA-1, LPAM-1, HML-1) following aerosol
infection with M. tuberculosis to determine if CD8 T cells were able to efficiently
upregulate these molecules and maintain their expression during the course of infection
(Table 2.1).

To better understand the dynamics of the CD8 T cell response that occurs
following aerosol infection with tuberculosis, we next performed a broad phenotypic
characterization of these cells in the lungs and spleens of naive mice, mice chronically
infected with M. tuberculosis, and mice infected with M. tuberculosis and subsequently
drug-treated using a combination chemotherapeutic regimen that reduces bacterial burden
to undetectable levels following prolonged administration. Examination of naive mice
allowed us to establish baseline expression levels for these molecules, while examination
of cells elicited following active infection allowed us to characterize the effector cell

population responding to infection. Examination of the CD8 T cell population remaining
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following drug treatment of bacterial infection allowed us to examine the memory cell
population that persists following the contraction phase.

In these studies, we examined a series of activation-associated markers (CD44,
CD69, CD11a, CD122, CD132) and memory-associated markers (CCR7, CD62L, IL-
7Ra, CD45RB, Ly6C, IL-15Ra) at multiple timepoints following low dose aerosol
infection (Table 2.2). In addition to examining the total CD8 T cell response, we utilized
a MHC class I tetramer reagent specific for a previously identified peptide epitope
located within the M. tuberculosis-derived Mtb32 protein. Examination of an antigen-
specific population allowed us to precisely observe the dynamic phenotypic changes that
occurred during the progression of infection, as well as visualize the transition to a
memory phenotype following chemotherapeutic-induced reduction in pathogen numbers.

In addition to classical T cell activation and memory markers, we also wanted to
examine a series of costimulatory and/or immunoregulatory molecules (CD27, CD43, 4-
1BB, PD-1, Tim-3) commonly expressed on CD8 T cells to better characterize and
understand the multitude of secondary signals available to cells actively responding to
infection and to cells transitioning to a state of memory (Table 2.2).

The costimulatory molecule CD27 is a member of the tumor necrosis factor
receptor (TNFR) family, and has been shown to have multiple effects upon T cell
activation and differentiation following T cell receptor (TCR) stimulation. Early
following T cell activaﬁon, CD27 signaling is known to promote the survival and clonal
expansion of primed CD8 T cells by protecting activated cells from apoptosis, as well as
control the accumulation of CDS effector T cells at the sites of infection [23, 28, 30, 48].

In addition, signaling through CD27 promotes the formation of the memory cell
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population, either by increasing T cell survival during the contraction phase following
antigen clearance, or by providing signals required for further differentiation into
functional memory cells [2, 27]. Repetitive TCR stimulation results in a downregulation
of the surface expression of CD27, and this loss of CD27 correlates with increased CD8
effector T cell function [25].

CD43 is a complex molecule that can exhibit both adhesive and anti-adhesive
effects, as well as costimulatory functions [41]. Differential glycosylation patterns may
explain the contradictory effects of this molecule. In these experiments, we utilized the
S7 monoclonal antibody, which is specific for the 115 kDa low molecular mass form of
CDA43. Due to its role in trafficking and costimulation, we wanted to examine the
expression patterns of this receptor on CD8 T cells.

4-1BB is a member of the TNFR superfamily, and is an inducible costimulatory
receptor on T cells. On CD8 T cells, 4-1BB appears to function by enhancing the survival
of activated cells, thereby contributing to an increased CD8 T cell proliferative response
[11]. This pro-survival effect is mediated by the induction of anti-apoptotic factors of the
Bcl-2 family, such as Bel-xp and Bfl-1 [32, 35]. Although 4-1BB is transiently
upregulated immediately following CD8 T cell activation and evidence exists that 4-
1BB—4-1BBL interactions may augment or in some cases even replace CD28
costimulatory signaling, effects upon transition into and maintenance of the CD8 memory
cell pool appear to be the primary functions of this receptor [24, 53]. Ligation of 4-1BB
allows cells to avoid the massive clonal deletion that occurs following pathogen
clearance, ultimately increasing the number of antigen-specific CD8 T cells transitioning

into the memory cell pool [8, 58]. Recently, 4-1BB has been shown to be reexpressed on
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activated CD8 T cells in an IL-15-dependent manner within several weeks following
antigen clearance [44]. These studies also demonstrated that 4-1BB-dependent signaling
positively impacted the survival and maintenance of memory CDS8 T cells in the absence
of antigen. There is also evidence suggesting that 4-1BB may imprint memory cell
characteristics into T cells during the primary response that are required for optimal CD8
T cell expansion upon secondary challenge [29]. Therefore this molecule appears to
possess early costimulatory and pro-survival signals overlapping with CD28
costimulatory activity, as well as nonredundant, late-acting signaling effects aiding CD8
memory T cell survival and maintenance following antigenic clearance.

In addition to the previously identified costimulatory molecules, we also wanted
to examine CD8 T cell expression of Tim-3 and PD-1; two immunoregulatory molecules
whose functional significance have recently been elucidated.

T cell immunoglobulin and mucin domain-containing molecule-3 (Tim-3) is a
recently identified Tyl-specific type I membrane protein [38]. Surface expression of
Tim-3 is confined to activated, Tyl-polarized CD4 and CD8 T cells under conditions of
repetitive stimulation. Interaction of Tim-3 with its ligand; galectin-9, initiates inhibitory
signaling resulting in the death of Ty1-biased cells and the reduction or termination of an
inflammatory response [66]. As such, this molecule may be a key regulator in the
induction of peripheral tolerance, the expansion of effector Tyl cells, and resolution of
the inflammatory process upon pathogen clearance. Since galectin-9 is highly expressed
in mucosal environments, and given the fact that upregulation of this molecule is IFN-y-
inducible, we speculated that the Tim-3—galectin-9 pathWay may serve as a critical

negative feedback mechanism to dampen or control the inflammatory response during
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pulmonary infection with M. ruberculosis [66]. Due to its central role in Tyl immunity,
we wanted to examine the expression of Tim-3 on CD8 T cells during the course of
infection with M. tuberculosis, and following drug-treatment of active tuberculosis
infection.

The inhibitory receptor programmed cell death-1 (PD-1) is a member of the
immunoglobulin superfamily, and functions primarily to prevent aberrant immune
responses to self antigens. PD-1 acts to dampen TCR signaling to reduce T cell
responsiveness to persistent antigen, as in the case of peripheral tolerance to self antigens.
While this molecule is normally upregulated following T cell activation, it is rapidly
downregulated following antigenic clearance. In a recent paper, it was shown that high
PD-1 expression correlated with functional exhaustion of CD8 T cells during chronic
viral infection [5]. Antibody blockade of the ligands for PD-1 (PD-L1 and PD-L2)
resulted in restoration of proliferative ability and cytokine secretion in these previously
exhausted CD8 T cells. Given the fact that during pulmonary infection with M.
tuberculosis the majority of activated CD8 T cells fail to exhibit cytolytic activity and fail
to readily produce cytokines following ex vivo stimulation, we wanted to examine PD-1
expression as an indication of functional exhaustion.

While the expression patterns of extracellular molecules on CD8 T cells can give
important insights into the activation status and migrational abilities of responding cells,
examination of the effector functions of these cells ultimately reveals whether the
responding population of cells has the capacity to mediate protection following infectious
aerosol chailenge. As cytolytic activity and cytokine secretion are prominent CD8 T cell

effector mechanisms, we used intracellular staining in conjunction with flow cytometric
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analysis to examine the cellular capacity to produce cytolytic molecules (perforin,
granzyme B) and cytokines (IL-2, IL-4, IL-10, IFN-y, TNF-a) following ex vivo

restimulation.

Materials & Methods

Mice. Studies were performed using 8-10 week old specific pathogen-free female
C56BL/6 mice purchased from Charles River Laboratories (Wilmington, MA). All mice
were maintained within a biosafety level III facility at Colorado State University for the
duration of the experiments, and had free access to sterile water and standard mouse
chow. The specific pathogen-free nature of the mouse colonies was demonstrated by
testing sentinel animals, which were shown to be negative for 13 known mouse
pathogens. All experimental procedures were approved by the Colorado State University

Animal Care and Use Committee.

Bacterial Strains. M. tuberculosis strain H37Rv, originally obtained from the Trudeau

Mycobacteria Collection (TMCC #102), was grown from low passage seed lots in

Proskauer-Beck liquid media containing 0.05% Tween 80 to mid-log phase, and 1.5 ml

aliquots were frozen at -70°C until use.

Aerosol Infections. Mice were infected via the aerosol route using a Glas-Col aerosol

generator (Glas-Col, Terre Haute, IN), such that ~100 viable bacteria were deposited in
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the lungs of each animal. The number of viable bacteria in the lungs was determined at
specific time points by plating 10-fold serial dilutions of individual whole organ
homogenates on nutrient Middlebrook 7H11 agar, and counting bacterial colonies after

21 days of incubation at 37°C.

Antimicrobial Treatment. For experiments utilizing combination drug treatment,
animals were treated with 100 mg/1 of rifampicin (Sigma-Aldrich, St. Louis, MO) and
isoniazid (MP Biochemicals, Solon, OH) administered in the drinking water. This
concentration has previously been demonstrated to deliver ~25 mg/kg animal weight (A.
Lenaerts, unpublished data). Treatment was initiated 40 days following low dose aerosol
infection and was continued for the duration of the experiments. After 40 days following
the initiation of drug treatment, viable bacteria were enumerated by plating undiluted

whole organ homogenates on nutrient Middlebrook 7H11 agar.

Single-Cell Suspension Preparation. Animals were sacrificed by carbon dioxide
asphyxiation and were perfused through the heart with 10 ml cold PBS containing 3 U/ml
heparin (Sigma-Aldrich). The lungs were removed from the pulmonary cavity and placed
in cold Dulbecco’s minimal essential medium (DMEM,; Cellgro, Herndon, VA). The lung
tissue was disrupted using sterile razor blades and incubated for 30 minutes at 37°C in a
final volume of 2 ml DMEM containing 0.7 mg/ml collagenase D (Roche Applied
Science, Indianapolis, IN) and 30 pg/ml deoxyribonuclease (Sigma-Aldrich). Following
incubation, the digested lung tissue was gently passed through a sterile 70 pm nylon

screen, rinsed using 8 ml cold DMEM supplemented with 10% heat-inactivated
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endotoxin low fetal bovine serum (Atlas Biologicals, Fort Collins, CO), 10 mM HEPES
buffer (Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich), 2% MEM-nonessential
amino acids (100x; Sigma-Aldrich), 50 uM 2-mercaptoethanol (Sigma-Aldrich) and
centrifuged at 200 x g. Red blood cells were lysed using Gey’s solution (0.15 M NH4Cl,
10 mM KHCO;3) ‘and the samples were centrifuged and resuspended in DMEM plus
supplements. Cells were counted using a hemacytometer and aliquots were taken for flow

cytometric analysis.

Flow Cytometry. Single-cell suspensions from individual mice were resuspended in PBS
containing 0.1% sodium azide (Fisher Chemicals, Fairlawn, NJ). Cells were incubated in
the dark for 20 minutes at 4°C with specific antibody (directly conjugated to fluorescein
isothiocyanate [FITC], phycoerythrin [PE], peridinin chlorophyll a protein [PerCP], or
allophycocyanin [APC] at 3 pg/ml), followed by 2 washes using PBS with sodium azide.
Cells were analyzed immediately using a FACSCalibur dual laser flow cytometer (BD
Biosciences, Mountain View, CA) and the data were analyzed using CellQwest software
(BD Biosciences, San Jose, CA) and Summit software (DakoCytomation, Fort Collins,
CO). Viable lymphocytes were gated based upon their forward- and side-scatter
characteristics and cell populations were analyzed by expression of fluorochrome-labeled
markers. All analyses were performed with a minimum acquisition of 100,000 events.
Cell surface markers were analyzed with the following specific antibodies: FITC
anti-CD29 (clone Ha2/5), anti-f7 (clone M293), anti-CD18 (clone C71/16), anti-CD44
(clone IM7), anti-CD62L (clone MEL-14), anti-CD45RB (clone 16A), anti-CD122 (clone

TM-f1), anti-CD11a (clone 2D7), anti-CD137 (clone 1AH2), anti-CD69 (clone H1.2F3),
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anti-CD43 (clone S7); PE anti-CD49d (clone R1-2), anti-CD11a (clone 2D7), anti-
CD103 (clone M290); PerCP anti-CD3¢ (clone 145-2C11), anti-CD8a. (clone 53-6.7);
APC anti-CD8a (clone 53-6.7), anti-CD127 (clone A7R34; eBioscience, San Diego,
CA); biotin-conjugated anti-Ly6C (clone AL-21), anti-CD27 (clone LG.7F9;
eBioscience), and anti-CD132 (clone TUGm?2). To stain IL-15Ra, biotin conjugated
polyclonal goat anti-IL-15Ra antibodies (R&D Systems, Minneapolis, MN) were used.
Streptavidin-APC (eBioscience) was used to label all biotin-conjugated antibodies. Cell
suspensions were also stained with a PE-Mtb32 H-2D° MHC class I tetramer (Beckman
Coulter Immunomics, San Diego, CA) containing the peptide GAPINSATAM.
Background staining with this tetramer reagent was less than 0.15% when staining cells
from naive mice or from MHC mismatched (Balb/c, H—2d) mice.

For staining PD-1, Tim-3, and CCR7, cells were stained with either anti-PD-1
(clone RMP1-14; BioLegend, San Diego, CA), anti-Tim-3 (clone RMT3-23;
eBioscience), or anti-CCR7 (clone 4B12; BioLegend) followed by biotin conjugated goat
anti-rat IgG (Caltag, Burlingame, CA) followed by labeling with streptavidin-APC
(eBioscience). Cells were sequentially incubated in the dark for 20 minutes at 4°C with
specific primary antibody, biotin conjugated secondary antibody, and streptavidin-APC
with appropriate washes using PBS with azide between steps.

For intracellular cytokine staining, single-cell suspensions were resuspended in
DMEM with supplements and stimulated with 0.1 pg/ml anti-CD3¢ (clone 145-2C11)
and 1 pg/ml anti-CD28 (clone 37.51), in the presence of 3 pM monensin for 4 hours at
37°C, 5% CO,. Cells were stained with antibodies for cell-surface molecules as described

above, before fixation and permeabilization with BD Cytoperm/Cytofix (BD
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PharMingen, San Diego, CA) according to the manufacturer’s instructions. Cells were
incubated with FITC anti-IFN-y (clone XMG1.2), anti-IL-2 (clone JES6-5H4), anti-
granzyme B (clone 16G6; eBioscience), anti-TNF-o (clone MP6-XTL2); APC anti-IL-4
(clone 11B11; eBioscience), anti-IL-10 (clone JES5-16E3; eBioscience), or anti-perforin
(clone eBioOMAK-D; eBioscience) for 20 minutes at 4°C, washed twice, and
resuspended in PBS with sodium azide before analysis. Appropriate isotype controls were
prepared simultaneously and were included in each analysis. Unless otherwise noted, all

antibodies were purchased from BD PharMingen.

Histology. Individual lung lobes were first perfused and then immersed in 10%
phosphate-buffered formalin solution and embedded in paraffin wax. Sections of 5 ym
thickness were prepared and stained using hematoxylin and eosin, and examined by a

trained pathologist in a double-blinded fashion.

Data & Results

Bacterial replication following low dose aerosol infection with M. tuberculosis. In
order to accurately assess the amount of bacterial replication within the lungs, spleen, and
liver of C57BL/6 mice following low dose aerosol infection with M. fuberculosis H37Rv,
serial dilutions of whole organ homogenates were plated onto Middlebrook 7H11 agar
and colonies were enumerated after 2-3 weeks of incubation at 37°C. Based upon the data

obtained in Figure 2.1, bacterial replication within all three organs could be divided into
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three phases: log-phase growth from day 0 to day 30, immunological control of bacterial
replication from day 30 to day 50, and a plateau phase from day 50 through day 120
which was the last timepoint examined in this experiment. Log-phase growth was
characterized by relatively uncontrolled bacterial replication within target organs prior to
initiation of the adaptive immune response. With the initiation of adaptive immunity,
bacterial replication was halted and the number of viable bacilli began to decrease in the
lungs by approximately 0.5-log;o. Following this small decline, bacterial numbers
remained relatively constant during the plateau phase, through 120 days following

aerosol infection.

The kinetics of CD4 and CD8 T cell recruitment into the lungs following aerosol
infection. Since the point of immunological control of infection temporally coincides
with the onset of adaptive immunity, we next wanted to quantify the recruitment of both
CD4 and CD8 T cells into the lungs following low dose aerosol infection. As shown in
Figure 2.2, the point at which bacterial growth is controlled occurred when approximately
1-2 x 10° CD4 and CD8 T cells arrived in the lungs, although the number of these cells
continued to increase until day 50. At the peak of T cell influx into the lungs, the number
of these cells increased 3-4-fold over baseline numbers of these cells present in the lungs
of naive mice. Overall, the kinetics of both CD4 and CD8 T cell recruitment roughly
paralleled the number of bacteria in the lungs, although the kinetics of the T cell response

was delayed by approximately 20 days.
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Integrin expression by CD4 and CD8 T cells in the lungs of mice following aerosol
infection. Since integrin molecules are required by lymphocytes to efficiently traffic to
the sites of pulmonary inflammation, extravasate into the pulmonary intersitium, migrate
to infectious foci, and be retained at sites of inflammation, we wanted to examine the
expression of these molecules by CD4 and CD8 T cells in the lungs. As shown in Figure
2.3, CD4 T cells upregulated expression of both VLA-4 and LFA-1 integrin molecules
following infection. CD8 T cells also upregulated these integrin molecules to a similar
magnitude in response to infection (Figure 2.4). As shown in Figures 2.5 and 2.6, both
CD4 and CDS8 T cells upregulated these integrins with similar kinetics and similar total
numbers. In addition, the total number of CD4 or CD8 T cells expressing VLA-4 is very
similar to the total number of CD4 or CD8 T cells expressing LFA-1, indicating that
expression of these molecules may be coordinately regulated at the cellular level
following T cell activation.

We next wanted to examine the expression of two mucosal-associated integrin
molecules; LPAM-1 and HML-1, on CD4 and CD8 T cells. Figure 2.7 shows that while
CD4 T cells do express LPAM-1, they failed to upregulate expression of this molecule to
a LPAM-lhiv phenotype in response to infection. Additionally, small but detectable
numbers of CD4 T cells expressed the HML-1 integrin (Figure 2.7). In contrast to CD4 T
cell expression of these integrin molecules, significant numbers of CD8 T cells
upregulated expression of LPAM-1 and/or HML-1 (Figure 2.8). The kinetics of CD8 T
cell expression of LPAM-1" are shown in Fi gure 2.9, demonstrating that the population
of CD8 T cells expressing high levels of this integrin increased in response to infection.

Although few CD4 T cells expressed the HML-1 integrin, the number of these cells
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increased slightly over the course of infection (Figure 2.10). In contrast, a large number

of CD8 T cells expressed the HML-1 integrin molecule in the lungs following infection.

Phenotypic characterization of CD8 T cells. In order to better understand the CD8 T
cell response generated following infection with M. tuberculosis, we wanted to perform a
comprehensive phenotypic analysis of various extracellular markers of activation,
costimulation, and memory at multiple timepoints following infection (Table 2.2). To
accomplish this, at each timepoint we examined naive mice to determine baseline
expression patterns, mice infected with M. fuberculosis H37Rv to characterize the CD8
effector T cell population, and mice infected with H37Rv and subsequently drug-treated
to reduce bacterial numbers to undetectable levels to examine the CD8 memory T cell
population. Figure 2.11 is a pictorial representation of the experimental design used for
the phenotypic characterization experiments.

For these experiments we utilized a low dose aerosol infection model to infect
C57BL/6 mice with approximately 100 CFU of M. tuberculosis H37Rv. At 40 days
following infection, we treated the naive and drug-treated groups of mice with
approximately 25 mg/kg of rifampicin/isoniazid combination drug treatment in the
drinking water. To verify that the drug treatment regimen was effective at reducing
bacterial burden in treated mice, lungs and spleens were harvested after 40 days of
treatment and undiluted whole organ homogenates were plated to examine the number of
recoverable viable bacilli in these organs. As shown in Figure 2.12, the bacterial load in
the spleen was reduced to undetectable levels (< 50 CFU). Although a small number

(~150 CFU) of viable bacteria were still present in the lungs, a greater than 4-log;
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reduction in bacterial numbers was observed following 40 days of combination drug
treatment. Once initiated, drug treatment was continued throughout the duration of these
experiments.

In these experiments we examined the total CD8 T cell population in the lungs
and spleens at multiple timepoints following infection. In addition, we examined a clonal
antigen-specific CD8 T cell response as a means to phenotypically characterize a subset
of CD8 T cells actually responding to M. tuberculosis infection. We utilized a MHC class
I tetramer reagent containing the 10-mer peptide sequence GAPINSATAM, previously
shown to be an immunogenic CD8 T cell epitope located within the M. tuberculosis-
derived Mtb32 secreted protein [55].

Figures 2.13-2.28 illustrate the relative expression levels over the timecourse of
infection for various markers expressed on the surface of CD8 T cells isolated from the
lungs and spleens of mice. CD8 T cells were identified and gated by characteristic size,
granularity, and expression of CD8a. For extracellular markers that exhibited discrete
populations, we analyzed the percentage of CD8 T cells at each timepoint falling within
an indicated region (Figures 2.29-2.31). For markers that exhibited only a minor change
in expression levels, the mean fluorescence intensity was analyzed for each group
(Figures 2.32-2.33).

Examination of classical markers of activation revealed pronounced upregulation
of the integrin molecule CD44, with high-level expression retained on both effector and
memory cells (Figure 2.13). CD69, a marker of early activation associated with recent
TCR stimulation, was also upregulated on the majority of the CD8 T cells in the lung

(Figure 2.14). Another integrin molecule; CD11a, was rapidly upregulated on effector
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cells in the lung, and subsequently downregulated in the tetramer-positive memory cell
population (Figure 2.15). These three markers of activation were upregulated early
following infection, and persistently expressed throughout the course of infection by CD8
effector T cells. Upregulation of the IL-2Rp3 (CD122) and IL-2Ry (CD132) components
of the IL-2 receptor is a classical consequence of T cell activation, and was clearly
observed in the spleen, while effector cells in the lung downregulated expression of both
of these molecules (Figures 2.16, 2.17). Although the number of Mtb32 tetramer-positive
events in the drug-treated group at day 150 was too small for accurate analysis, the data
suggest that at least CD122 is reexpressed on the CD8 memory T cell population.

We next examined the expression patterns of a series of memory-associated
markers. Although the overall expression of CCR7 was low, CDS effector T cells in the
lungs and spleen expressed higher levels of this molecule (Figure 2.18). Memory cells in
the spleen retained this higher level of expression, while the memory population in the
lungs exhibited decreased CCR7 expression. The cell adhesion molecule L-selectin
(CD62L) is another marker whose expression is associated with both activation and
memory. Upon T cell activation and egress from the spleen, CD62L is rapidly shed
resulting in a population of tissue-restricted CD62L" effector cells (Figure 2.19).
Following drug treatment, the remaining antigen-specific memory cells in the lung
reexpressed the CD62L molecule. The expression of CD45RB has also been commonly
used as an effector cell and memory cell marker. Following proliferation, CD45RB
expression 1s progressively reduced on activated effector cells, and this trend was clearly
observed in these studies as a transition from CD45RB™ naive cells, to CD45RB™/°

effector cells (Figure 2.20). Interestingly, CD45RB appeared to be reexpressed at high
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levels on the majority of antigen-specific CD8 memory T cells in the lung. Ly6C
expression has also been utilized as a CD8 T cell memory marker, however in our hands
we could not differentiate between effector and memory cell populations during the
course of infection. Expression of this molecule was predominantly Ly6Cint in the spleen,
and Ly6Chi within the lung for both the effector and memory cell populations (Figure
2.21).

Two cytokine receptors, IL-7Ra and IL-15Ra have recently been identified as
CD8 memory T cell markers. Interleukin 7 is a T cell pro-survival cytokine, responsible
for the maintenance of both naive T cells and memory T cells. Naive CD8 T cells express
high levels of IL-7Ra, but immediately downregulate expression of this receptor
following activation. However, by the peak of the infectious process, memory precursor
cells can be identified by reexpression of the IL-7Ra [34]. While the range of expression
of this receptor is small, the emergence of an IL-7 Ra™ tetramer-positive memory cell
population was observed in these experiments (Figure 2.22). Interleukin 15 is a cytokine
responsible for maintenance of the CD8 memory T cell population via homeostatic
proliferative renewal of resting memory cells. Interestingly, in these experiments we
observed a marked increase in IL-15Ra expression on activated CD8 effector T cells, and
a memory cell-associated decrease in IL-15Ra expression to levels intermediate between
effector cell and naive cell expression levels (Figure 2.23).

The process of lymphocyte activation, acquisition of effector cell characteristics,
and memory cell differentiation is a complex process, shaped by multiple stimuli derived
from antigen presenting cells as well as the external environment. Since costimulatory

and inhibitory receptors play a critical role in modulating and shaping this response, we
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wanted to examine the expression of some of the key molecules involved in the CD8 T
cell response during tuberculosis infection. The expression of the costimulatory molecule
CD27 resembled that of CD45RB, in that cells from naive mice expressed high levels of
this receptor, while expression was progressively reduced on the activated effector cell
population (Figure 2.24). This molecule was then reexpressed on splenic memory CD8 T
cells. Although the number of antigen-specific events was small, this trend appeared to be
duplicated on memory cells within the lung. The expression of CD43, a molecule
implicated in cellular adhesion and activation, was upregulated in the lungs following
infection, and the data suggested a possible downregulation of this molecule on
pulmonary memory cells (Figure 2.25). Although the expression patterns of the
costimulatory molecule 4-1BB are known to be transient following activation, we
observed consistently high 4-1BB expression on effector and memory cells within the
spleen (Figure 2.26). Within the lung, no 4-1BB expression was observed on effector
CD8 T cells; however following drug treatment memory cells reexpressed this molecule.

Since T cell activation is often the result of a carefully orchestrated balance of
activating and inhibitory signaling, we wanted to examine the expression of two key
inhibitory receptors recently identified as having a significant impact upon the T cell
response. Although PD-1 is rapidly upregulated following T cell activation, it has
recently been observed that persistent expression of this molecule correlates with
functional exhaustion of CD8 T cells under conditions of chronic antigenic stimulation
[5]. In these studies, we observed pronounced expression of PD-1 following infection,
with a rapid decline in expression following drug treatment (Figure 2.27). We also

examined the expression of Tim-3, a Tyl-associated inhibitory molecule. Again, we

125

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



observed a marked increase of effector cell-associated Tim-3 expression following
infection, accompanied by a rapid decrease in expression on memory cells following drug

treatment (Figure 2.28).

Characterization of CD8 T cell effector function. In order to characterize the effector
function of the CD8 T cell population, we examined cytokine production of lung-derived
cells using intracellular antibody staining and flow cytometric analysis (Figures 2.34-
2.35). Interestingly, in these experiments we could not detect the presence of perforin or
granzyme B, two molecules that comprise the cytolytic repertoire of cytotoxic CD8 T
cells. In addition, we could detect no CD8 T cell IL-2, IL-4, or IL-10 production above
background levels by intracellular staining following ex vivo restimulation. We were able
to detect significant numbers of CD8 T cells producing IFN-y and significant numbers of
CD8 T cells producing TNF-a, two protective cytokines known to have critical anti-
mycobacterial properties. The percentage of CD8 T cells expressing these molecules is

shown in Figure 2.36.
Discussion

Integrin molecules are important for recruitment, extravasation, migration, and
retention of leukocytes within the tissues following an infectious challenge. Given their

prominent role in the inflammatory response, we investigated the expression of four of

these molecules to determine if defects in integrin expression by CD8 T cells could
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explain the predominantly peripheral localization of these cells around murine pulmonary
granulomas.

Analysis of integrin expression on CD8 and CD4 T cells revealed that in the lungs
of infected mice, CD8 T cells are able to upregulate LFA-1 and VLLA-4 to a similar extent
and with similar kinetics when compared to CD4 T cells. Additionally, the percentage of
CD8 and CD4 T cells expressing these two integrin molecules was similar and expression
of these two integrin molecules was stably maintained over the timecourse of infection.
We also examined two integrin molecules predominantly expressed by CD8 T cells;
LPAM-1 and HML-1. CD8 T cells upregulated these molecules following infection, and
fairly constant numbers of cells expressing these integrins were maintained during the
infectious process.

In these experiments, we were not able to identify any defects in CD8 T cell
integrin upregulation or expression following low dose aerosol challenge with M.
tuberculosis. In addition to integrin expression, lymphocytes responding to infectious
stimuli require a chemokine gradient sensed through chemokine receptors to migrate to
the origin of infection. Further experiments examining the complement of chemokine
receptors expressed by CD8 T cells, as well as an examination of secreted chemokine
molecules within the lung may provide insights into the migration patterns resulting in
the observed distribution patterns. The recent commercial availability of monoclonal
antibodies for many of the chemokine receptors now makes this approach feasible.

These experiments examining the CD8 T cell response in the lungs of mice
infected with M. tuberculosis documented the early pulmonary influx and sustained

maintenance of activated CD8 T cells possessing the ability to secrete [IFN-y and TNF-a,,
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and as such confirm the published results of other researchers [16, 54, 59]. The ability to
track M. tuberculosis antigen-specific CD8 T cells over time provided a powerful tool to
precisely examine and characterize phenotypic changes in receptor expression patterns
following aerosol infection, and during the transition to a state of memory following
chemotherapeutic-induced reduction of bacterial numbers.

We have been able to extend these results by demonstrating that a portion of the
CD8 T cell influx into the lung is in fact antigen-specific, and therefore elicited in
response to pulmonary infection with M. tuberculosis. In examining markers of CD8 T
cell activation, it was interesting to note that the majority of CD8 T cells in the lung
express high levels of CD44, indicating a high level of CD8 T cell activation in the lungs.
In addition, the majority of CD8 T cells also express CD69; a marker of recent T cell
receptor stimulation. These data strongly suggest that a large proportion of CD8 T cells
present in the lung are actively participating in the host anti-mycobacterial response. In
addition, examination of the activation-associated integrin molecule CD11a revealed that
antigen-specific CD8 T cells in the spleen expressed intermediate levels of this molecule,
while pulmonary tissue-resident CD8 T cells expressed high levels of CD11a. Although
the number of Mtb32 tetramer-positive cells was small by day 150, it appeared that
CD11a expression was downregulated on the Mtb32-specific memory cell population,
and as such, a reduction in CD11a expression may serve as a marker of CD8 T cell
memory.

We observed high-level CD122 and CD132 expression in the spleen, and low
expression of these molecules on the activated pulmonary-resident effector cell

population. These results might indicate a shift from splenic IL-2 dependence of antigen-
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specific but antigen-inexperienced cells, towards a dependence upon other inflammatory
pro-survival signals by the antigen-experienced effector cell population. Since IL-2 is
required for T cell proliferation, the lack of a functional IL-2 receptor on pulmonary
effector cells implies that proliferation of CD8 T cells within the lung is minimal.
Therefore these cells must be constantly renewed by continued recruitment from the sites
of T cell priming.

Examination of memory markers expressed by CD8 T cells in the lung revealed
CDS8 T cells expressing a CCR7"° CD62L" phenotype, consistent with the formation of an
effector memory population as originally described by Lanzavecchia and Sallusto [50].
Additionally, within the spleen a population of CCR7" CD62LM antigen-specific CD8 T
cells was identified, consistent with the emergence of a central memory cell population.
Importantly, examination of CD45RB expression by antigen-specific memory cells
revealed that the memory cell population reexpressed the CD45RB molecule. These
results are reminiscent of an earlier study by Andersen and Smedegaard that identified
CD45RB™ CD4 T cells as the memory cell population conferring protection following
adoptive transfer in a mouse model of tuberculosis [1]. Reexpression of the IL-7Ra chain
by antigen-specific CD8 memory T cells confirms the utility of this receptor for use in
identification of memory cells, and extends the original observation to CD8 memory T
cells formed following a bacterial infection [33, 34]. Although it is known that CD8
memory T cells require IL-15 for homeostatic proliferation and maintenance in the
absence of antigen, we observed a gradual decrease in IL-15Ra expression levels on
memory CDS8 T cells as compared to expression levels on effector cells [6, 21, 57].

Understanding the role of IL-15 in CD8 memory cell maintenance and survival has been
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complicated by the fact that IL-15Ra expression on memory CD8 T cells may play no
role in the memory response [10]. Instead, memory CD8 T cells require IL-15Ra-
dependent transpresentation of IL-15 by an as yet unidentified cell type for survival [9,
52]. Recent work indicates that in addition to its role during CD8 memory cell
maintenance, IL-15 may also play a role in CD8 T cell survival during the contraction
phase [65]. These studies also demonstrated that this pro-survival effect was independent
of CD8 T cell IL-15Ra expression, but dependent upon IL-15Ra transpresentation of IL-

15. Therefore, the precise function of IL-15Ra expression on CD8 T cells awaits
elucidation.

While the previous results have helped to paint a more complete picture of the
CD8 T cell response, perhaps the most interesting portion of these studies involved the
examination of costimulatory and inhibitory receptors expressed on CD8 T cells during
infection. We observed constitutive expression of CD43 on both naive and effector CD8
T cells as previously described by others [26]. We extend these observations by
demonstrating that effector CD8 T cells preferentially upregulated CD43 expression, as
indicated by the Mtb32-specific subpopulation of CD8 T cells. Although few Mtb32
tetramer-positive cells persist by day 150, tetramer staining suggested that CD43 may be
downregulated on the CD8 memory T cell population following a decrease in antigenic
load. Further examination revealed that CD8 effector T cells progressively
downregulated CD27 expression, while memory cells appeared to reexpress this
molecule, with this effect being most pronounced in the spleen. These results are
consistent with a previous report demonstrating that mycobacterial infection causes a

reduction in CD27 expression on CD4 effector T cells, and identifying the IFN-y
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producing CD4 T cell subset as predominantly CD27"° [36]. Our results extend these
observations to the CD8 T cell population.

The transient expression patterns of the costimulatory molecule 4-1BB are
indicative of the dynamic environment in which CD8 T cells function. Within the spleen,
the majority of antigen-specific CD8 T cells expressed 4-1BB. Since this receptor is
upregulated shortly following T cell priming, this implies that at least some M.
tuberculosis-specific CD8 T cells are being generated in the spleen. While the CD8
effector cell population in the lungs failed to express 4-1BB, most of the memory cells
generated following drug treatment constitutively expressed this molecule. Further
experiments will need to be conducted to determine whether 4-1BB expression is a
genuine memory cell marker following tuberculosis infection.

In these experiments, we observed a significant and persistent increase in
expression of the inhibitory receptor PD-1 on chronically activated CD8 effector T cells
which was maintained throughout the course of infection. Following chemotherapeutic-
induced reduction in bacterial numbers, PD-1 expression decreased on the remaining
CD8 memory T cell population. It is interesting to speculate that the continued presence
of high antigenic burden during chronic infection with M. tuberculosis may negatively
impact the effector functions of CD8 T cells responding to pulmonary infection, similar
to CD8 effector T cell defects observed by Barber et al. using a murine lymphocytic
choriomeningitis virus infection model [5]. Given the fact that no significant cytolytic
activity was observed in these studies and that greater than 70% of the pulmonary CD8 T
cells failed to produce IFN-y or TNF-a., high-level PD-1 expression may be indicative of

functional exhaustion of the majority CD8 T cells within the lung, as is seen during
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chronic viral infections [13, 45, 63]. It remains to be determined whether blockade of the
ligands for PD-1 will restore CD8 T cell function and result in enhanced bacterial
clearance within the lung in this model of infection. |

Due to the fact that expression of the inhibitory receptor Tim-3 is restricted to
activated, Tyl-polarized T lymphocytes, and since blocking the ligand for Tim-3 has
been shown to abrogate tolerance induction and to result in Tyl effector cell
hyperproliferation, we wanted to characterize the expression patterns of this receptor on
pulmonary CD8 T cells [49, 51]. Low dose aerosol infection initiated high-level CD8
effector T cell expression of Tim-3, which persisted throughout the course of infection.
Since tuberculosis infection results in large amounts of IFN-y production within the lung
environment, and since IFN-y induces expression of galectin-9; the recently identified
ligand for Tim-3, it is plausible to postulate that CD8 T cells localized around infectious
foci are subjected to continuous inhibitory stimuli through the Tim-3-galectin-9 pathway
[66]. While this is a tempting explanation for the lack of effector function in the majority
of lung-derived CD8 T cells during chronic infection, the underlying cause for this
phenomenon is still unresolved. As Tim-3—galectin-9 interaction has been shown to result
in antigen-specific T cell apoptosis of Ty1-polarized lymphocytes, it is interesting to note
that this interaction may explain the high level of IFN-y-induced T cell apoptosis
observed in the lungs of M. avium infected and BCG immunized mice, as well as explain
the failure of [FN-y KO mice to eliminate T lymphocytes during the contraction phase
following the resolution of infection [3, 14, 17, 66].

Upon examination of the cytokine-producing ability of CD8 T cells following

infection, it was somewhat surprising that lung-derived cells failed to produce any
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detectable IL-2, IL-4, or IL-10. In addition, spleen-derived CD8 T cells also failed to
produce these cytokines (data not shown). These results can be interpreted in two ways.
Although mixed Ty1/Ty2 responses are common even during strongly polarized
inflammatory responses, the exceptionally strong Ty1-polarized response to M.
tuberculosis may counter-regulate and prevent the induction of a detectable T2 response
following infection. This effect may be more pronounced in the C57BL/6 mouse model
used in these experiments, as this strain of mouse often preferentially exhibits a strong
Tyl bias. Alternately, IL-4 has been documented to be a difficult cytokine to detect, as
this molecule has biological activity at very low concentrations [47]. Perhaps the
intracellular concentration of IL-4 was too low to be detectable by the intracellular flow
cytometric methods used in these studies.

While the lack of IL-2 production by pulmonary-resident effector cells was not
surprising, we would have expected to observe splenic CD8 T cell production of this
molecule. Either production of this molecule was below the limit of detection of our
assay, or IL-2 producing CD8 T cells may be primarily confined to the draining lymph
nodes as opposed to the spleen following infection with M. tuberculosis. Further
characterization of the CD8 T cell population within draining lymph nodes should resolve
this issue.

Even more surprising was the failure of pulmonary CD8 T cells from M.
tuberculosis-infected mice to produce detectable levels of the cytolytic effector molecules
granzyme B and perforin. Although we cannot rule out the possibility that these

molecules were present at levels undetectable by our intracellular staining assay, the
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results presented here support the idea that the primary protective function of CD8 T cells
is to produce IFN-y, rather than employ cytolytic mechanisms [43, 59].

The integrin expression studies and phenotypic characterization experiments have
allowed us to develop a profile of the expression patterns of CD8 T cells over the course
of aerosol infection with M. tuberculosis (Table 2.3). Examination of antigen-specific
CD8 T cells recognizing the Mtb32 protein allowed us to precisely quantify expression
levels of various markers on a population of cells actively responding to tuberculosis
infection. It is unknown whether this single antigen-specific population is representative
of other antigen-specific CD8 T cells. In the future, elucidation of novel murine CD8 T
cell epitopes will allow us to determine the amount of heterogeneity within the CD8 T
cell population responding to M. tuberculosis infection.

Drug treatment administered following infection with M. tuberculosis allowed us
to examine the CD8 memory T cell population remaining after contraction and death of
the effector cell population. Although combination chemotherapeutic treatment is unable
to consistently achieve complete sterilization in the murine model of tuberculosis
infection, prolonged treatment does result in a reduction of bacterial numbers to
undetectable levels. While the effect of any remaining antigen on CD8 memory T cell
development in this model is unknown, the gradual phenotypic divergence of the Mtb32-
specific CD8 memory T cell population from the Mtb32-specific CDS effector T cell
population suggests that reducing antigenic burden can promote memory cell
differentiation and the gradual acquisition of a memory cell phenotype. These results are
consistent with previous work by Wherry ef al. demonstrating that full acquisition of

CD8 memory T cell characteristics can only occur upon viral clearance [62, 64]. As
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viable organisms can be detected for approximately 5 months in some anatomical
locations following immunization of mice with the M. bovis BCG vaccine, it is important
to determine the exact impact of persistent antigen upon the generation and maintenance
of durable, functional memory cells [40].

The phenotypic characterization experiments presented in these studies have
provided an important stepping-stone in our understanding of the CD8 T cell response
and the role that these cells play during pulmonary infection with M. tuberculosis.
Importantly, we have identified several markers indicative of CD8 memory T cells that
can be utilized to evaluate the effectiveness of novel experimental vaccine and adjuvant
combinations. Importantly, critical examination of phenotypic T cell expression patterns
following successful drug treatment may ultimately lead to the identification of several
key biomarkers which could be utilized to create a phenotypic profile to monitor the
effectiveness of drug therapy in a clinical setting. Additionally, the identification of high-
level surface expression of several inhibitory receptors provides a tantalizing explanation
for the lack of observable effector function of the majority of T lymphocytes following
infection with M. tuberculosis.

A better understanding of the mechanisms involved in the generation of memory
cells is an urgently needed adjunct to vaccine research, screening, and development.
Further elucidation of memory-associated markers coupled with flow cytometric cell
sorting will allow us to functionally determine memory cell subpopulations that confer
protection to M. tuberculosis, ultimately allowing us to screen candidate vaccines for

their potential to elicit such cells.
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Table 2.1. A cross-reference of integrin molecules examined in subsequent
experiments, including their abbreviations, heterodimeric binding partners, and
extracellular ligands.

Very Late Antigen-4

VLA-4

0B+

CD49d/CD29

ibroheéﬁn |
VCAM-1
MadCAM-1

Leukocyte Function-Associated Antigen-1

LFA-1

o B,

CD11a/CD18

ICAM-1
ICAM-2
ICAM-3

Leukocyte Peyer's Patch Adhesion Molecule-1

LPAM-1

VA

CD49d/B,

Fibronectin
VCAM-1
MadCAM-1

Human Mucosal Lymphocyte-1 Antigen

HML-1

oePy

CD103/B,

E-Cadherin
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Table 2.2. A cross-reference of cell surface molecules examined in CD8 T cell
phenotypic characterization experiments.

A L,
Programmed Cell Death-1 PD-1 CD279 PD-L1, PD-L2
IL-7 Receptor, a-Chain IL-7Ro CD127 IL-7
Chemokine Receptor 7 CCR7 CD197 CCL19, CCL21
L-Selectin LECAM-1 CD62L CD34, GlyCAM-1, MAdCAM-1
Leukosialin CDh43 CD54
IL-2 Receptor, B-Chain IL-2R3 CD122 IiL-2, 156
IL-15 Receptor, o-Chain IL-15Ra IL-15
Alpha-L Integrin Chain oy CD11a ICAM-1, 2,3
IL-2 Receptor, y-Chain IL-2Ry CD132 IL-2,4,7,9,15
4-1BB CD137 4-1BBL
CD44 Hyaluronan
Activation-Inducer Molecule AIM CD69
Ly6C
Leukocyte Common Antigen CD45RB
CcD27 CDh70
T Cell Immunoglobulin and Mucin Tim-3 Galectin-9
Domain-Containing Molecule-3

137

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



Expression

of
Log-Phase . Plateau
Adaptive
Growth Immunity Phase

r_A_V—‘L‘\r A -

Log,, CFU

1 L L T ] 1 T L
0 20 40 60 80 100 120 140

Time (Days)

Figure 2.1. Total number viable bacteria in the lungs, spleen, and liver of C57BL/6
mice infected with M. tuberculosis H37Rv by the aerosol route. At the indicated
timepoints, serial dilutions of lung, spleen, and liver whole organ homogenates were
plated on to Middlebrook 7H11 agar and colonies were enumerated after 2-3 weeks of
incubation. Data are expressed as the means =+ the standard deviation and are from n=4
mice per timepoint. 4 - Lung, m - Spleen, - Liver.
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Figure 2.2. Total number of CD4 and CD8 T cells in the lungs of naive C57BL/6 mice
and mice infected with M. tuberculosis H37Rv. Data are expressed as the means + the
standard errors of the means and are from n=4 mice per timepoint. ¢ - CD4 T cells,
naive mice; M - CD4 T cells, infected mice; - CD8 T cells, naive mice; ® - CD8 T
cells, infected mice.
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Figure 2.3. VLA-4 and LFA-1 expression by CD4 T cells in the lungs of naive mice and
mice infected for 60 days with M. tuberculosis H37Rv. Following aerosol infection,
CDA4 T cells upregulated expression of both integrin molecules. Percentages represent
the number of cells falling within the indicated regions as compared to the total number
of CD4 T cells. Dot plots were previously gated upon CD4-expressing T cells.
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Figure 2.4. VLA-4 and LFA-1 expression by CD8 T cells in the lungs of naive mice and
mice infected for 60 days with M. tuberculosis H37Rv. Following aerosol infection,
CD8 T cells upregulated expression of both integrin molecules. Percentages represent
the number of cells falling within the indicated regions as compared to the total number
of CD8 T cells. Dot plots were previously gated upon CD8-expressing T cells.
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Figure 2.5. Total number of VLA-4" (o,8,) CD4 and CD8 T cells in the lungs of mice
infected with M. tuberculosis H37Rv. Percentages represent the number of VLA-4M-
expressing CD4 or CD8 T cells as compared to the total number of CD4 or CD8 T cells,
respectively. Data are expressed as the means + the standard errors of the means and are
from n=4 mice per timepoint. ¢ - CD4 T cells, m - CD8 T cells.
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Figure 2.6. Total number of LFA-1" (o 8,) CD4 and CD8 T cells in the lungs of mice
infected with M. tuberculosis H37Rv. Percentages represent the number of VLA-4M-
expressing CD4 or CD8 T cells as compared to the total number of CD4 or CD8 T cells,
respectively. Data are expressed as the means =+ the standard errors of the means and are
from n=4 mice per timepoint. 4 - CD4 T cells, m - CD8 T cells.
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Figure 2.7. LPAM-1 and HML-1 integrin expression by CD4 T cells in the lungs of
naive mice and mice infected for 60 days with M. tuberculosis H37Rv. CD4 T cells did
not upregulate LPAM-1 expression following infection. In addition, few CD4 T cells
expressed HML-1, and the percentage of HML-1-expressing cells did not significantly
increase after infection. Percentages represent the number of cells falling within the
indicated regions as compared to the total number of CD4 T cells. Dot plots were
previously gated upon CD4-expressing T cells.
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Figure 2.8. LPAM-1 and HML-1 integrin expression by CD8 T cells in the lungs of
naive mice and mice infected for 60 days with M. tuberculosis H37TRv. CD8 T cells
upregulated expression of LPAM-1 and HML-1 following infection. Percentages
represent the number of cells falling within the indicated regions as compared to the
total number of CD8 T cells. Dot plots were previously gated upon CD8-expressing T
cells.
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Figure 2.9. Total number of LPAM-1" (c,,) CD8 T cells in the lungs of mice infected
with M. tuberculosis H3TRv. Percentages represent the number of VLA-4M-expressing
CD8 T cells as compared to the total number of CD8 T cells. Data are expressed as the
means = the standard errors of the means and are from n=4 mice per timepoint. m - CD8
T cells.
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Figure 2.10. Total number of HML-1" (0z8,) CD4 and CD8 T cells in the lungs of mice
infected with M. tuberculosis H3TRv. Percentages represent the number of VLA-4h-
expressing CD4 or CD8 T cells as compared to the total number of CD4 or CD8 T cells,
respectively. Data are expressed as the means + the standard errors of the means and are
from n=4 mice per timepoint. 4 - CD4 T cells, m - CD8 T cells.
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Figure 2.11. Experimental outline for CD8 T cell phenotypic characterization
experiments.
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Figure 2.12. Total number of viable bacteria in the lungs and spleens of infected mice
and mice infected and treated with rifampicin/isoniazid. Drug treatment was initiated
at 40 days following infection and continued for the duration of the experiments. Note
that combination drug treatment for 40 days reduced bacterial burden in the lungs by
greater than 4-log,,, and reduced bacterial burden in the spleen to undetectable
numbers (detection limit = 50 CFU; dashed red line). Data are expressed as the means
+ the standard deviation and are from #=5 mice per timepoint. ND - Not detectable,

B - Infected, M - Infected and rifampicin/INH treated.
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Figure 2.13. CD44 expression by CD8 T cells and Mtb32 tetramer-positive CD8 T cells. Each histogram represents a single mouse
representative of n=4. At each timepoint and within each histogram, all data were normalized to the sample containing the largest
number of gated events. The indicated region was used for subsequent analysis. 4 - Naive CD8 T cells, Il - Infected CD8 T cells,
O - Infected/treated CDS8 T cells.
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Figure 2.14. CD69 expression by CD8 T cells and Mtb32 tetramer-positive CD8 T cells. Each histogram represents a single mouse
representative of n=4. At each timepoint and within each histogram, all data were normalized to the sample containing the largest

number of gated events. The indicated region was used for subsequent analysis. 2 - Naive CD8 T cells, Il - Infected CD8 T cells,
O - Infected/treated CD8 T cells.
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Figure 2.15. CD11a expression by CD8 T cells and Mtb32 tetramer-positive CD8 T cells. Each histogram represents a single mouse
representative of n=4. At each timepoint and within each histogram, all data were normalized to the sample containing the largest
number of gated events. The indicated region was used for subsequent analysis. ] - Naive CD8 T cells, Il - Infected CDS8 T cells,
O - Infected/treated CD8 T cells.
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Figure 2.16. CD122 expression by CD8 T cells and Mtb32 tetramer-positive CD8 T cells. Each histogram represents a single mouse

representative of n=4. At each timepoint and within each histogram, all data were normalized to the sample containing the largest
number of gated events. The indicated region was used for subsequent analysis. ] - Naive CD8 T cells, Il - Infected CD8 T cells,

O - Infected/treated CD8 T cells.
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Figure 2.17. CD132 expression by CD8 T cells and Mtb32 tetramer-positive CD8 T cells. Each histogram represents a single mouse
representative of n=4. At each timepoint and within each histogram, all data were normalized to the sample containing the largest
number of gated events. The indicated region was used for subsequent analysis. 3 - Naive CD8 T cells, H - Infected CD8 T cells,
O - Infected/treated CD8 T cells.
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Figure 2.18. CCR7 expression by CD8 T cells and Mtb32 tetramer-positive CD8 T cells. Each histogram represents a single mouse
representative of n=4. At each timepoint and within each histogram, all data were normalized to the sample containing the largest
number of gated events. The indicated region was used for subsequent analysis. 1 - Naive CD8 T cells, Il - Infected CD8 T cells,
[ - Infected/treated CD8 T cells.
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Figure 2.19. CD62L expression by CD8 T cells and Mtb32 tetramer-positive CD8 T cells. Each histogram represents a single mouse
representative of n=4. At each timepoint and within each histogram, all data were normalized to the sample containing the largest
number of gated events. The indicated region was used for subsequent analysis. ] - Naive CD8 T cells, Il - Infected CDS8 T cells,

O - Infected/treated CD8 T cells.
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Figure 2.20. CD45RB expression by CD8 T cells and Mtb32 tetramer-positive CD8 T cells. Each histogram represents a single mouse
representative of n=4. At each timepoint and within each histogram, all data were normalized to the sample containing the largest

number of gated events. The indicated region was used for subsequent analysis. F - Naive CD8 T cells, ll - Infected CDS8 T cells,
O - Infected/treated CDS8 T cells.
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Figure 2.21. Ly6C expression by CD8 T cells and Mtb32 tetramer-positive CD8 T cells. Each histogram represents a single mouse
representative of n=4. At each timepoint and within each histogram, all data were normalized to the sample containing the largest
number of gated events. The indicated region was used for subsequent analysis. Z1 - Naive CD8 T cells, Il - Infected CD8 T cells,
O - Infected/treated CD8 T cells.
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Figure 2.22. IL-7Ra expression by CD8 T cells and Mtb32 tetramer-positive CD8 T cells. Each histogram represents a single mouse
representative of n=4. At each timepoint and within each histogram, all data were normalized to the sample containing the largest
number of gated events. The indicated region was used for subsequent analysis. 3 - Naive CD8 T cells, Il - Infected CD8 T cells,
O - Infected/treated CD8 T cells.
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Figure 2.23. IL-15Ra expression by CD8 T cells and Mtb32 tetramer-positive CD8 T cells. Each histogram represents a single mouse
representative of n=4. At each timepoint and within each histogram, all data were normalized to the sample containing the largest
number of gated events. The indicated region was used for subsequent analysis. 3 - Naive CD8 T cells, Il - Infected CD8 T cells,
[0 - Infected/treated CD8 T cells.
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Figure 2.24. CD27 expression by CD8 T cells and Mtb32 tetramer-positive CD8 T cells. Each histogram represents a single mouse
representative of n=4. At each timepoint and within each histogram, all data were normalized to the sample containing the largest
number of gated events. The indicated region was used for subsequent analysis. ] - Naive CD8 T cells, Il - Infected CD8 T cells,
O - Infected/treated CD8 T cells.
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Figure 2.25. CD43 expression by CD8 T cells and Mtb32 tetramer-positive CD8 T cells. Each histogram represents a single mouse
representative of n=4. At each timepoint and within each histogram, all data were normalized to the sample containing the largest
number of gated events. The indicated region was used for subsequent analysis. ] - Naive CD8 T cells, Il - Infected CD8 T cells,
O - Infected/treated CD8 T cells.
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Figure 2.26. 4-1BB expression by CD8 T cells and Mtb32 tetramer-positive CD8 T cells. Each histogram represents a single mouse
representative of n=4. At each timepoint and within each histogram, all data were normalized to the sample containing the largest
number of gated events. The indicated region was used for subsequent analysis. [ - Naive CD8 T cells, Il - Infected CD8 T cells,
O - Infected/treated CD8 T cells.
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Figure 2.27. PD-1 expression by CD8 T cells and Mtb32 tetramer-positive CD8 T cells. Each histogram represents a single mouse
representative of n=4. At each timepoint and within each histogram, all data were normalized to the sample containing the largest
number of gated events. The indicated region was used for subsequent analysis. [ - Naive CD8 T cells, I - Infected CD8 T cells,
O - Infected/treated CD8 T cells.
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Figure 2.28. Tim-3 expression by CD8 T cells and Mtb32 tetramer-positive CD8 T cells. Each histogram represents a single mouse
representative of n=4. At each timepoint and within each histogram, all data were normalized to the sample containing the largest
number of gated events. The indicated region was used for subsequent analysis. 1 - Naive CD8 T cells, Il - Infected CD8 T cells,
O - Infected/treated CD8 T cells.
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Figure 2.29. Percentage of CD8 T cells expressing phenotypic markers over time. Data
represent the means = the standard errors of the means and are from »=4 mice per
timepoint. Statistical significance based upon a comparison of tetramer” Mtb infected and
tetramer” Mtb infected/drug treated mice was determined using Student’s ¢ test (* = P <
0.05, 1 =P <0.01). ¢ - Naive, m - Mtb infected, - Mtb infected/drug treated, ® - Mtb
infected, Mtb32 tetramer positive, A - Mtb infected/drug treated, Mtb32 tetramer positive.
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Figure 2.30. Percentage of CD8 T cells expressing phenotypic markers over time. Data
represent the means + the standard errors of the means and are from #=4 mice per
timepoint. Statistical significance based upon a comparison of tetramer* Mtb infected and
tetramer” Mtb infected/drug treated mice was determined using Student’s ¢ test (* = P <
0.05,1 =P <0.01). ® - Naive, W - Mtb infected, - Mtb infected/drug treated, ® - Mtb
infected, Mtb32 tetramer positive, A - Mtb infected/drug treated, Mtb32 tetramer positive.
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Figure 2.31. Percentage of CD8 T cells expressing phenotypic markers over time. Data
represent the means =+ the standard errors of the means and are from #»=4 mice per

timepoint. Statistical significance based upon a comparison of tetramer* Mtb infected and
tetramer” Mtb infected/drug treated mice was determined using Student’s ¢ test (* = P <
0.05,£ =P <0.01). ¢ - Naive, m - Mtb infected, - Mtb infected/drug treated, ® - Mtb
infected, Mtb32 tetramer positive, A - Mtb infected/drug treated, Mtb32 tetramer positive.
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Figure 2.32. The mean fluorescence intensity of phenotypic markers on CD8 T cells over
time. Data represent the means + the standard errors of the means and are from #=4 mice
per timepoint. Statistical significance based upon a comparison of tetramer* Mtb infected
and tetramer” Mtb infected/drug treated mice was determined using Student’s ¢ test (* = P
<0.05,£=P<0.01). ¢ - Naive, m - Mtb infected, - Mtb infected/drug treated, ® - Mtb
infected, Mtb32 tetramer positive, A - Mtb infected/drug treated, Mtb32 tetramer positive.
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Figure 2.33. The mean fluorescence intensity of phenotypic markers on CD8 T cells over
time. Data represent the means =+ the standard errors of the means and are from »=4 mice
per timepoint. Statistical significance based upon a comparison of tetramer” Mtb infected
and tetramer” Mtb infected/drug treated mice was determined using Student’s ¢ test (* = P
<0.05,$=P<0.01). ¢ - Naive, m - Mtb infected, - Mtb infected/drug treated, ® - Mtb
infected, Mtb32 tetramer positive, A - Mtb infected/drug treated, Mtb32 tetramer positive.
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Figure 2.34. Cytokine production by pulmonary-derived CD8 T cells. Each histogram
represents a single mouse representative of n=4. At each timepoint and within each
histogram, all data were normalized to the sample containing the largest number of gated
events. The indicated region was used for subsequent analysis. 2 - Naive CD8 T cells,

M - Infected CD8 T cells, [ - Infected/treated CD8 T cells.

17

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



D30 D60 D90

IL-2
300 300 3007
225 225% 2255

Perforin 150 150% 150%
75 757 75%
0 o
8007 4 40073
eoo—; é 300%

Granzyme B 400% 200%
2002 1oo§
130 101 102 t0¢ Joo 101 102 103'”5”644 %o 101 102 105 104

Figure 2.35. Cytokine and cytolytic effector molecule production by pulmonary-derived
CD8 T cells. Each histogram represents a single mouse representative of n=4. At each
timepoint and within each histogram, all data were normalized to the sample containing the
largest number of gated events. The indicated region was used for subsequent analysis.
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Table 2.3. A summary of the relative phenotypic expression patterns on naive,

effector, and memory CD8 T cells in the lungs and spleens of mice. Expression levels

are classified as low, intermediate, or high.

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.

CD44 lo hi hi lo hi hi
CD69 lo lo/hi hi lo lo/hi hi
CCR7 lo hi lo lo hi hi
CDe62L lo lo hi lo hi hi
Ly6C int/hi hi hi int/hi int/hi int
CD45RB hi lofint hi hi int/hi int/hi
CD27 hi lofint int/hi hi int/hi int/hi
CD43 int hi int/hi int int hi
IL-7Ra hi lo hi hi lo hi
IL-15Ra lo hi int lo hi int
CD122 lo lo lo lo hi hi
CD132 lo int int int hi int/hi
CD11a int hi int/hi int int/hi int
PD-1 lo hi lo lo hi int
Tim-3 lo int/hi lo lo int/hi int
4-1BB lo lo hi lo hi hi
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Chapter 3

Tracking Antigen-Specific CD8 T Lymphocytes in the Lungs of Mice Vaccinated

with the Mtb72F Polyprotein
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Introduction

The facultative intracellular pathogen Mycobacterium tuberculosis currently -
infects one-third of the world’s population, and the 2-3 million deaths per year make it
the leading cause of death by a single bacterial agent [13, 50]. Bacille Calmette-Guérin
(BCQ), an attenuated strain of Mycobacterium bovis, is currently the only available
prophylactic vaccine [7, 9]. Although vaccination with BCG is widespread throughout
the world, it has been shown in clinical studies to possess variable protective efficacy that
can also decline with age [9, 15, 16, 19]. While BCG has been shown to protect children
from disseminated tuberculosis (TB), it often fails to prevent adult pulmonary TB [4, 46].
Due to the global prevalence of tuberculosis and the limitations of the current vaccine, a
major research effort is currently underway to identify new vaccine candidates [2, 33, 36,
371

Although the nature of protective immunity to TB is not completely understood
[5, 30, 35], CD4 T cells have been shown to be essential mediators of protection [8, 38,
40]. Production of gamma interferon (IFN-y) is essential as shown by increased
susceptibility in IFN-y or [FN-y receptor gene disrupted animal models, as well as in
humans possessing a rare mutation in the IFN-y receptor [10, 17, 25]. In addition to this,
however, there has been a growing realization over the past decade or more that CD8 T
cells also contribute significantly to protective immunity. Adoptive transfer of immune
CD8 T cells can confer protection in mice [32, 34], and such cells accumulate in the
lungs of aerosol infected mice, where they secrete IFN-y [14, 41]. Antibody depletion of

CD8 T cells during infection, as well as the use of mouse models possessing gene
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disruptions that result in significantly reduced numbers of CD8 T cells also support a role
for CD8 T cells in protective immunity [3, 18, 22, 31, 45, 48].

Culture filtrate proteins (CFP) from M. tuberculosis have been previously
identified as a rich source of immunogenic antigens, some of which can confer protection
in animal models of tuberculosis [1, 23, 24]. In order to screen the large number of
protein components of CFP for potential subunit vaccine candidates, the Corixa
Corporation created a genomic expression library of M. tuberculosis H37Ra [44]. Rabbit
antiserum generated by immunization with CFP was used to screen the expression library
to identify potential antigenic vaccine candidates. Further screening of selected antigenic
targets against peripheral blood monocytes from healthy PPD" individuals identified
Mtb32 and Mtb39 as two lead candidate antigens that stimulated strong T cell
proliferative responses and IFN-y production. Following in silico analysis, the Mtb32
protein was identified as a trypsin-like serine protease that was found to possess
autocatalytic activity and significant toxicity upon expression in E. coli. To facilitate
high-level recombinant expression, Mtb32 was expressed as a 20 kDa N-terminal
fragment and an overlapping 14 kDa C-terminal fragment [44]. It was later discovered
that the 14 kDa C-terminal portion of the Mtb32 protein was able to efficiently drive
high-level expression of heterologous proteins in E. coli when linked to their N-terminus
[49].

The other primary lead candidate that was discovered through serological
expression cloning was the Mtb39 protein [12]. Mtb39 is a 39 kDa putative cell wall
spanning protein of unknown function that belongs to the PPE family of mycobacterial

proteins. This protein was also shown to elicit significant T cell reactivity from PPD"
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individuals. Based upon the premise that a successful tuberculosis vaccine should include
multiple T cell epitopes, a fusion protein construct was generated by combining the 132
amino acid Mtb32 C-terminal fragment followed by the full-length Mtb39 protein linked
to the 195 amino acid Mtb32 N-terminal fragment [43]. When expressed in E. coli, this
novel fusion protein has a molecular weight of 72 kDa.

Previous studies have shown that mice immunized with Mtb72F, either as a
protein and adjuvant formulation or in the form of a DNA vaccine, were protected against
aerosol challenge with M. tuberculosis H37Rv at a level comparable to that of BCG [43].
Furthermore, when used as a boost in guinea pigs primed with BCG, survival of these
animals to aerosol challenge was doubled from one to two years compared to animals
given BCG only [6]. These animals had substantial evidence of lesion resolution and very
low bacterial numbers in the lungs.

Further experiments by the Corixa Corporation using IFN-y ELISPOT assays
revealed that the C-terminal fragment of the Mtb32 protein possessed significant CD8 T
cell reactivity in C57BL/6 mice [43]. Utilizing overlapping 15-mer peptide fragments, the
immunodominant CD8 T cell epitope; GAPINSATAM, was identified. This Mtb32-
derived CD8 T cell epitope was previously shown to be strongly recognized by cytolytic
and IFN-y secreting CD8 T cells [43]. Since the precise role that CD8 T cells play during
infection with M. tuberculosis has not been completely defined, we decided to examine
the Mtb32 antigen-specific CD8 T cell response to this peptide epitope in the lungs of
mice. Using a MHC class I H-2DP tetramer reagent containing the GAPINSATAM
peptide, we were able to track CD8 T cells recognizing this epitope in the lungs of mice

vaccinated with a DNA vaccine encoding Mtb72F and/or challenged by aerosol exposure
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to M. tuberculosis. The results of this study show that significant numbers of tetramer-
positive CD8 T cells accumulate in the lungs of vaccinated mice, and expand further in
response to challenge infection. These cells expressed markers of cellular activation, and
a subpopulation up-regulated expression of a recently identified early memory cell
marker [27], the interleukin 7 receptor alpha chain (IL-7Ra). Approximately one-third of
the CD8 T cells in the lungs expressed IL-7Ra when Mtb72F protein was delivered in a
novel liposomal formulation aimed at inducing CD8 T cell responses. These data show
that antigen-specific CD8 T cells traffic to the lungs after vaccination and respond to
subsequent infection with M. tuberculosis.

While CD4 T cells are known to be essential for protective immunity to M.
tuberculosis infection, the exact role that these cells play in initiating and/or sustaining
the CD8 T cell response during pulmonary tuberculosis is unclear. Utilizing the Mtb32
MHC class I tetramer reagent, we were able to examine the CD8 T cell response in mice
lacking CD4 T cells (CD4KO). In addition, immunization of CD4KO mice allowed us to
examine the impact of CD4 T cells upon the CD8 memory recall response. These results
demonstrated that CD4 T cells play a significant role in the generation of primary CD8 T
cell immunity and in the effectiveness of the CD8 T cell memory response following

immunization and secondary challenge with M. tuberculosis.
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Materials and Methods

Mice. Studies were performed using 8-10 week old specific pathogen-free female
C56BL/6 mice purchased from Charles River Laboratories (Wilmington, MA). For the
CD4KO experiments, 8-10 week old B6.12952-Cd4™ M mice and age matched controls
were purchased from The Jackson Laboratory (Bar Harbor, ME). All mice were
maintained within a biosafety level III facility at Colorado State University for the
duration of the experiments, and had free access to sterile water and standard mouse
chow. The specific pathogen-free nature of the mouse colonies was demonstrated by
testing sentinel animals, which were shown to be negative for 13 known mouse
pathogens. All experimental procedures were approved by the Colorado State University

Animal Care and Use Committee.

Bacterial Strains. M. tuberculosis strain H37Rv, originally obtained from the Trudeau
Mycobacteria Collection (TMCC #102), and M. bovis BCG Pasteur were grown from low
passage seed lots in Proskauer-Beck liquid media containing 0.05% Tween 80 to mid-log

phase, and 1.5 ml aliquots were frozen at -70°C until use.

Amplification of Mtb72F Plasmid DNA. The original Mtb72F plasmid DNA (pDNA)
construct (kindly supplied by the Corixa Corporation) was electroporated into E. coli
DH5a and incubated at 37°C overnight in 5 ml of Luria-Bertani (LB) broth (Becton,
Dickinson and Company, Sparks, CA) containing 100 pg/ml ampicillin (Sigma-Aldrich,

St. Louis, MO). Single colonies were isolated on LB agar plates containing 100 pg/ml
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ampicillin and pDNA was purified using a Plasmid Mini Prep kit (Qiagen, Valencia, CA)
per the manufacturer’s instructions. Presence of the pDNA construct was verified by
restriction digest. Single colonies were used to inoculate 5 L of LB broth containing 100
pg/ml ampicillin. After overnight incubation at 37°C, the amplified pDNA was purified
using an EndoFree Plasmid Giga kit (Qiagen) per the manufacturer’s instructions.
Following isopropanol precipitation and ethanol washing, purified pDNA was
resuspended in PBS and the pDNA concentration was determined by spectrophotometric
analysis. Sequence verification (Macromolecular Resources, Colorado State University,
CO) was performed on the Mtb72F fusion protein sequence and found to be identical to

the supplied construct. Aliquots of pPDNA at 1 mg/ml were frozen at -70°C until use.

Immunizations and Aerosol Infection. Mice were immunized 3 times at 3 week
intervals with either 100 pg of Mtb72F DNA or phosphate buffered saline (PBS) via the
intramuscular (tibialis) route. For each immunization, mice were injected with a total
volume of 100 pl/mouse using 50 pl/leg. For BCG immunizations, mice were immunized
with 10° CFU of M. bovis BCG Pasteur in 100 ul of PBS via the subcutaneous (s.c.)
route. Three weeks following the last immunization, mice were infected via the aerosol
route using a Glas-Col aerosol generator (Glas-Col, Terre Haute, IN), such that ~100
viable bacteria were deposited in the lungs of each animal. The number of viable bacteria
in the lungs was determined at specific timepoints by plating 10-fold serial dilutions of
individual partial organ homogenates on nutrient Middlebrook 7H11 agar, and counting

bacterial colonies after 21 days of incubation at 37°C.
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Preparation of Cationic Liposome-DNA Complexes. Liposomes were prepared by
dissolving the cationic lipid DOTIM (octadecenolyoxy{ethyl-2-heptadecenyl-3
hydroxyethyl} imidazolinium chloride; Sigma-Aldrich) and cholesterol (Avanti Polar
Lipids, Alabaster, AL) in chloroform and adding equimolar concentrations to round
bottom 15 ml glass tubes. The solution was then dried overnight in a vacuum desiccator
to a thin film. The lipids were rehydrated in 5% dextrose in water to form liposomes at a
final concentration of 20 mM. Liposomes were incubated at 50°C for 50 minutes,
followed by incubation for 2 hours at room temperature. The liposomes were then
extruded through a series of 1 pm, 0.45 um and 0.20 pm filters to form the final
liposomes, as described previously [47]. Non-coding plasmid DNA was prepared under
very low endotoxin conditions (< 0.25 EU/mg; Althea Technologies). Complexes of
liposomes and non-coding plasmid DNA were prepared by first dissolving liposomes in
5% dextrose in water at a concentration of 100 pl liposomes per 1 ml dextrose solution.
Next, plasmid DNA was added to the liposome solution at a final concentration of 100 pg
DNA per ml of liposome solution and complexes were formed spontaneously by gentle
pipetting. To prepare vaccines, recombinant Mtb72F protein (kindly provided by the
Corixa Corporation and GlaxoSmithKline) was added to pre-formed liposome-DNA
complexes and mixed by gentle pipetting. After preparation, vaccines were kept at room
temperature and administered within 30 minutes. For immunizations using cationic
liposome-DNA complexes, mice were immunized two times, 14 days apart via the
intraperitoneal route using 10 pg/mouse of either Mtb72F protein or ova albumin (Sigma-

Aldrich) in a total volume of 200 pl of liposome formulation.
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Single-Cell Suspension Preparation. Animals were sacrificed by carbon dioxide
asphyxiation and were perfused through the heart with 10 ml cold PBS containing 3 U/ml
heparin (Sigma-Aldrich). The lungs were removed from the pulmonary cavity and placed
in cold Dulbecco’s minimal essential medium (DMEM,; Celigro, Herndon, VA). The lung
tissue was disrupted using sterile razor blades and incubated for 30 minutes at 37°C in a
final volume of 2 ml DMEM containing 0.7 mg/ml collagenase D (Roche Applied
Science, Indianapolis, IN) and 30 pg/ml deoxyribonuclease (Sigma-Aldrich). Following
incubation, the digested lung tissue was gently passed through a sterile 70 um nylon
screen, rinsed using 8 ml cold DMEM supplemented with 10% heat-inactivated
endotoxin low fetal bovine serum (Atlas Biologicals, Fort Collins, CO), 10 mM HEPES
buffer (Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich), 2% MEM-nonessential
amino acids (100x; Sigma-Aldrich), 50 uM 2-mercaptoethanol (Sigma-Aldrich) and
centrifuged at 200 x g. Red blood cells were lysed using Gey’s solution (0.15 M NH4CI,
10 mM KHCO3) and the samples were centrifuged and resuspended in DMEM plus
supplements. Cells were counted using a hemacytometer and aliquots were taken for flow

cytometric analysis.

Flow Cytometry. Single-cell suspensions from individual mice were resuspended in PBS
containing 0.1% sodium azide (Fisher Chemicals, Fairlawn, NJ). Cells were incubated in
the dark for 20 minutes at 4°C with specific antibody (directly conjugated to fluorescein
isothiocyanate [FITC], phycoerythrin [PE], peridinin chlorophyll a protein [PerCP], or
allophycocygnin [APC] at 3 pg/ml), followed by 2 washes using PBS with sodium azide.

Cells were analyzed immediately using a FACSCalibur dual laser flow cytometer (BD
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Biosciences, Mountain View, CA) and the data were analyzed using CellQwest software
(BD Biosciences, San Jose, CA) and Summit software (DakoCytomation, Fort Collins,
CO). Viable lymphocytes were gated based upon their forward- and side-scatter
characteristics and cell populations were analyzed by expression of fluorochrome-labeled
markers. All analyses were performed with a minimum acquisition of 200,000 events.

Cell surface markers were analyzed with the following specific antibodies: FITC
anti-CD44 (clone IM7), anti-CD3¢ (clone 145-2C11), anti-CD62L (clone MEL-14), anti-
CD45RB (clone 16A), anti-yd TCR (clone GL3); PerCP anti-CD8a. (clone 53-6.7); APC
anti-CD3¢ (clone 145-2C11), anti-NK1.1 (clone PK136), and anti-CD127 (clone A7R34;
eBioscience, San Diego, CA). Cell suspensions were also stained with a PE-Mtb32 H-
2D® MHC class I tetramer (Beckman Coulter Inmunomics, San Diego, CA) containing
the peptide GAPINSATAM. Background staining with this tetramer reagent was less
than 0.15% when staining cells from naive mice or from MHC mismatched (Balb/c, H-
2% mice. |

For intracellular antibody staining, single-cell suspensions were resuspended in
DMEM with supplements and stimulated with 0.1 pg/ml anti-CD3¢ (clone 145-2C11)
and 1 pg/ml anti-CD28 (clone 37.51), in the presence of 3 pM monensin for 4 hours at
37°C, 5% CO,. Cells were stained with antibodies for cell-surface molecules as described
above, before fixation and permeabilization with BD Cytoperm/Cytofix (BD
PharMingen, San Diego, CA) according to the manufacturer’s instructions. Cells were
incubated with FITC anti-IFN-y (clone XMG1.2) or APC anti-granzyme B (clone GB12;
Caltag Laboratories, Burlingame, CA) for 20 minutes at 4°C, washed twice, and

resuspended in PBS with sodium azide before analysis. Appropriate isotype controls were
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prepared simultaneously and were included in each analysis. Unless otherwise noted, all

antibodies were purchased from BD PharMingen.

Histology. Individual lung lobes were removed from euthanized animals and first
perfused and then immersed in 10% phosphate-buffered formalin solution and embedded
in paraffin wax. Sections of 5 um thickness were prepared and stained using hematoxylin

and eosin, and examined by a trained pathologist in a double-blinded fashion.

Results

The Mtb72F fusion protein construct. Following amplification in E. coli, the Mtb72F
DNA vaccine was sequenced to verify that the amplified construct was identical to the
DNA construct provided by the Corixa Corporation (Figure 3.1). While no mutations
occurred during our amplification process, a G—A single base pair substitution was
present in the original DNA vaccine construct when compared to the M. tuberculosis
H37Rv genomic sequence. This mutation, highlighted in black in Figure 3.1, is a silent
mutation and does not affect the resulting protein sequence.

A pictorial representation illustrating construction of the Mtb72F vaccine is
shown in Figure 3.2A. The full-length protein sequence of the Mtb72F DNA vaccine is
shown in Figure 3.2B. The CD8 T cell epitope used to make the MHC class I tetramer

reagent is highlighted in black.
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The Mtb72F DNA vaccine confers protection to aerosol challenge in the lungs of
mice. Immunization of C57BL/6 mice with a DNA vaccine encoding the Mtb72F fusion
protein conferred approximately 1-log;o of protection in the lungs of mice at 21 days post
challenge (Figure 3.3). This increased ability of immunized mice to more rapidly control
bacterial replication in the lung was a transient effect, as bacterial numbers were similar
between immunized and nonimmunized mice at all timepoints beyond 21 days post
challenge. In addition, vaccination with Mtb72F failed to prevent bacterial dissemination
to the spleen, and failed to control bacterial replication within this organ better than

control saline treated mice (Figure 3.4).

Kinetics of accumulation of tetramer-specific CD8 T cells in the lungs. To determine
if antigen-specific CD8 T cells were generated either by vaccination or challenge
infection resulting in their accumulation in the lungs, lung cells were analyzed at various
times by flow cytometry. Cells were gated on the CD3/CD8 positive population and
further analyzed for CD44 expression and tetramer staining. As shown in Figure 3.5, at
all timepoints, background tetramer staining in naive mice was < 0.15%. In infected
mice, a small but detectable number of antigen-specific CD8 T cells could be found by
day 16. These cells increased by day 30 and then slowly declined. In contrast, in mice
vaccinated with Mtb72F prior to challenge, by day 16 of infection ~11% of CD8 T cells
in the lungs recognized the Mtb72F epitope GAPINSATAM. The number of these cells
also slowly declined over time.

Relative cell numbers are shown in Figure 3.6. These data indicated that

vaccinated mice generated much higher numbers of antigen-specific CD8 T cells in the
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lungs earlier during infection, but that by day 30 the numbers of such cells are much the
same. This coincides with immunological control of M. tuberculosis replication in the
lungs of mice, and occurs when we consistently observe a 1-log;o reduction in bacterial

numbers between vaccinated and nonvaccinated animals [43].

Functional characteristics of antigen-specific CD8 T cells. To further determine the
functional nature of the lung CD8 T cells, lung cells were stained using the tetramer and
also by intracellular staining with antibodies for IFN-y or granzyme B. As shown in
Figure 3.7 a large percentage of tetramer-positive cells were also positive for [FN-y,

whereas only a very low percentage were positive for the cytocidal molecule granzyme

B.

Kinetics of emergence of CD8 T cells expressing the IL-7 receptor. There is
increasing evidence to show that CD8 T cells in a state of memory immunity express
high levels of the IL-7Ra [27]. To determine if expression of this receptor could be
detected on CD8 T cells entering the lungs, cells were further analyzed for tetramer
staining and staining for [L-7Ra. As shown in Figure 3.8, cells expressing this memory
marker could be detected in nonimmunized infected mice by day 30, and numbers
increased steadily through day 100. In mice vaccinated with Mtb72F prior to challenge,
more than half of the antigen-specific CD8 T cells expressed IL-7Ra by day 16, and this
declined slowly through day 100. Relative total cell numbers are shown in Figure 3.9 and

illustrate the large numbers of such cells present in the lungs over the initial stage of the
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infection where vaccinated mice showed approximately a 1-log;o reduction in the lung

bacterial load (data not shown).

Cationic liposomal immunization induces antigen-specific CD8 T cells. In-a final
study, we wished to determine if Mtb72F delivered as protein could generate a detectable
antigen-specific CD8 response in the lung, even prior to infection. For these studies, we
used a novel cationic liposome adjuvant formulated with non-coding plasmid DNA and
Mtb72F protein. Figure 3.10 shows that five days after the second boosting vaccine 17%
of all CD8 T cells in the lungs were tetramer-positive, which decreased to 10% on day 28
post-immunization. As shown in Figure 3.11 virtually all of these cells had an activated
phenotype [CD44"™ CD62L"°]. By day 28 the majority had a CD45RB™ phenotype,
indicating a transition from an activated to an early memory state. Very few tetramer-
positive cells expressed the IL-7Ra initially, but by day 28 nearly a third possessed this

phenotype.

Immunization with M. bovis BCG Pasteur elicits Mtb32-specific CD8 T cells. The M.
bovis BCG vaccine has been given to approximately three billion people worldwide and
has proven to be a remarkably safe vaccine [20]. Due to its widespread use and excellent
safety profile, many tuberculosis vaccination strategies currently being tested seek to
augment the protective efficacy of BCG through utilization of a BCG prime followed by
a subunit vaccine boost. As such, we wished to examine the Mtb32-specific CD8 T cell
response to immunization with BCG in order to determine the suitability of the Mtb72F

vaccine for use in a BCG prime Mtb72F boost regimen. C57BL/6 mice were immunized
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with 10° CFU of M. bovis BCG Pasteur via the subcutaneous route. At three weeks and
six weeks following immunization, luﬁgs were harvested and analyzed by flow
cytometry. Although Mtb32-specific CD8 T cells were detected in the lungs of
immunized mice by 21 days post immunization as shown in Figure 3.12, the magnitude
of the antigen-specific response was relatively small when compared to that elicited by
infection with virulent M. tuberculosis H37Rv. In addition, this response declined over
time to a level barely detectable at 6 weeks post immunization.

We next wanted to determine if the Mtb32-specific CD8 T cells induced by
vaccination with BCG would proliferate in response to aerosol challenge with M.
tuberculosis. C57BL/6 mice were immunized with either 10° CFU BCG s.c. or saline
treated and challenged with M. tuberculosis H37Rv. At 30 days following infection,
lungs were harvested and examined for Mtb32-specific CD8 T cells. As shown in Figure
3.13, tetramer-positive CD8 T cells generated by immunization with BCG did expand in
response to challenge with M. tuberculosis, but the magnitude of this proliferative
response was muted when compared to the response seen following aerosol infection

alone.

Immunization with the Mtb72F DNA vaccine fails to protect CD4KO mice better
than control mice. Previously, it was reported that CD4 T cells are required for the
acquisition of CD8 T cell cytotoxic function but not for efficient priming and expansion
of the CD8 T cell response following pulmonary infection with tuberculosis [42]. The
ability to examine the CD8 T cell response at the antigen-specific cellular level gave us a

powerful tool with which to examine the initiation of a CD8 T cell response during the
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infectious process. We therefore wanted to characterize the kinetics and magnitude of the
Mtb32 antigen-specific CD8 T cell response in the absence of CD4 T cell-mediated help
using this more sensitive antigen-specific assay. CD4KO mice and background matched
control mice were immunized wi'th either the Mtb72F DNA vaccine or saline treated
three times at three week intervals. Three weeks following the final immunization, mice
were infected with approximately 100 viable M. tuberculosis H37Rv CFU via the aerosol
route. While no statistically significant differences in recoverable bacterial numbers were
observed at 20 days following infection, by 37 days a 1-log; reduction in bacterial
numbers was evident in the lungs of Mtb72F immunized wild-type mice when compared
to saline treated wild-type mice (Figure 3.14). In contrast, CD4KO mice immunized with
the Mtb72F DNA vaccine possessed only 0.5-log;o fewer bacteria in the lungs when
compared to saline treated CD4KO mice, although this difference was not statistically
significant (P < 0.10). Additionally, in wild-type C57BL/6 mice as well as CD4KO mice,
immunization with the Mtb72F DNA vaccine failed to prevent bacterial dissemination to

the spleen and failed to control bacterial replication within the spleen better than control

mice (Figure 3.15).

In the absence of CD4 T cells, CD4KO mice do not recruit more CD8 T cells into the
lungs following infection. We next wanted to examine if wild-type or CD4KO mice
immunized with the Mtb72F DNA vaccine were able to recruit greater numbers of CD8 T
cells into the lungs during pulmonary infection. At 20 days following infection, no
differences existed between any of the groups (Figure 3.16). By 37 days, a significant

reduction in the number of CD8 T cells was evident in Mtb72F immunized wild-type
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mice, which occurred at a time when these mice possessed approximately 1-log;o fewer
bacteria in the lungs. Although larger numbers of CD8 T cells were present in Mtb72F
immunized CD4KO mice when compared to saline treated CD4KO mice, these cells

failed to reduce bacterial numbers in the lungs comparable to wild-type mice.

CD4 T cell help is required for the efficient generation and expansion of Mtb32-
specific CD8 T cells. Utilizing a MHC class I H-2D" tetramer reagent, we wanted to
determine if the absence of CD4 T cells impacted the CD8 T cell response at the antigen-
specific level. As previously described, immunization with the Mtb72F DNA vaccine
resulted in increased numbers of antigen-specific CD8 T cells in the lungs of wild-type
mice at 20 days following infection (Figure 3.17). By 37 days, the percentages as well as
the numbers (Figure 3.18) of these cells in the lungs were similar. In contrast, in the
absence of CD4 T cell help, CD4KO mice primed a Mtb32 antigen-specific CD8 T cell
response of similar magnitude to wild-type mice at 20 days, but this response failed to
expand to a similar magnitude as wild-type mice by 37 days following infection.
Immunization with the Mtb72F vaccine partially overcame this proliferative deficit,
although the expansion of Mtb32-specific cells was delayed and the overall magnitude

was reduced in Mtb72F immunized CD4KO mice.

IFN-y production by CD8 T cells is delayed in CD4KO mice. Since IFN-y is known to
be protective during pulmonary infection with M. tuberculosis, we wanted to examine the
kinetics of CD8 T cell-mediated IFN-y production in the lungs. Using flow cytometry and

intracellular cytokine staining, we quantified the number of IFN-y"CD3"CD8" T cells in
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the lungs of Mtb72F immunized and nonimmunized mice as illustrated in Figure 3.19.
Twenty days after infection, the number of CD8 T cells producing IFN-y was reduced in
CD4KO mice, as compared to wild-type mice. Immunization with Mtb72F could not
overcome this deficit. Surprisingly, by 37 days following infection the number of CD8 T
cells producing [FN-y was reduced in Mtb72F immunized wild-type mice. This may
correlate with decreased pulmonary inflammation due to a reduction in bacterial numbers
in the lung. In the absence of CD4 T cells, both immunized and nonimmunized mice had
similar numbers of IFN-y" CD8 T cells when compared to wild-type mice, although these
mice had significantly more bacteria in the lungs.

We next examined the total number of IFN-y producing cells in the lungs of
CD4KO and wild-type mice to determine if [FN-y production was being augmented by
other cell types. Figure 3.20 shows that the number of IFN-y" cells in the lungs of
CD4K O mice was reduced compared to control mice, even though the CD4KO mice had

more extensive inflammation and larger numbers of bacilli in the lungs. When the total
number of IFN-y" CD8 T cells was compared to the total number of IFN-y* cells (Figure
3.21), it became apparent that CD8 T cells producing IFN-y constituted 30-40% of the
total number of IFN-y" cells in wild-type mice. However in CD4KO mice, CD8 T cells
represented the majority of IFN-y" cells in the lung, indicating that CD4KO mice were

unable to compensate for the lack of CD4 T cell-derived IFN-y production.

In the absence of CD4 T cells, CD4KO mice do not recruit greater numbers of NK
cells or yd cells into the Iung. Since other cell types are known to secrete [IFN-y and may

play an anti-mycobacterial role in host pulmonary defense, we wanted to examine the
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recruitment of other cell subsets by CD4KO mice. Flow cytometric analysis of the
number of NK1.17 cells in the lungs of infected mice revealed that CD4KO mice actually
possessed fewer NK1.17 cells in the lungs when compared to wild-type control mice
(Figure 3.22). Additionally, CD4KO mice also had lesser numbers of y3 cells in the lungs

early during infection, and similar numbers by day 37 (Figure 3.23).

The generation of memory precursor cells proceeds normally in the absence of CD4
T cells. Utilizing an Mtb32 MHC class I tetramer reagent in conjunction with antibodies
for the IL-7Ra chain, we previously documented the differentiation of antigen-specific
CD8 T cells from an IL-7RY effector phenotype to an IL-7R™ memory precursor
phenotype following Mtb72F immunization. In these experiments, we wanted to
determine if the absence of CD4 T cells abrogated memory cell formation. Phenotypic
analysis revealed that CD4K O mice were still able to generate normal percentages of
memory precursor cells as indicated by expression of the IL-7Ra (Figure 3.24). In
addition, the total number of CD8 T cells re-expressing the [L-7Ra was similar between
wild-type and CD4KO mice (Figure 3.25). Therefore the absence of CD4 T cell help did
not impact the initial stages of memory cell differentiation. It should be noted that the

functionality of these memory precursor cells was not assayed in these experiments.

Histological analysis of lung sections. At 20 days following aerosol infection, wild-type
mice possessed cellular aggregates surrounding infectious foci that were distinctly
smaller than Mtb72F immunized mice. More importantly, lymphocytes recruited into the

lungs of nonimmunized mice were primarily localized to perivascular and peribronchiolar
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regions, and did not migrate extensively into the pulmonary interstitial tissue. In contrast,
lymphocytes recruited into the lungs of wild-type mice immunized with Mtb72F
appeared to exhibit increased directional migration and infiltrated more extensively into
the interstitium, resulting in larger cellular aggregates located within the proximity of
infectious foci. Mice lacking CD4 T cells possessed cellular aggregates of similar size to
wild-type mice, but these aggregates contained fewer lymphocytes and tended to be more
macrophage-dominated. It was also observed that lymphocytes from CD4KO mice
immunized with the Mtb72F vaccine also tended to display an increased directional
migration and possessed the ability to migrate beyond perivascular regions, although this
trend was less pronounced when compared to Mtb72F immunized wild-type mice.

By 37 days following infection, saline treated wild-type mice possessed large
coalescing granulomatous structures, while the pulmonary granulomas of Mtb72F
immunized wild-type mice were generally smaller in size and more delineated than their
saline treated counterparts. The granulomas present in wild-type mice contained large
numbers of lymphocytes, and were generally more organized structures possessing
distinct regions of lymphocytic foci. The granulomas of saline treated and Mtb72F
immunized CD4KO mice did not differ significantly upon histological examination at
this timepoint. Both groups had large coalescing granulomas accompanied by excessive
pulmonary infiltrate that occupied significant amounts of the total lung volume. In
addition, these granulomas were distinctly macrophage-dominated, and lacked higher-

level organization typically seen in the granulomas of wild-type mice.
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Discussion

The results of this study showed that infection of mice by aerosol exposure
resulted in the accumulation in the lung tissues of large numbers of CD8 T cells that were
specific for a 10-mer peptide of the M. tuberculosis protein Mtb32. This peptide, which is
highly immunogenic for CD8 T cells capable of cytolysis and cytokine secretion in vitro,
is a major component of the effective tuberculosis vaccine candidate Mtb72F [6, 43]. In
this regard, when mice were vaccinated with Mtb72F DNA prior to challenge, a much
larger and more rapid accumulation of antigen-specific CD8 T cells was observed. While
it is not known if the antigen-specific cells identified in this study actually contribute to
protective immunity to the challenge infection, that was not the purpose of the current
study. The purpose instead was to determine if T cells recognizing a dominant MHC
class-I restricted epitope could traffic to the lungs after intramuscular inoculation of the
Mtb72F candidate tuberculosis vaccine, and this indeed proved to be the case. Studies are
currently underway to see if cell sorted tetramer-positive CD8 T cells can adoptively
protect recipient mice following aerosol infection.

The data further showed that the antigen-specific CD8 T cells in the lungs of
infected mice were capable of producing IFN-y, which is known to be essential for
protection following aerosol challenge with M. tuberculosis. In contrast, the majority of
these cells did not produce granzyme B early during infection, suggesting that CD8 T
cells entering the sites of infection in the lungs at early timepoints are more likely to
control M. tuberculosis infection indirectly through activation of local macrophages via

IFN-y secretion, rather than to directly lyse infected target cells by secretion of perforin
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and granzyme B. This is in keeping with the observation that perforin gene knock-out
mice are not less resistant to aerosol challenge [11, 29]. These results, however do not
preclude cytolytic activity at timepoints later during the infectious process, as observed
by others [28, 39]. Further experiments utilizing an in vivo cytotoxic assay will delineate
the lytic function of these antigen-specific CD8 T cells late in infection. That antigen-
specific CD8 T cells capable of producing IFN-y preferentially accumulate in the lungs of
mice foilowing aerosol infection confirms the findings of a recent paper by Kamath et al.,
which examined the response to two vaccine candidates, CFP10 and Mtb10.4 [28].

Using IL-7Ra as a marker, we found that a subset of M. tuberculosis-specific
CD8 T cells that accumulated in the lungs of infected mice gradually assumed a memory
precursor phenotype over the course of the infection. In contrast to the nonimmunized
mice, if the mice were first vaccinated with Mtb72F, then memory precursor CD8 T cells
comprised a major component of the early cellular response in the lungs after challenge.
The actual numbers [and percentages] of these cells then declined for unknown reasons,
but might indicate transition of tﬁese cells to an effector phenotype.

Whether the antigen-specific cells entered the lungs following infection or were
already there prior to challenge was not addressed in the Mtb72F DNA vaccination
experiments, However, pilot studies using a BCG infection model indicated a substantial
establishment of activated protective T cells [A. Kipnis, I. Orme, unpublished data]
similar to those demonstrated in chronic infection [26]. Furthermore, recruitment of
activated T cells to the lungs following immunization was demonstrated here by studies
in which we examined the lungs of mice vaccinated with Mtb72F protein delivered in a

CD8-directed liposomal formulation. This study showed that a strong antigen-specific
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CD8 T cell response could be elicited in the lungs of mice in the absence of infection, and
that one month after two immunizations, about one-third of the antigen-specific CD8 T
cells in the lungs expressed the IL-7Ra. Moreover, by this time most of these cells had
begun to reduce the expression of CD45RB from high to moderate, which is a further
suggestion of transition to a memory state [21].

The data presented here demonstrate preferential recruitment and accumulation of
activated, antigen-specific CD8 T cells into the lungs of mice following aerosol challenge
with M. tuberculosis. Furthermore, that these cells were capable of producing IFN-y upon
restimulation suggests that they could be actively participating in the control of bacterial
replication. It was also shown that vaccination with the Mtb72F DNA vaccine
significantly increased the number of these cells in the lungs following infection, and
indicates that the CD8 T cell component of adaptive immunity can be specifically
targeted by vaccination. Further studies currently in progress will quantify the amount of
protection conferred by this population of Mtb32-specific CD8 T cells, to further define
the relevance of the CD8 T cell response to M. tuberculosis infection. These experiments,
as well as others in progress, will ultimately determine whether CD8 T cell epitopes
should be included in future M. tuberculosis candidate vaccines.

Utilizing a mouse model that lacks helper T lymphocytes, we examined the
contribution of CD4 T cells to the initiation and the memory recall response of CD8 T
cells. The results of these experiments indicate that while immunization of CD4KO mice
with Mtb72F does result in some increased protective effect as measured by recoverable
bacilli from the lungs, the amount of protection is reduced when compared to wild-type

Mtb72F immunized mice.
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While the total numbers of CD8 T cells in the lungs of infected mice were similar
early during infection, examination of CD8 T cell priming at the antigen-specific level
revealed that immunization with Mtb72F failed to result in an increased precursor
frequency of antigen-specific CD8 T cells in CD4K O mice when compared to the
increase observed in their Mtb72F immunized wild-type counterparts. Not only was the
effectiveness of Mtb72F DNA immunization compromised in CD4K O mice, but the
Mtb32-specific CD8 T cells from these mice also failed to proliferate to a similar level as
wild-type mice by 37 days foliowing infectious challenge. Therefore in the absence of
CD4 T cell help, the antigen-specific CD8 T cell response exhibited defects in the
kinetics and overall magnitude of clonal proliferation in response to antigen. These
results contradict the findings of Serbina ef al. as they observed no proliferative defect in
the absence of CD4 T cell help [42]. The reasons for these differences could be explained
by the increased sensitivity of our antigen-specific assay conditions as opposed to
examination of the CD8 T cell response in total, as was performed in those studies.
Another possible explanation is that the antigen-specific CD8 T cell response to the
Mtb32 antigen may not be representative of the CD8 T cell response to other M.
tuberculosis-derived antigens present during infection. Examination of the host response
to other CD8 T cell epitopes is currently in progress to address this question.

Examination of the number of IFN-y producing CD8 T cells in the lungs
demonstrated that CD4K O mice have much fewer of these cells early following infection,
and that while the number of these cells increases to wild-type levels by day 37, these
mice still fail to control bacterial replication at a level similar to control mice. When the

number of IFN-y producing cells is overlaid upon the total number of IFN-y producing
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cells in the lung, it becomes apparent that in CD4KO mice, the majority of IFN-y
production is CD8 T cell-derived. Therefore these mice are unable to adequately
compensate for the lack of CD4 T cell-derived IFN-y. These experiments confirm and
extend the observation that IFN-y producing CD8 T cells accumulate in the lungs of
infected CD4KO mice, but fail to control infection [8]. Examination of the cellular influx
into the infected lung determined that CD4KO mice do not recruit more NK cells or y6
cells to compensate for the lack of CD4 T lymphocytes.

Interestingly, while the magnitude of the antigen-specific CD8 T cell response
was significantly affected by the lack of CD4 T cell help, the critical attribute of memory
CD8 T cell generation appeared to be unimpaired in CD4 KO mice. Similar numbers and
percentages of Mtb32-specific CD8 T cells were able to upregulate expression of the IL-
7R, indicating that the early stages of transition into memory cells was not impaired in
the absence of CD4 T cell help. It remains to be determined if the antigen-specific cells
generated in the absence of CD4 T cell help possess functional defects or are able to
persist at levels similar to memory cells generated in the presence of CD4 T cell
costimulation.

Taken together, these data indicate defective CD8 T cell priming in the absence of
adequate CD4 T cell costimulation that immunization with Mtb72F cannot overcome,
and that CD4 T cells are required for optimum CD8 T cell-mediated protection in the
lungs. Further elucidation of the precise contribution of CD8 T cells during pulmonary
tuberculosis will aid in rational vaccine design and contribute to the overall success of

tuberculosis vaccine development.
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ATGACGGCCGCGTCCGATAACTTCCAGCTGTCCCAGGGTGGGCAGGGATTCGCCATTCC
GATCGGGCAGGCGATGGCGATCGCGGGCCAGATCCGATCGGGTGGGGGGTCACCCACCG
TTCATATCGGGCCTACCGCCTTCCTCGGCTTGGGTGTTGTCGACAACAACGGCAACGGC
GCACGAGTCCAACGCGETGGTCGGCGAGCGCTCCGGCGGCAAGTCTCGGCATCTCCACCGE
CGACGTGATCACCGCGGTCGACGGCGCTCCGATCAACTCGGCCACCGCGATGGCGGACG
CGCTTAACGGGCATCATCCCGGTGACGTCATCTCGGTGACCTGGCAAACCAAGTCGGGC
GGCACGCGTACAGGGAACGTGACATTGGCCGAGGGACCCCCGGCCGAATTCATGCGTGGA
TTTCGGGGCGTTACCACCGGAGATCAACTCCGCGAGGATGTACGCCGGCCCGGGTTCGG
CCTCGCTGGTGGCCGCGGCTCAGATGTGGCGACAGCGTGGCGAGTGACCTGTTTTCGGCC
GCGTCGGCGTTTCAGTCGEGTGGTCTGGGGTCTGACGCTGGGGTCGTGGATAGGTTCGTC
GGCGGGTCTGATGGTGGCGGCGGCCTCGCCGTATGTGGCGTGGATGAGCGTCACCGCGG
GGCAGGCCGAGCTGACCGCCGCCCAGGTCCGGGTTGCTGCGGCGGCCTACGAGACGGCG
TATGGGCTGACGGTGCCCCCGCCGGTGATCGCCGAGAACCGTGCTGAACTGATGATTCT
GATAGCGACCAACCTCTTGGGGCAAAACACCCCGGCGATCGCGGTCAACGAGGCCGAAT
ACGGCGAGATGTGGGCCCAAGACGCCGCCGCGATGTTTGEGCTACGCCGCCGCGACGGCGE
ACGGCGACGGCGACGTTGCTGCCGTTCGAGGAGGCGCCGGAGATGACCAGCGCGGGTGG
GCTCCTCGAGCAGGCCGCCGCGGTCGAGGAGGCCTCCCGACACCGCCGCGGCGAACCAGT
TGATGAACAATGTGCCCCAGGCGCTGCAACAGCTGGCCCAGCCCACGCAGGGCACCACG
CCTTCTTCCAAGCTGGGTGGCCTGTGGAAGACGETCTCGCCGCATCGGTCGCCGATCAG
CAACATGGTGTCGATGGCCAACAACCACATGTCGATGACCAACTCGGGTGTGTCGATGA
CCAACACCTTGAGCTCGATGTTGAAGGGCTTTGCTCCGGCGGCGGCCGCCCAGGCCGTG
CAAACCGCGGCGCAAAACGGGGTCCGGGCGATGAGCTCGCTGGGCAGCTCGCTGGGTTC
TTCGGGTCTGGGCGGTGEGGTGGCCGCCAACTTGGGTCGGGCGGCCTCGGTCGGTTCGT
TGTCGGTGCCGCAGGCCTGGGEGCCGCGGCCAACCAGGCAGTCACCCCGGCGEGCGCGEGCG
CTGCCGCTGACCAGCCTGACCAGCGCCGCGGAAAGAGGGCCCGGGCAGATGCTGGGCGG
GCTGCCGGTGGGGCAGATGEGCGCCAGGGCCGGTGETGGGCTCAGTGGTCGTGCTGCETG
TTCCGCCGCGACCCTATGTGATGCCGCATTCTCCGGCAGCCGGCGATATCGCCCCGCCG
GCCTTGTCGCAGGACCGGTTCGCCGACTTCCCCGCGCTGCCCCTCGACCCGTCCGCGAT
GGTCGCCCAAGTGGGGCCACAGGTGGTCAACATCAACACCAAACTGGGCTACAACAACG
CCGTGGGCGCCGGGACCGGCATCGTCATCGATCCCAACGGTGTCGTGCTGACCAACAAC
CACGTGATCGCGGGCGCCACCGACATCAATGCGTTCAGCGTCGGCTCCGGCCAAACCTA
CGGCGTCGATGTGGTCGGGTATGACCGCACCCAGGATGTCGCGGTGCTGCAGCTGCGCG
GTGCCGGTGGCCTGCCGTCGGCGGCGATCGGTGGCGGCGTCGCGGTTGGTGAGCCCGTC
GTCGCGATGGGCAACAGCGGTGGGCAGGGCGGAACGCCCCGTGCGGTGCCTGGCAGGGT
GGTCGCGCTCGGCCAAACCGTGCAGGCGTCGGATTCGCTGACCGGTGCCGAAGAGACAT
TGAACGGGTTGATCCAGTTCGATGCCGCGATCCAGCCCGGTGATTCGGGCGGGCCCGTC
GTCAACGGCCTAGGACAGGTGGTCGGTATGAACACGGCCGCGTCC

Figure 3.1. The Mtb72F DNA vaccine sequence. The DNA information was obtained
upon sequence analysis of the Mtb72F DNA vaccine following amplification in E. coli.
The nucleotides in blue are derived from the Mtb32 protein, while those in red are from
the Mtb39 protein. The nucleotides highlighted in green are residual bases left over
from construction of the vaccine construct. The adenine highlighted in black is a silent
single base pair substitution (G—A) present in the original DNA vaccine construct
provided by the Corixa Corporation.
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Mtb32,4, 153 Mtb39, Mtb32, 45

MTAASDNFQLSQGGQGFAIPIGQAMAIAGQIRSGGGSPTVHIGPTAFLGLGVVDNNGNG
ARVQRVVGSAPAASLGISTGDVITAVDGAPINSATAMADALNGHHPGDVISVTWQTKSG
GTRTGNVTLAEGPPAEFMVDFGALPPEINSARMYAGPGSASLVAAAQMWDSVASDLFSA
ASAFQSVVWGLTVGSWIGSSAGLMVAAASPYVAWMSVTAGQAELTAAQVRVAAAAYETA
YGLTVPPPVIAENRAELMILIATNLLGONTPATIAVNEAEYGEMWAQDAAAMFGYAAATA
TATATLLPFEEAPEMTSAGGLLEQAAAVEEASDTAAANQLMNNVPQALQQLAQPTQGTT
PSSKLGGLWKTVSPHRSPISNMVSMANNHMSMTNSGVSMTNTLSSMLKGFAPAAAAQAV
QTAAQNGVRAMSSLGSSLGSSGLCGGGVAANLGRAASVGSLSVPQAWAAANQAVTPAARA
LPLTSLTSAAERGPGQMLGGLPVGQMGARAGGGLSGVLRVPPRPYVMPHSPAAGDIAPP
ALSQDRFADFPALPLDPSAMVAQVGPQVVNINTKLGYNNAVGAGTGIVIDPNGVVLTNN
HVIAGATDINAFSVGSGQTYGVDVVGYDRTQDVAVLQLRGAGGLPSAAIGGGVAVGEPV
VAMGNSGGQGGTPRAVPGRVVALGQTVQASDSLTGAEETLNGLIQFDAATQPGDSGGPV
VNGLGQVVGMNTAAS

Figure 3.2. The protein sequence of the Mtb72F fusion protein vaccine construct. The
amino acids in blue are derived from the Mtb32 protein, while those in red are from the
Mtb39 protein. The amino acids highlighted in green are residues left over from
construction of the fusion protein construct. The 10-mer peptide sequence highlighted
in black is the CD8 T cell epitope utilized in subsequent Mtb32 antigen-specific
experiments.
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Figure 3.3. Inmunization with the Mtb72F DNA vaccine confers approximately 1-
log,, of protection in the lungs of mice at 21 days, although this protective effect is
transient in nature. C57BL/6 mice (n=4) were immunized with the Mtb72F DNA
vaccine or saline treated three times at three week intervals, followed by three weeks
of rest. Following low dose aerosol infection (LDA) with M. tuberculosis H37Rv,
partial lung homogenates were plated onto Middlebrook 7H11 agar and colonies were
enumerated after 2-3 weeks. Data are expressed as the means + the standard deviation.
Statistical significance based upon a comparison of Mtb72F immunized and
nonimmunized groups was determined using Student’s ¢ test and is indicated by an
asterisk (P < 0.05). 4 - Saline treated, m - Mtb72F immunized.
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Figure 3.4. Immunization with the Mtb72F DNA vaccine does not confer increased
resistance in the spleens of recipient mice. At all timepoints observed, there were no
statistical differences in bacterial numbers between immunized and nonimmunized
mice. Data are expressed as the means + the standard deviation. 4 - Saline treated,
® - Mtb72F immunized.
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Figure 3.5. Kinetic analysis of the Mtb32 antigen-specific CD8 T cell response in
nonimmunized mice and in mice immunized with Mtb72F followed by low dose aerosol
infection with M. tuberculosis. C5TBL/6 mice were immunized three times at three week
intervals via the intramuscular route. Mice were challenged three weeks following the
last immunization. Timepoints represent the number of days after infection. Lung cells
were stained with the Mtb32 H-2DP tetramer and antibodies specific for CD3, CD8, and
CDA44. Lymphocytes were gated based upon characteristic size and granularity, and
further gated based upon concurrent CD3 and CDS expression. The data are from one
mouse and are representative of #=4 mice. Percentages represent the number of CD44h
tetramer" cells as compared to the total number of CD3*/CD8* cells. In all cases,
background tetramer staining in naive mice was < 0.15%.
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Figure 3.6. Immunization with Mtb72F resulted in greater numbers of antigen-specific
CD8 T cells in the lungs of mice following infection. Data are expressed as the means +
the standard errors of the means and are from four mice per group per timepoint.
Triangles, Mtb72F immunized mice; Squares, nonimmunized mice. Statistical
significance based upon a comparison of Mtb72F immunized and nonimmunized groups
was determined using Student’s ¢ test and is indicated by an asterisk (P < 0.005).
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Figure 3.7. Intracellular cytokine staining of lung-derived cells for granzyme B and
IFN-y at 30 days following aerogenic infection suggests that the tetramer™ cells are
primarily IFN-y producing rather than cytolytic. The data are from one mouse and are
representative of n=4. Percentages represent the number of antigen-specific IFN-Y" or
granzyme B™ cells as compared to the total number of tetramer™* cells.
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Figure 3.8. Mtb32 tetramer" CD8 T cells in the lung express high levels of IL-7Ro
following immunization with Mtb72F and subsequent aerogenic challenge. At multiple
timepoints, lung cells were stained with the H-2DP tetramer and antibodies specific for
CD3, CD8, and IL-7Ra. Lymphocytes were gated based upon characteristic size and
granularity, and further gated based upon concurrent CD3 and CD8 expression. The data
are from one mouse and are representative of #—4. Percentages represent the number of
IL-7RoM tetramer® cells as compared to the total number of tetramer* cells. In all cases,
background tetramer staining in naive mice was < 0.15%.
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Figure 3.9. Greater numbers of Mtb32-specific IL-7Rah CD8 memory precursor T
cells were present in the lungs of Mtb72F immunized mice prior to day 60 as
compared to nonimmunized mice following M. tuberculosis infection. Data are
expressed as the means + the standard errors of the means (n=4 mice/group/timepoint).
Triangles, Mtb72F immunized mice; Squares, nonimmunized mice. Statistical
significance based upon a comparison of Mtb72F immunized and nonimmunized
groups was determined using Student’s ¢ test and is indicated by an asterisk (P < 0.05).
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Figure 3.10. Immunization with Mtb72F protein in conjunction with cationic liposome
complexes and non-coding DNA results in a strong pulmonary antigen-specific CD8 T
cell response in the absence of infection. Percentages represent the number of
CD3*/CD8"/tetramer™ cells as compared to the total number of CD3*/CD8* T cells in
the lung. C57BL/6 mice (n=4 mice/group/timepoint) were immunized two times, 14
days apart via the intraperitoneal route. Five days and 28 days following the second
immunization, lung cells were isolated and stained with the H-2D® tetramer and
antibodies specific for CD3, CD8, and CD44. Lymphocytes were gated based upon
characteristic size and granularity, and further gated based upon concurrent CD3 and
CDS8 expression. Data are expressed as the means + the standard errors of the means.
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Figure 3.11. Mtb32-specific CD8 T cells isolated from lungs of mice following
immunization possess an activated phenotype. Mice (n=4 mice/group/timepoint) were
immunized two times, 14 days apart via the intraperitoneal route with cationic
liposomes plus Mtb72F protein. Five days and 28 days following the second
immunization, lung cells were isolated and stained with the H-2DP tetramer and
antibodies specific for CD3, CD8, and surface activation markers. Representative dot
plots are shown where the percentages represent the number of tetramer* cells falling
within the indicated region as compared to the total number of tetramer* cells.
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Figure 3.12. Mtb32 antigen-specific CD8 T cells are recruited to the lungs following
immunization with BCG Pasteur. C57BL/6 mice (n=5) were immunized with either 10°
CFU of BCG or saline via the subcutaneous route. Twenty-one days and 42 days
following immunization, lungs were harvested and analyzed by flow cytometry. Cells
were gated based upon characteristic forward- vs. side-scatter profiles and expression
of CD3 and CDS8. Percentages represent the number of Mtb32 tetramer* cells as
compared to the total number of CD3*/CD8* T cells.
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Figure 3.13. Mtb32 antigen-specific CD8 T cells elicited by immunization with BCG
Pasteur proliferate following subsequent aerosol challenge with M. tuberculosis
H37Rv, although to a lesser degree than in nonimmunized mice. CS7BL/6 mice (n=5)
were immunized with either BCG Pasteur or saline three weeks prior to low dose
aerosol infection. Flow cytometric analysis was performed 30 days following aerosol
infection. Cells were gated based upon characteristic forward- vs. side-scatter profiles
and expression of CD3 and CDS8. Percentages represent the number of Mtb32 tetramer*
cells as compared to the total number of CD3*/CD8" T cells.
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Figure 3.14. In the absence of CD4 T cells, immunization with the Mtb72F vaccine
failed to protect recipient mice to the same level as wild-type control mice. C57BL/6
and CD4KO mice (n=4) were immunized with Mtb72F DNA three times at three week
intervals, followed by 3 weeks of rest. Following low dose aerosol infection, partial
lung homogenates were plated onto Middlebrook 7H11 agar and colonies were
enumerated after 2-3 weeks. Data are expressed as the means + the standard deviation.
Statistical significance based upon a comparison of Mtb72F immunized and
nonimmunized wild-type and CD4KO groups was determined using Student’s ¢ test
(*=P<0.01,$=P<0.10). ¢-C57BL/6 saline treated, m - C57BL/6 Mtb72F
immunized, - CD4KO saline treated, ® - CD4KO Mtb72F immunized.
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Figure 3.15. Immunization with the Mtb72F DNA vaccine does not control bacterial
replication in the spleen mice better than control mice. Mice were immunized as
previously described. Data are expressed as the means + the standard deviation.

4 - C57BL/6 saline treated, m - C57BL/6 Mtb72F immunized, - CD4KO saline
treated, ® - CD4KO Mtb72F immunized.
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Figure 3.16. In the absence of CD4 T cells, comparable numbers of CD8 T cells are
recruited into the lungs of mice infected with M. tuberculosis. Data are expressed as the
means + the standard errors of the means and are from four mice per group per timepoint.
Statistical significance based upon a comparison of Mtb72F immunized and
nonimmunized groups was determined using Student’s # test (* = P < 0.05, £ = P < 0.01).
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Figure 3.17. CD4 T cells are required for the efficient generation and expansion of Mtb32-
specific CD8 T cells following immunization with Mtb72F and LDA infection with M.
tuberculosis H37Rv. C57BL/6 or CD4KO mice (n=4) were immunized three times, at
three week intervals via the intramuscular route. Lymphocytes were gated based upon
characteristic size and granularity, and further gated based upon concurrent CD3 and CD8
expression. Percentages represent the number of CD44" tetramer* cells as compared to the
total number of CD3*/CD8" cells. In all cases, background tetramer staining in naive mice
was < 0.15%.
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Figure 3.18. Total number of Mtb32-specific CD8 T cells in the lungs of CS7BL/6 or
CD4KO mice following immunization with Mtb72F and subsequent aerosol infection
with M. tuberculosis H37TRv. At 20 days and 37 days following aerosol infection, lungs
were harvested and stained using the Mtb32 H-2D" tetramer reagent and antibodies
specific for CD3, CD8, and CD44. Data are expressed as the means =+ the standard errors
of the means and are from four mice per group per timepoint. Statistical significance
based upon a comparison of Mtb72F immunized and nonimmunized groups was
determined using Student’s # test (* = P <0.05, 1 = P <0.1).
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Figure 3.19. Total number of CD8 T cells producing IFN-y in the lungs of immunized
and nonimmunized mice. Data are expressed as the means + the standard errors of the
means and are from four mice per group per timepoint. Statistical significance based
upon a comparison of Mtb72F immunized and nonimmunized or wild-type and CD4KO
groups was determined using Student’s ¢ test (* = P < 0.005, £ = P <0.001).
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Figure 3.20. Total number of IFN-y* cells in the lungs of mice. IFN-y production is
delayed in CD4KO mice, and the total number of IFN-y* cells is reduced when
compared to wild-type mice. Data are expressed as the means =+ the standard errors of
the means and are from four mice per group per timepoint. Statistical significance based
upon a comparison of Mtb72F immunized and nonimmunized groups was determined
using Student’s ¢ test and is indicated by an asterisk (P < 0.005).
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Figure 3.21. CD8 T cells account for the majority of IFN-y producing cells in the lungs
of CD4KO mice. The total number of CD8 T cells producing IFN-y (green bars) is
compared to the total number of IFN-y producing cells in the lung (orange bars).
Percentages represent the mean number of IFN-y* CD8 T cells as compared to the mean
total number of IFN-y* cells.
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Figure 3.22. In the absence of CD4 T cells, CD4KO mice do not recruit more NK1.1*
cells into the lung. Histogram represents the total number of NK1.1* cells in the lung.
Data are expressed as the means + the standard errors of the means and are from four
mice per group per timepoint. Statistical significance based upon a comparison of
Mtb72F immunized and nonimmunized groups was determined using Student’s ¢ test
and no significant differences were present.
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Figure 3.23. CD4KO mice do not recruit more Y9 cells into the lung. Histogram
represents the total number of yd cells in the lung. Data are expressed as the means + the
standard errors of the means and are from four mice per group per timepoint. Statistical
significance based upon a comparison of Mtb72F immunized and nonimmunized groups
was determined using Student’s ¢ test and is indicated by an asterisk (P < 0.05).
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Figure 3.24. The absence of CD4 T cells does not prevent the generation of CD8 T cells
with a memory precursor phenotype. Lung cells were stained with the H-2DP tetramer
and antibodies specific for CD3, CD8, and IL-7Ra. Lymphocytes were gated based upon
characteristic size and granularity, and further gated based upon concurrent CD3 and
CD8 expression. The data are from one mouse, and are representative of n=4.
Percentages represent the number of IL-7RoM tetramer™ cells as compared to the total

number of tetramer™ cells. In all cases, background tetramer staining in naive mice was
<0.15%.
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Figure 3.25. Percent of Mtb32 tetramer* CD8 T cells expressing IL-7Rao.. Percentages
represent the mean number of IL-7Ror" Mtb32 tetramer* CD8 T cells as compared to the
total number of Mtb32 tetramer” CD8 T cells in the lung. Data are expressed as the
means =+ the standard errors of the means and are from four mice per group per
timepoint. Statistical significance based upon a comparison of Mtb72F immunized and
nonimmunized groups was determined using Student’s ¢ test and no significant
differences were present.
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Figure 3.26. Histological comparison of lung tissue obtained from either wild-type C57BL/6 or CD4KO mice 20 days following
LDA infection. Mice were immunized as previously described. Yellow size bar represents 200 pm.
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Figure 3.27. Histological comparison of lung tissue obtained from either wild-type C57BL/6 or CD4KO mice 37 days following

LDA infection. Mice were immunized as previously described. Yellow size bar represents 200 pm.
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Chapter 4

The Antigen-Specific CD8 T Cell Response to Mtb10.3/4
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Introduction

Mpycobacterium tuberculosis is a highly successful facultative intracellular
pathogen that infects approximately one-third of the world’s population [3]. Due to the
variable protective efficacy of the bacille Calmette-Guérin (BCG) vaccine, development
of a safe and more effective vaccine has become a global priority. In order to facilitate
rational vaccine design, small animal models of tuberculosis infection have been utilized
to characterize the correlates of protection, and to screen potential vaccine candidates. It
has been established that a protective immune response to tuberculosis relies on the
induction of cell-mediated immunity, primarily involving CD4 T cells. However, there is
also increasing experimental evidence in support of a protective role for CD8 T cells. It
has been shown that CD8 T cells rapidly accumulate at the sites of infection, and that
these cells can produce IFN-y, which is known to be essential for protection during M.
tuberculosis infection [4, 12]. Experiments using CD8 knock-out (KO), MHC class 1 KO,
and H-2K®/D® KO mouse models all support a protective role for CD8 T cells [9, 11, 13-
15]. In addition, antibody depletion of CD8 T cells increases susceptibility to aerosol
infection with M. tuberculosis, with the greatest CD8 T cell-mediated effect being
evident during the chronic stage of infection [10, 16].

In a recent publication, a murine CD8 T cell epitope was defined that was present
in Mtb10.3 and Mtb10.4; two related M. tuberculosis-derived proteins of unknown
function in the ESAT-6 family of low molecular weight, secreted proteins [8].
Unfortunately, this paper did not examine the in vivo immunological reactivity of this

epitope during infection with M. tuberculosis, nor did it examine whether this antigenic

240

Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.



epitope was protective in a low dose aerosol mouse model of tuberculosis infection. As
such, we sought to determine if this epitope conferred protection and therefore should be
considered for inclusion in candidate tuberculosis vaccines. We also wished to define the
extent of immunological reactivity to this single antigenic epitope to further define the
role that CD8 T cells play during pulmonary infection with tuberculosis. By utilizing a
MHC class I H-2K? tetramer reagent, we were able to examine the magnitude and
kinetics of the Mtb10.3/4 antigen-specific CD8 T cell response in Balb/c mice during the

course of infection.

Materials & Methods

Mice. Studies were performed using 8-10 week old specific pathogen-free female Balb/c
mice purchased from Charles River Laboratories (Wilmington, MA). All mice were
maintained within a biosafety level III facility at Colorado State University for the
duration of the experiments, and had free access to sterile water and standard mouse
chow. The specific pathogen-free nature of the mouse colonies was demonstrated by
testing sentinel animals, which were shown to be negative for 13 known mouse
pathogens. All experimental procedures were approved by the Colorado State University

Animal Care and Use Committee.

Bacterial Strains. M. tuberculosis strain H37Rv, originally obtained from the Trudeau

Mycobacteria Collection (TMCC #102), was grown from low passage seed lots in
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Proskauer-Beck liquid media containing 0.05% Tween 80 to mid-log phase, and 1.5 ml

aliquots were frozen at -70°C until use.

Immunizations and Aerosol Infection. Mice were immunized 3 times at 3 week
intervals with either 25 ug of GYAGTLQSL peptide in monophosphoryl lipid A-
squalene emulsion (MPL-SE; Corixa Corporation, 25 pg/dose) and dimethyl
dioctadecylammonium bromide (DDA; Eastman Kodak, Inc., Rochester, N.Y ., 250
pg/dose), MPL-SE/DDA adjuvant, phosphate buffered saline (PBS), or 50 pg low
molecular weight culture filtrate protein (LMW CFP; Colorado State University, Fort
Collins, CO) in MPL-SE/DDA. All immunizations were performed via the intramuscular
(tibialis) route. For each immunization, mice were injected with a total volume of 100
pl/mouse using 50 pl/leg. Three weeks following the last immunization, mice were
infected via the aerosol route using a Glas-Col aerosol generator (Glas-Col, Terre Haute,
IN), such that ~100 viable bacteria were deposited in the lungs of each animal. The
number of viable bacteria in the lungs was determined at specific timepoints by plating
10-fold serial dilutions of individual partial organ homogenates on nutrient Middlebrook

7H11 agar, and counting bacterial colonies after 21 days of incubation at 37°C.

Single-Cell Suspension Preparation. Animals were sacrificed by carbon dioxide
asphyxiation and were perfused through the heart with 10 ml cold PBS containing 3 U/ml
heparin (Sigma-Aldrich, St. Louis, MO). The lungs were removed from the pulmonary
cavity and placed in cold Dulbecco’s minimal essential medium (DMEM; Cellgro,

Herndon, VA). The lung tissue was disrupted using sterile razor blades and incubated for
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30 minutes at 37°C in a final volume of 2 ml DMEM containing 0.7 mg/mi collagenase D
(Roche Applied Science, Indianapolis, IN) and 30 pg/ml deoxyribonuclease (Sigma-
Aldrich). Following incubation, the digested lung tissue was gently passed through a
sterile 70 pm nylon screen, rinsed using 8 ml cold DMEM supplemented with 10% heat-
inactivated endotoxin low fetal bovine serum (Atlas Biologicals, Fort Collins, CO), 10
mM HEPES buffer (Sigma-Aldrich), 2 mM L-glutamine (Sigma-Aldrich), 2% MEM-
nonessential amino acids (100x; Sigma-Aldrich), 50 uM 2-mercaptoethanol (Sigma-
Aldrich) and centrifuged at 200 x g. Red blood cells were lysed using Gey’s solution
(0.15 M NH,4Cl, 10 mM KHCOs3) and the samples were centrifuged and resuspended in
DMEM plus supplements. Cells were counted using a hemacytometer and aliquots were

taken for flow cytometric analysis.

Flow Cytometry. Single-cell suspensions from individual mice were resuspended in PBS
containing 0.1% sodium azide (Fisher Chemicals, Fairlawn, NJ). Cells were incubated in
the dark for 20 minutes at 4°C with specific antibody (directly conjugated to fluorescein
isothiocyanate [FITC], phycoerythrin [PE], peridinin chlorophyll a protein [PerCP], or
allophycocyanin [APC] at 3 pug/ml), followed by 2 washes using PBS with sodium azide.
Cells were analyzed immediately using a FACSCalibur dual laser flow cytometer (BD
Biosciences, Mountain View, CA) and the data were analyzed using CellQwest software
(BD Biosciences, San Jose, CA) and Summit software (DakoCytomation, Fort Collins,
CO). Viable lymphocytes were gated based upon their forward- and side-scatter
characteristics and cell populations were analyzed by expression of fluorochrome-labeled

markers. All analyses were performed with a minimum acquisition of 200,000 events.
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Cell surface markers were analyzed with the following specific antibodies: FITC
anti-CD44 (clone IM7); PE anti-CD62L (clone MEL-14), anti-NK1.1 (clone PK136);
PerCP anti-CD8a (clone 53-6.7); and APC anti-CD3¢ (clone 145-2C11). Cell
suspensions were also stained with a PE-Mtb10.3/4 H-2K® MHC class I tetramer (NIH
Tetramer Facility, Bethesda, MD) containing the peptide GYAGTLQSL. Background
staining with this tetramer reagent was less than 0.5% when staining cells from naive

mice or from MHC mismatched (C57BL/6, H-2") mice.

In vivo Cytolytic Assay. Whole splenocytes were harvested from naive Balb/c donor
mice and red blood cells were lysed using Gey’s solution. Half of the splenocytes were
stained with 0.5 pM carboxyfluorescein diacetate, succinimidyl ester (CFSE";
Invitrogen, Carlsbad, CA) and the other half were stained with 5 pM CFSE (CFSE™) in
PBS for 10 minutes at room temperature in the dark. Cells were washed two times with
DMEM plus supplements and the CFSE™ cells were pulsed with 10 pM GYAGTLQSL
peptide for 1 hour at 37°C. Cells were washed two times in PBS, and resuspended in PBS
at a concentration of 5 x 107 cells/ml. CFSE™ and CFSEP cells were mixed in a 1:1 ratio,
and 107 total cells in a volume of 200 pl were transferred i.v. into naive mice and mice
that had been infected with M. tuberculosis H37Rv for 30 days by low dose aerosol
infection. Lungs and spleens were harvested 18 hours later and examined by flow

cytometry.

Histology. Individual lung lobes were first perfused and then immersed in 10%

phosphate-buffered formalin solution and embedded in paraffin wax. Sections of 5 um
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thickness were prepared and stained using hematoxylin and eosin, and examined by a

trained pathologist in a double-blinded fashion.

Data & Results

A large, persistent Mtb10.3/4 antigen-specific CD8 T cell response is induced in the
lungs of Balb/c mice following aerosol challenge with virulent M. tuberculosis.
Utilizing a H-2K® MHC class I tetramer reagent, the antigen-specific CD8 T cell response
to the Mtb10.3/4-derived GY AGTLQSL epitope was examined at various timepoints
following aerosol challenge (Figure 4.1). As a positive control to obtain higher frequency
tetramer staining, mice were immunized with specially prepared low molecular weight
M. tuberculosis culture filtrate protein (LMW CFP), which contained low molecular
weight secreted proteins including Mtb10.3/4 (data not shown). Large numbers of
Mtb10.3/4-specific CD8 T cells were present in the lungs of mice by 30 days following
infection (Figure 4.2). The response to this peptide epitope was both prolonged and
continuous, with large numbers of antigen-specific cells still present in the lungs at 180
days following infection. Incredibly, greater than 50% of the total CD3/CD8-positive
cells in the lungs of some mice were specific for the GYAGTLQSL epitope, indicating

the immunodominant nature of this epitope.

Immunization with the Mtb10.3/4 peptide epitope does not elicit an increase in CD4

T cells expressing an activated phenotype. To ensure that the peptide immunization
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regimen employed in these experiments did not induce an aberrant CD4 T cell response,
the number of CD4 T cells in the lungs expressing an activated surface phenotype was
analyzed by flow cytometry at multiple timepoints (Figure 4.3). Activated CD4 T cells
were identified by concurrent expression of CD3, CD4, and CD44 as well as the absence
of CD62L (CD3"CD4'CD44"CD621"°). No differences in the number of activated CD4
T cells were observed between peptide immunized and nonimmunized mice at the

timepoints examined.

The total number of CD8 T cells expressing an activated phenotype does not
increase with immunization. Using flow cytometry, the total number of CD8 T cells
possessing an activated surface phenotype was examined at multiple timepoints following
infection (Figure 4.4). Activated CD8 T cells were identified by concurrent expression of
CD3, CDS8, and CD44 as well as the absence of CD62L (CD3+CD8+CD44mCD62L1°).
Immunization with the Mtb10.3/4 peptide failed to result in increased numbers of
activated CD8 T cells within the lungs. No differences in the number of activated CD8 T
cells were observed between peptide immunized and nonimmunized mice at the

timepoints examined.

The GYAGTLQSL peptide epitope induces significant CD8 T cell cytolytic activity
in'previously infected mice. Using a novel in vivo antigen-specific cytolytic assay, we
examined whether CD8 T cells specific for the Mtb10.3/4-derived GYAGTLQSL peptide
epitope were able to efficiently lyse adoptively-transferred peptide pulsed target cells [2].

The results of this assay demonstrated that M. tuberculosis infected Balb/c mice were
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able to mount a significant cytolytic response both in the lungs and in the spleen directed

against this epitope (Figure 4.5).

Histological examination of the lungs of infected mice. Hematoxylin and eosin stained
lung sections were examined by a trained pathologist in a double-blinded evaluation. At
30 days following infection, control Balb/c mice exhibited pronounced lymphocytic
infiltration within the lungs, primarily confined to perivascular and peribronchiolar
regions, some of which extended into neighboring regions containing large numbers of
epithelioid macrophages (Figure 4.6). Although small numbers of isolated
polymorphonuclear cells (PMNs) were present, PMN influx into infectious foci was rare
at this stage of infection. Isolated plasma cells were evident, primarily localized to the
periphery of the developing granulomatous lesions.

By 60 days following infection, large highly vacuolated foamy macrophages were
present in significant numbers (Figure 4.7). Lymphocytes were primarily confined to
perivascular and peribronchiolar cuffs, with densely-packed clusters extending into the
lung parenchyma, often surrounded by large numbers of epithelioid and foamy
macrophages in various stages of early degeneration. In addition, small clusters of PMNs -
were evident, and appeared to preferentially localize within granulomas adjacent to dense
concentrations of foamy macrophages. Small foci of localized necrosis were present as
foamy macrophages began to break down and disintegrate. Small aggregates of plasma
cells were observed, primarily in association with blood vessels adjacent to granulocytic

foci.
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By day 120, many foamy macrophages possessed prominent intracellular
cholesterol clefts (Figure 4.8). Many of these foamy macrophages coalesced into large
areas of prominent necrosis, some of which contained cellular debris. Fibrotic
encapsulation of necrotic areas was also apparent in many instances. There was also a
prominent PMN influx resulting in large numbers of neutrophilic clusters primarily
localized to regions adjacent to cellular necrosis. Polymorphonuclear cells were
conspicuously present within blood vessels, indicating continuous recruitment of large
numbers of these cells into the lung. The prominent, densely-packed lymphocytic clusters
became increasingly separated and were surrounded by epithelioid and foamy
macrophage-dominated regions as the granulomatous organization began to break down.
As the cellularity within the granulomas continued to progressively increase, individual
granulomas coalesced into large regions of pulmonary consolidation. Small numbers of
multinucleated giant cells were present.

At 180 days following infection, consolidation of large regions of the lung and
prominent multifocal necrosis were indicative of the progressively worsening pathology
within the lung (Figure 4.9). Cellular debris was present within necrotic foci, as well as
within alveolar spaces. It was evident that pulmonary capacity was significantly reduced
by cellular accumulation at existing lesions as well as by compaction of alveoli in areas
adjacent to continuously expanding granulomatous lesions. Cellular composition within
granulomas continued to progress towards a more macrophage-dominated lesion,
characterized by increasingly isolated, smaller lymphocytic clusters surrounded by large

areas of epithelioid and foamy macrophages in various stages of degeneration.
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Although no significant histopathological differences existed between the saline
treated, adjuvant treated, and the peptide immunized groups, a significantly improved
immunopathological response was observed in Balb/c mice immunized with low
molecular weight secreted proteins derived from M. tuberculosis cultures. At 30 days
following infection, increased early lymphocytic influx was observed, characterized by
larger perivascular and peribronchiolar sheaths. By 60 days, the pulmonary lesions from
these mice continued to exhibit a pronounced lymphocytic bias in granuloma
composition, with large numbers of these cells readily migrating into the vasculature and
localizing around infectious foci. Fewer foamy macrophages were present, and a
reduction in PMN influx was evident. By 120 days, the amount of multifocal necrosis
was reduced in LMW CFP immunized mice when compared to nonimmunized mice.
These mice continued to have predominantly lymphocyte-dominated granulomas. In
addition, more epithelioid-like and fewer foamy macrophages were present, which
correlated with a reduction in cellular degeneration, necrosis, and the associated
neutrophilic influx commonly observed in control mice. By 180 days following infection,
the histological differences between saline treated mice and LMW CFP immunized mice
were striking. Immunized mice continued to possess much larger numbers of
lymphocytes than control mice, and these lymphocytes tended to exhibit an increased
migrational ability, often penetrating deep within clusters of epithelioid-like
macrophages. In addition, average lesion size and the total amount of pulmonary tissue
involvement were reduced in immunized mice. Interestingly, larger numbers of

multinucleated giant cells were evident in LMW CFP immunized mice.
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Immunization with the Mtb10.3/4 peptide epitope fails to protect recipient mice.
Although large numbers of Mtb10.3/4 antigen-specific CD8 T cells were elicited
following aerosol infection with M. tuberculosis H37Rv, these cells failed to control
bacterial replication within the lung better than control mice. Examination of the number
of recovered bacilli from the lungs of infected mice revealed no significant difference
between Mtb10.3/4 peptide immunized and control mice (Figure 4.10). In addition,
immunization with the Mtb10.3/4 peptide failed to prevent or reduce bacterial
dissemination to the spleen, and did not control bacterial replication within the spleen
better than control mice (Figure 4.11). In contrast, mice immunized with LMW CFP had
greater than 1-log;o reduction in pulmonary bacterial numbers, which persisted for 180
days following aerosol infection. The protective effect of LMW CFP was also apparent in
the spleen, as evidenced by a reduction in bacterial dissemination at 30 days following

infection as well as lower numbers of recoverable bacteria through 120 days.

Discussion

Previously, work by Majlessi et al. defined a murine CD8 T cell epitope shared
between the related Mtb10.3 and Mtb10.4 secreted proteins [8]. Although this paper
identified a strong H-2K® CD8 T cell epitope using in vitro methodology, it failed to
examine the immune response to this epitope in vivo, and it did not address whether the
CD8 T cells elicited in response to this antigen were protective. We therefore sought to

examine these immunological parameters to further elucidate the protective efficacy of
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the CD8 T cell response during pulmonary tuberculosis infection, and to determine the
suitability of the Mtb10.3/4 proteins for inclusion in novel candidate tuberculosis
vaccines. In these studies, we demonstrated that following low dose aerosol infection
with M. tuberculosis H37Rv, an extremely robust antigen-specific CD8 T cell response
was directed against this single epitope, which was not increased by prior immunization
with the peptide epitope at the timepoints examined. This response occurred early in the
lungs, and persisted at very high levels throughout infection for at least 180 days.
Somewhat surprisingly, at later timepoints greater than 50% of the total CD8 T cells in
the lungs of infected mice were specific for this single epitope, indicating that the
Mtb10.3/4 proteins represent highly immunodominant CD8 T cell antigens. This high
level of reactivity was recently observed by Kamath et al. [6]. While the percentages of
tetramer-positive cells observed in that report were somewhat lower, subtle differences in
methodology most likely account for these discrepancies.

As expected, immunization with the peptide epitope failed to result in increased
numbers of CD4 T cells with an activated phenotype in the lungs of mice, affirming the
CD8-specific immunization methodology utilized in these experiments. However, peptide
immunization also failed to induce a detectable increase in activated CD8 T cells. In
addition, immunization with the Mtb10.3/4 peptide epitope failed to induce an observable
increase in tetramer-positive CD8 T cells at the timepoints examined in these studies.
Previously, our laboratory examined the antigen-specific CD8 T cell response to the
Mtb32 protein in C57BL/6 mice [5]. Immunization with Mtb72F; a DNA vaccine
encoding a fusion protein construct containing the Mtb32 protein, also failed to elicit

Mtb32-specific CD8 T cell responses that were different from nonimmunized control
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mice at 30 days following infectious challenge. However, significantly greater numbers
of tetramer-positive cells were observed at 16 days following infection. Had timepoints
prior to infection or earlier following infection been examined in these studies, we
believe that differences between immunized and nonimmunized groups would have been
evident. Studies are currently underway to examine this question.

Irrespective of the failure to observe detectable increases in tetramer-positive cells
following immunization, the primary question we wanted to address was whether the
Mtb10.3/4 CD8 T cell epitope protected mice following challenge with virulent M.
tuberculosis. Despite the induction of a robust Mtb10.3/4 antigen-specific CD8 T cell
response within the lungs of infected mice, this response failed to reduce bacterial
numbers in the lungs better than control groups, and failed to have a beneficial impact
upon histological examination of pulmonary tissue. Therefore, the GYAGTLQSL epitope
does not appear to be suitable for inclusion in novel tuberculosis vaccines, since the cells
elicited by this epitope apparently fail to mediate a long-term protective effect. Although
not directly examined within these studies, it is interesting that a response of this
magnitude failed to have an observable effect upon the course of M. tuberculosis
infection. While further studies will be required to determine the exact defect in the CD8
T cell response to the Mtb10.3/4 antigens, a failure to induce large numbers of
Mtb10.3/4-specific IFN-y producing cells, induction of a pathological cytolytic response,
and/or induction of tolerized or anergic antigen-specific CD8 T cells are possible
explanations that need to be experimentally investigated. The results of the in vivo

cytolytic assay demonstrated that significant CD8 T cell-mediated cytolytic activity was
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directed against the Mtb10.3/4 peptide epitope. Whether this cytolytic response is
beneficial or pathological in nature remains to be investigated.

In previous studies examining the CD8 T cell response to the Mtb72F DNA
vaccine, we observed an initially strong antigen-specific CD8 T cell response that
progressively declined over time [5]. Interestingly, the antigen-specific CD8 T cell
response characterized here differed not only in the significantly greater number of
tetramer-positive CD8 T cells in the Balb/c mice used for these experiments, but also in
the persistent duration of this response. Further studies should be performed to determine
why induction of a CDS8 T cell response of this magnitude failed to result in a decrease in
bacterial numbers in the Iung.

Although Mtb10.3/4 peptide immunization failed to protect mice following
pulmonary challenge with M. tuberculosis, examination of the LMW CFP immunized
control group proved interesting. The large reduction in bacterial numbers (> 1-logjo) in
the lungs of immunized mice confirms earlier reports regarding the antigenicity and
protective efficacy of culture filtrate proteins [1, 7]. In addition, histological examination
revealed distinct differences within this group, extending the results of the previously
published studies. Immunization with LMW CFP markedly increased the number of
lymphocytes that accumulated at the sites of infection and also appeared to have a
positive effect upon the migrational abilities of these cells, allowing them to more rapidly
and effectively surround, infiltrate, and contain infectious foci. It was also observed that
LMW CFP immunization appeared to decrease or at least delay the destructive,
progressive cellular degeneration of foamy macrophages evident in saline treated control

mice. The observed reduction in intracellular cholesterol deposits and cellular necrosis
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also correlated with a concomitant reduction in the number of neutrophilic clusters
commonly observed in association with destructive necrotic foci in nonimmunized mice.
The exact mechanisms responsible for this protective effect were not examined, as the
primary purpose of this study was to determine if a single CD8 T cell epitope could
protect mice from subsequent aerosol challenge. However, since immunization with
LMW CFP reduced pulmonary bacterial burden to levels equal to or exceeding those
commonly observed following BCG immunization (data not shown), further investigation
of the cellular composition and spatial positioning of immune cells within granulomas
from LMW CFP immunized mice may reveal histological correlates of protection that
could be targeted by novel tuberculosis vaccines.

Although the highly immunodominant GYAGTLQSL CDS8 T cell epitope
ultimately failed to protect mice upon aerosol challenge, elicitation of such a large
antigen-specific CD8 T cell response following aerosol infection was an unexpected and
immunologically significant observation that deserves further study. Further elucidation
of the precise role that CD8 T cells play during infection with M. tuberculosis will allow
for better definition of the correlates of protection in the lung, and ultimately aid in

rational tuberculosis vaccine design.
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Figure 4.1. Kinetic assessment of the Mtb10.3/4 antigen-specific CD8 T cell response over time following aerosol infection. Balb/c
mice (n=4) were immunized with either MPLSE-DDA, the Mtb10.3/4 GYAGTLQSL peptide in MPLSE-DDA, LMW CFP, or saline
treated. Cells were gated by characteristic forward- and side-scatter patterns and concurrent CD3/CD8 expression. Percentages
represent the number of tetramer® cells compared to the total number of CD3*/CD8" T cells.
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Figure 4.2. The total number of Mtb10.3/4 antigen-specific CD8 T cells in the lungs
following LDA infection. At the timepoints observed, immunization with the Mtb10.3/4
peptide epitope failed to result in increased numbers of Mtb10.3/4-specific CD8 T cells
present in the lungs. Single cell suspensions from the lungs of Balb/c mice were stained
with the H-2K¢ tetramer reagent in conjunction with antibodies specific for CD3, CDS,
and CD44. Lymphocytes were gated based upon characteristic forward- vs. side-scatter
profiles. Data are expressed as the means + the standard errors of the means and are from
4 mice per group per timepoint. 4 - Saline treated, ® - Adjuvant treated, - Mtb10.4
peptide immunized, ® - LMW CFP immunized.
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Figure 4.3. The total number of activated CD4 T cells in the lungs of infected mice is
not affected by immunization with the Mtb10.3/4 peptide epitope. Single cell
suspensions from the lungs of Balb/c mice were stained with anti-CD3, -CD4, -CD44,
and -CD62L antibodies. Lymphocytes were gated based upon characteristic forward-
vs. side-scatter profiles. Activated CD4 T cells were phenotypically identified by
CD3*/CD4*/CD44"/CD62L'" expression. Data are expressed as the means =+ the
standard errors of the means and are from 4 mice per group per timepoint. 4 - Saline
treated, ® - Adjuvant treated, - Mtb10.4 peptide immunized, ® - LMW CFP
immunized.
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Figure 4.4. The total number of activated CD8 T cells in the lungs of infected mice is
not affected by immunization with the Mtb10.3/4 peptide epitope. Single cell
suspensions from the lungs of Balb/c mice were stained with anti-CD3, -CD8, -CD44,
and -CD62L antibodies. Lymphocytes were gated based upon characteristic forward-
vs. side-scatter profiles. Activated CD8 T cells were phenotypically identified by
CD3*/CD8*/CD444/CD62L'" expression. Data are expressed as the means =+ the
standard errors of the means and are from 4 mice per group per timepoint. 4 - Saline
treated, m - Adjuvant treated, - Mtb10.4 peptide immunized, ® - LMW CFP
immunized.
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Figure 4.5. An in vivo cytolytic assay detected significant Mtb10.3/4-specific lytic
activity in M. tuberculosis infected mice. Half of the splenocytes harvested from naive
donor mice were labeled with 0.5 uM CFSE (CFSE™®) and half were labeled with 5.0 uM
CFSE (CFSE!). The CFSEM cells were then pulsed with the GYAGTLQSL peptide
epitope. Following extensive washing, the CFSE! and CFSEP cells were mixed in a 1:1
ratio and adoptively transferred into naive or infected syngeneic recipient mice. Cells
were harvested 18 hours later from lungs (Lg) and spleens (Spl) and analyzed by flow
cytometry. A reduction in the number of CFSEM cells in infected mice is indicative of
CDS8 T cell-mediated antigen-specific cytolytic activity, which was present in both the

lungs and spleen.
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Figure 4.6. Histological comparison of hematoxylin and eosin stained lung tissue 30 days
following aerosol infection. Balb/c mice were immunized as previously described, and
micrographs are representative of #=4 mice/group. Size bar represents 100 um.
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Figure 4.7. Histological comparison of hematoxylin and eosin stained lung tissue 60 days
following aerosol infection. Balb/c mice were immunized as previously described, and
micrographs are representative of n=4 mice/group. Size bar represents 100 um.
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following aerosol infection. Balb/c mice were immunized as previously described, and
micrographs are representative of n=4 mice/group. Size bar represents 100 pm.
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Figure 4.9. Histological comparison of hematoxyl

days following aerosol infection. Balb/c mice were immunized as previously described,
and micrographs are representative of n=4 mice/group. Size bar represents 100 pm.
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Figure 4.10. Immunization with the Mtb10.3/4 CD8 T cell peptide epitope fails to
protect recipient mice following LDA infection with M. tuberculosis H37Rv, as
indicated by the number of viable organisms recovered from the lungs. Balb/c mice
(n=4) were immunized with either adjuvant, Mtb10.3/4 peptide in adjuvant, LMW CFP
in adjuvant, or saline treated three times at three week intervals, followed by 3 weeks of
rest. Partial lung homogenates were plated onto Middlebrook 7H11 agar and colonies
were enumerated after 2-3 weeks. Data are expressed as the means + the standard
deviation. Statistical significance based upon a comparison of saline treated and LMW
CFP immunized groups was determined using Student’s # test (* = P < 0.05).

4 - Saline treated, ® - Adjuvant treated, - Mtb10.4 peptide immunized, ® - LMW
CFP immunized.
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Figure 4.11. Mice immunized with the Mtb10.3/4 peptide fail to control bacterial
growth in the spleen better than nonimmunized mice following LDA challenge. Data
are expressed as the means + the standard deviation. Statistical significance based
upon a comparison of saline treated and LMW CFP immunized groups was
determined using Student’s ¢ test (* = P < 0.05). 4 - Saline treated, m - Adjuvant
treated, - Mtb10.4 peptide immunized, ® - LMW CFP immunized.
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Chapter 5

Concluding Remarks
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Discussion

Tuberculosis is a disease that is currently estimated to infect one-third of the
world’s population [3]. Historically, it has been responsible for more suffering and death
than any other human patho gén. Although modern sanitation practices and
chemotherapeutic treatments have contributed to a steady decline in the incidence of
tuberculosis in industrialized nations, with the emergence of the human
immunodeficiency virus (HIV) and its subsequent pandemic spread, there has been a
concomitant increase in the world-wide incidence of tuberculosis. The exquisite
synergism between HIV infection and the increased susceptibility to Mycobacterium
tuberculosis infection and recrudescence of latent disease have fueled this resurgence in
tuberculosis cases, reversing the downward trend observed in many countries. In
addition, the necessity for long chemotherapeutic treatment regimens fosters patient
noncompliance and the generation and spread of multidrug-resistant strains of
tuberculosis. Unless this problem is contained, the combination of HIV-tuberculosis
coinfection and multidrug-resistant tuberculosis threatens to overwhelm the limited
resources of underdeveloped nations and once again reemerge as a leading killer within
developed nations.

Many countries with the highest tuberculosis prevalence lack the sound health
care infrastructure required to support tuberculosis surveillance and treatment programs.
Even in countries with adequate health care support, transient socioeconomic factors
often lead to critical breakdowns in tuberculosis control policies. As the tuberculosis

outbreaks in Miami and New York in the 1990s illustrate, a failure to control tuberculosis
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on a world-wide scale threatens to undermine successful tuberculosis eradication
programs, even within industrialized countries.

Although a live attenuated vaccine for tuberculosis is currently used throughout
the world, M. bovis BCG has been shown to have variable protective efficacy which
declines over time and also fails to protect adults from pulmonary tuberculosis; the most
common form of tuberculosis. In addition, BCG can cause disease in
immunocompromised individuals, or individuals with certain immunological deficits.
Given the fact that underdeveloped nations harbor the vast majority of tuberculosis cases,
a safer, low-cost, short-duration treatment option is desperately needed. Development of
a more effective tuberculosis vaccine is an increasingly attractive, cost-effective
alternative to the significantly higher expenses and antibiotic resistance associated with
the long-term chemotherapy regimen required for successful anti-tuberculosis treatment.

Currently we have the immunological and microbiological tools to combat this
organism. The question is only whether we possess the social conscience and economic
resolve required to eliminate this pathogen.

CDS8 T cells are specialized for the detection and destruction of intracellular
pathogens such as viruses and intracellular bacteria. Therefore, from a purely
immunological perspective, it would seem that CD8 T cells would represent a critical line
of defense against M. tuberculosis; a facultative intracellular pathogen. In the case of this
organism; however, this does not appear to be the case. Although the majority of reports
in the literature support a protective role for CD8 T cells, the exact role that these cells
play during pulmonary infection is controversial. The fact that mice lacking CD8 T cells

have a moderately reduced ability to control mycobacterial growth in the lungs indicates
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a positive role for these cells during infection [10]. In addition, in mice lacking CD4 T
cells, CD8 T cells provide some level of protection to infectious challenge [7, 9, 10].
However; perforin, granzyme, and Fas/FasL knock-out (KO) mice all control bacterial
proliferation similar to wild-type mice during the first 80 days following infection [1, 2,
14]. These results argue against a protective cytolytic component, at least early during the
infectious process. A reasonable case can be made that CD8 T cells exert their protective
effect primarily through interferon-gamma (IFN-y) production [13]. This minor
protective role can only be readily appreciated in the absence of CD4 T cells, as CD8 T
cells are less efficient producers of IFN-y than responding CD4 T cells, and their
contribution would be masked in the presence of an intact CD4 T cell response. Only in
this non-physiological setting can the CD8 T cell IFN-y contribution be easily observed.

While the exact reason that CD8 T cells fail to play a predominant role during
mycobacterial infection is unclear, two hypotheses can be advanced. Perhaps the
protective efficacy of the CD8 T cell response is either subverted by the pathogen itself to
avoid detection and to prolong its survival, or perhaps the cytolytic potential that CD8 T
cells possess preferentially induces a destructive pathological response rather than a
protective bacteriocidal function.

The current paradigm regarding the role of CD8 T cells during mycobacterial
infection involves CD8 T cells exerting a minor or negligible protective effect early
during the course of infection, primarily through the production of IFN-y [11]. However,
during chronic infection CDS8 T cells are believed to provide an immunosurveillance
function by preventing the escape of infected macrophage cells from the protective

confines of the granuloma. As the organization of the granuloma begins to break down,
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CD8 T cells can access and lyse infected macrophages, releasing viable bacilli which are
then taken up by activated macrophages capable of more efficient intracellular killing of
internalized bacilli [6, 15].

Although this is the generally accepted view regarding the contribution of CD8 T
cells, one piece of evidence argues against the latter portion of this model. The mouse
model of tuberculosis exhibits a prolonged period following the peak of infection where
bacterial numbers remain relatively constant. If infected macrophages were being lysed,
and if activated macrophages possessed the capability to kill the released bacilli, then we
would expect bacterial numbers in the lung to steadily decrease in the face of a persistent
cytolytic response. Since this clearly is not the case, either bacterial replication within the
lung exactly equals bacterial destruction, or activated macrophages are able to control
bacterial replication, but fail to efficiently kill internalized bacilli and themselves become
persistently infected. Recent experimental evidence supports the latter hypothesis [8].

One other possible explanation bears examination. While possessing many
advantages for the study of tuberculosis, the mouse model of infection may ultimately not
be the best model in which to examine the potential protective merits of the CD8 T cell
response. Mice lack granulysin, a molecule found in humans thét is known to possess
anti-mycobacterial properties [12]. One could argue that in the absence of granulysin the
murine cytolytic CD8 T cell response to mycobacterial infection is crippled. In fact,
lysing infected host cells in the absence of bacterial killing may actually exacerbate the
infectious process within the lung by fostering a perpetual cycle of lytic destruction of
infected macrophages, release of live bacilli, bacterial uptake by noninfected

macrophages, followed by lysis of these newly-infected host cells. This may contribute to
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the excessive pathology and persistent, progressive inflammation observed in the murine
lung.

With many questions still surrounding the CD8 T cell response to mycobacterial
infection, we sought to characterize the CD8 T cell response during pulmonary infection
using a murine infection model. In order to better understand the CD8 T cell response, we
wanted to characterize the response in terms of cellular recruitment into the lung,
expression of surface markers, and cytokine secretion patterns. We then wanted to track
antigen-specific CD8 T cells during the course of normal infection as well as following
immunization with multiple vaccine delivery systems.

Efficient recruitment of effector lymphocytes is essential to rapid control of
bacterial proliferation within the lung. The upregulation of adhesion molecules on
activated lymphocytes is a crucial step enabling these cells to extravasate from the blood
into the pulmonary tissue and direct their migration to the sites of infection. Based upon
initial observations by Gonzalez-Juarrero ef al. of the predominantly peripheral location
of CD8 T cells within murine granulomas, we wanted to investigate whether this
defective migration was the result of poor adhesion molecule expression [4]. Because of
their importance in cellular trafficking, we examined the expression patterns of four
integrin molecules (VLA-4, LFA-1, LPAM-1, and HML-1) expressed on the surface of
CD4 and CD8 T cells.

Although we succeeded in characterizing the expression patterns of these integrin
molecules by CD8 T cells during experimental infection with virulent M. tuberculosis,
these experiments ultimately failed to identify a defect in integrin molecule upregulation

by CD8 T cells responding to pulmonary tuberculosis infection. Future studies could
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examine the expression patterns of chemokine receptor molecules to attempt to answer
this question. The recent commercial availability of monoclonal antibodies specific for
these receptors now makes this examination feasible.

In order to develop a more complete picture of the CD8 T cell response to M.
tuberculosis infection, we wanted to characterize the surface phenotype of both effector
CD8 T cells actively responding to infection as well as memory CD8 T cells generated
following combination drug treatment to reduce bacterial numbers to undetectable levels.
For these experiments, we generated MHC class I tetramer reagents to precisely examine
the dynamics of a clonal CD8 T cell response at the cellular level as well as at the
population level within the lungs and the spleens of mice following infection. We
examined a series of activation markers, costimulatory and inhibitory receptors, and
memory-associated markers over time to define the phenotype of both effector and
memory CD8 T cells following infection with M. tuberculosis. These experiments
revealed a large, early influx of CD8 T cells possessing an activated phenotype into the
lungs following infection, with continued maintenance of significant numbers of these
célls throughout the course of infection. Although large numbers of CD8 (and CD4) T
cells were continuously present, the majority of these cells failed to secrete IFN-y or
TNF-a upon restimulation, and did not produce detectable levels of cytolytic effector
molecules upon ex vivo restimulation, leaving the effector function of most of the T cells
in the lungs unknown. Examination of two inhibitory receptors with critical functions in
the downmodulation of inflammatory T cell responses may provide an explanation for
this paradox. We observed rapid and persistent high-level expression of both PD-1 and

Tim-3, two receptors associated with immunosuppression, tolerance induction, and
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effector cell apoptosis. It is interesting to speculate that tolerization and/or functional
exhaustion in the continued presence of high antigenic burden may be responsible for the
lack of observable CD8 T cell reactivity in these experiments.

Alternately, one could argue that many of these cells are functioning in a contact-
dependent manner, utilizing effector molecules not examined in these studies. While the
exact explanation for the lack of observable CD8 T cell reactivity is unknown, further
experiments may elucidate the mechanisms involved and provide useful therapeutic
targets to treat chronic infection.

Utilizing MHC class I tetramer technology, we were able to identify Mtb32
antigen-specific CD8 T cells in the lungs of mice previously infected with M.
tuberculosis [5]. We observed that detectable numbers of these cells were recruited into
the lungs early following infection, and that these cells preferentially produced IFN-y as
opposed to exhibiting cytolytic activity. Importantly, prior immunization with the
Mtb72F DNA vaccine encoding the Mtb32 protein }esulted in increased numbers of these
antigen-specific cells, many of which possessed markers indicative of a state of memory.
Interestingly, peak numbers of Mtb32-specific CD8 T cells occurred at 30 days following
infection, which coincided with immunological control of bacterial replication within the
lung. In addition, we were able to use a novel cationic liposomal reagent in combination
with recombinant Mtb72F protein to induce an antigen-specific CD8 T cell response of
greater magnitude than DNA immunization, and were able to phenotypically track the
acquisition of memory markers on the populatioﬂ of cells elicited by vaccination.

Since the M. bovis BCG vaccine is currently used throughout the world, we

wanted to examine whether mice immunized with BCG mounted an Mtb32 antigen-
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specific CD8 T cell response. Following BCG immunization, we were able to observe
and track this response, demonstrating the potential feasibility of a BCG prime, Mtb72F
boost regimen.

One of the important Questions involving the CD8 T cell response is whether CD4
T cell help is required for optimal CD8 T cell expansion and/or memory cell generation.
Utilizing CD4 KO mice in conjunction with Mtb32-tetramer staining, we demonstrated
that although CD4 KO mice were able to initially prime an antigen-specific response, the
magnitude of this response was significantly reduced when compared to wild-type mice
at 37 days following aerosol challenge. While prior immunization of CD4 KO mice with
the Mtb72F DNA vaccine could partially overcome the proliferative defect, the ultimate
size of the Mtb32-specific response was still significantly smaller than that found in mice
possessing functional CD4 T cell help. In addition, we were able to show that the
reacquisition of the IL-7R alpha chain; a recently discovered identifier of CD8 memory
precursor T cells, proceeded normally in CD4 KO mice, although the number of such
cells was smaller than in wild-type mice. Together, these results suggest that there is a
reduced requirement for CD4 help during the generation of CD8 memory T cells;
however CD4 T cell help is required for the optimal expansion of antigen-specific CD8
effector and memory T cell responses.

In the final studies presented here, we again used tetramer technology to track
antigen-specific CD8 T cells to a shared epitope within the related Mtb10.3/4 proteins,
and we were able to examine the induction and persistent expansion of a significant
population of CD8 T cells specific for this single epitope. We were further able to

document significant CD8 T cell-mediated cytolytic activity present in both the lungs and
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spleens of mice previously infected with M. fuberculosis. In addition, we demonstrated
that prior immunization with the peptide epitope in MPL-SE/DDA adjuvant failed to
provide any detectable protection in the 1ungs or spleen, as evidenced by bacterial CFU
counts and histological examination. It is interesting to contrast these results with the
previous experiments examining the Mtb32-specific response. Although it is tempting to
speculate that antigen-specific CD8 T cell IFN-y-producing responses are protective
while strongly cytolytic responses are not, further experiments will need to be performed
to conclusively determine the exact nature of the CD8 T cell cytolytic response during
pulmonary tuberculosis infection.

In these experiments, we have shown that we can elicit a strong antigen-specific
CD8 T cell response with a DNA vaccine, a protein/liposomal formulation, and protein in
adjuvant combination. Furthermore, we were able to identify and track the generation of
antigen-specific effector CD8 T cells during the course of infection and in response to
prior immunization. In addition, we were able to observe the transition of these cells to a
state of memory following vaccination. As the goal of vaccination is to generate
protective, long-lasting memory cells, this technology will prove invaluable for screening
multiple antigen/adjuvant vaccine combinations and different vaccine delivery systems
for their ability to stimulate specific memory cell subsets.

Whether the memory cells generated by immunization represent central memory
or effector memory subpopulations remains to be determined. Indeed, a pertinent
question that remains to be answered is whether central memory or effector memory

subpopulations provide the most durable and protective population, and as such, should
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be targeted by novel tuberculosis vaccines. This represents the next major challenge for
the creation of an effective tuberculosis vaccine.

For the most part, the results presented in this dissertation support the previously
outlined model of CD8 T cell function during pulmonary infection with tuberculosis. We
demonstrated that antigen-specific CD8 T cells arrive in the lungs early following
infection, and are primarily cytokine-secreting rather than cytolytic [5]. These studies
support the idea that during acute infection, the primary role of CD8 T cells is IFN-y
secretion to aid in macrophage activation and control of bacterial replication. Further
studies; however, do not support a protective role for cytolytic CD8 T cells during
chronic infection. Antigen-specific tracking of CD8 T cells responding to the Mtb10.3/4
proteins revealed significant cytolytic activity and failed to protect mice, especially at
timepoints late during chronic infection. In addition, infected mice exhibited histological
indications of a destructive, necrotic response within the lungs, further suggesting that a

_ strong cytolytic response is detrimental rather than beneficial. However, care should be
taken to avoid inferring too much from this study. While the correlation between
cytolytic activity and a lack of protection is intriguing, it is by no means conclusive proof
that this cytolytic response in particular or that all cytolytic responses in general are
detrimental. Further experiments utilizing adoptive transfer of CD8 T cells derived from
perforin KO donor mice or from IFN-y KO donor mice should resolve this question in a
more definitive manner.

These studies have added to our understanding of how CD8 T cells respond to

pulmonary infection with M. fuberculosis, in the hope that a more complete
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understanding of this process will aid in rational vaccine design, and ultimately

contribute to the realization of a more effective tuberculosis vaccine.
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