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Abstract
There are more cases of tuberculosis in the world today than at anytime in history. The global
epidemic has generated intense interest into the immunological mechanisms that control infection.
While CD4+ T cells play a critical role in host immunity to Mycobacterium tuberculosis, there is
considerable interest in understanding the role of other T cell subsets in preventing disease
development following infection. CD8+ T cells are required for optimum host defense following
M. tuberculosis infection, which has led to investigation of how this protective effect is mediated.
A critical review of recent literature regarding the role of CD8+ T cells in protective immunity to
M. tuberculosis infection is now required to address the strengths and weaknesses of these studies.
In this review, we evaluate the evidence that CD8+ T cells are critical in immunity to M.
tuberculosis infection. We discuss the specific mycobacterial proteins that are recognized by
CD8+ T cells elicited during infection. Finally, we examine the effector mechanisms of CD8+ T
cells generated during infection and synthesize recent studies to consider the protective roles that
these T cells serve in vivo.
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I. Introduction
The human pathogen M. tuberculosis is responsible for more deaths than any other
infectious disease. The continuing HIV/AIDS* epidemic and the spread of multi-drug
resistant M. tuberculosis has contributed to the perpetuation of the global epidemic of
tuberculosis. While M. bovis BCG is used universally as a vaccine, its efficacy in preventing
pulmonary tuberculosis in adults is controversial (1). To combat this ongoing worldwide
scourge, vaccine development for tuberculosis is an international priority. Clinically, only
5–10% of M. tuberculosis infected people, defined by their positive skin test to purified
protein derivative (i.e., TST+), go on to develop the disease tuberculosis which must mean
that most infected individuals develop long-lived protective immunity. Cellular immunity to
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M. tuberculosis plays a critical role in controlling infection and an effective T cell response
determines whether the infection resolves or develops into clinically evident disease.
Consequently, there is considerable interest in determining which T cell subsets mediate
anti-mycobacterial immunity, delineating their effector functions, and evaluating whether
vaccination can elicit these various T cell subsets and induce protective immunity. Such
information will provide a more rational basis for vaccine design. It is widely appreciated
that class II MHC-restricted CD4+ T cells are critical for resistance to M. tuberculosis in
both humans and rodent models. CD4+ T cells are required to control the initial infection as
well as to prevent recrudescence in both humans and animal models (2). On the other hand,
the relative contribution of CD8+ T cells still requires definition. Some early experimental
work using avirulent mycobacterial strains may have underestimated the role of CD8+ T
cells. In contrast, investigators using antibody-mediated depletion of T cell subsets in vivo,
adoptive transfer of purified T cells, and the use of knockout mice that lack certain T cell
subsets, have generated convincing experimental evidence that CD8+ T cells are required for
optimum immunity to tuberculosis (see below for details) (3;4). To activate CD8+ T cells,
mycobacterial antigens need to enter the class I MHC pathway before they can be processed
and presented by class I MHC on the cell surface. DNA vaccines, recombinant viruses, and
live attenuated intracellular bacteria can target antigens to the class I MHC pathways.
Unfortunately, evaluating whether these strategies successfully activate CD8+ T cells has
been hampered because of the paucity of mycobacterial antigens known to be presented by
class I MHC. Even basic questions concerning the function of CD8+ T cells during M.
tuberculosis infection remain unanswered. Recently, substantial progress has been made in
the identification of mycobacterial proteins that elicit antigen-specific CD8+ T cells
following infection. These advances now provide investigators with tools to track antigen-
specific CD8+ T cells and measure their function. With this new approach, a better
understanding of CD8+ T cell biology during M. tuberculosis infection is emerging.

The focus of this review will be the biology of CD8+ T cells elicited by M. tuberculosis
infection. First we will review the data that CD8+ T cells are an essential component of host
immunity. Second, recent progress on the identification of mycobacterial antigens that are
recognized by CD8+ T cells elicited during infection will be summarized. Finally, we will
discuss studies on the function of CD8+ T cells and their role in host resistance to disease.

II. CD8+ T cells are an integral part of the immune response to M.
tuberculosis
A. CD8+ T cells specific for mycobacterial antigens are detected in BCG vaccinated and M.
tuberculosis infected people

Historically, identifying mycobacterial specific CD8+ T cells from human tuberculosis
patients has been difficult. This difficulty, which was likely due to technical problems such
as the use of nonviable bacteria or soluble antigens to stimulate antigen-specific CD8+ T
cells, led to the general impression that CD8+ T cells were not an important component of
the human immune response against M. tuberculosis (5;6). This impression was reinforced
by the developing paradigm of how CD4+ and CD8+ T cells recognize antigens. CD4+ T
cells recognize exogenous antigens that professional APC (e.g., class II MHC+ B cells,
macrophages and DC) take up by endocytosis. Antigen processing takes place in the
specialized endocytic compartments. Proteins are cleaved into peptides that bind class II
MHC proteins, and the resulting complex traffics to the cell surface where it can be
recognized by CD4+ T cells. In contrast, CD8+ T cells recognize cytosolic antigens, which
after processing by the proteasome associate with class I MHC proteins that are expressed
by all nucleated somatic cells. Viral proteins are the prototypical class I MHC-presented
foreign antigens and the primary immune response to viral infection is mediated by CD8+ T
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cells. As a pathogen that resides in the phagosome of macrophages, it made sense that
antigens of M. tuberculosis would be preferentially presented by the class II MHC pathway.
Furthermore, human class II MHC-restricted CD4+ T cell lines had significant cytolytic
activity against M. tuberculosis infected macrophages in vitro, which “obviated” the need
for CD8+ CTL (7;8). A role for CD8+ T cells in host resistance against tuberculosis emerged
from studies using the murine tuberculosis model (discussed below), which eventually
forced a re-evaluation of the role of CD8+ T cells in the human immune response to M.
tuberculosis.

CD8+ T cells were identified as an integral component of granulomas and were found in the
pleural exudates of patients with tuberculosis, sometime at a frequency exceeding that
observed for CD4+ T cells (9–11). Cloning T cells from the pleural fluid of patients with
tuberculosis demonstrated that CD8+ T cells could be specific for M. tuberculosis antigens
(12). One of the earliest indications that CD8+ T cells may have a role in immunity to
tuberculosis was the clinical observation that an HIV-seronegative patient with recurrent
refractory tuberculosis had an absolute reduction in peripheral CD8+ T cells (13). Bothamley
et al suggested that chemotherapy was insufficient to cure the infection – CD8+ T cells were
required as well. Further efforts led to success in obtaining antigen-specific CD8+ T cells
from BCG-vaccinated subjects (14), people with latent tuberculosis (15–17), and patients
with active disease (18;19). Interestingly, these human CD8+ T cells fell into several
categories. While many of the CD8+ T cells were restricted by class I MHC (i.e. HLA-A and
HLA-B), others were restricted by non-classical antigen-presenting molecules such as class
Ib MHC (e.g., HLA-E), or by the CD1 family of antigen presenting molecules (15;20–23).

The AIDS epidemic and the proclivity of HIV to destroy CD4+ T cells has established a
critical role for CD4+ T cells in immunity to tuberculosis. The rates of both primary and
secondary (i.e., reactivation) tuberculosis are both increased in patients’ co-infected with
HIV. This clinical data is supported by a clear and substantial role of CD4+ T cells in
immunity to tuberculosis in experimental animal models. To date, there have been no
“experiments of nature” to prove whether CD8+ T cells are critical for immunity to
tuberculosis in people. However, the existence of human antigen-specific CD8+ T cells that
recognize class I MHC-presented mycobacterial antigens indicates that mycobacterial
antigens enter the class I MHC processing pathway and lead to priming of CD8+ T cells in
vivo. Furthermore, by deriving CD8+ T cell lines, several studies have shown that M.
tuberculosis infected macrophages, the preferred host cell for M. tuberculosis, can be
recognized and killed by human CD8+ T cells. Finally, as will be detailed in Section III, the
definition of the minimal epitopes presented by class I MHC now makes possible the
development of research tools that can track antigen-specific CD8+ T cells and should
provide a deeper understanding of their function during infection.

B. CD8+ T cells mediate host protection against M. tuberculosis in experimental animal
models

1. Antibody depletion and adoptive transfer studies show a modest role for
CD8+ T cells in resistance against M. tuberculosis—The use of monoclonal
antibodies that deplete T cell subsets in vivo provide another method to address the role of
CD8+ T cells in immunity to tuberculosis. Müller et al observed that depletion of CD8+ T
cells in thymectomized mice prior to infection impaired control of H37Rv and BCG
replication in the spleen when measured 3 weeks after IV infection (24). In contrast, two
other studies found that depletion of CD8+ T cells led to only a minor exacerbation of
bacterial replication following IV BCG infection using a similar approach (25;26). However,
the outcome of these later studies may have been affected by the use of less virulent
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bacteria. Depletion of CD4+ T cells led to a exacerbation of bacterial replication in all three
of these studies.

Depletion of a T cell subset can only determine whether it is required for host resistance – to
determine whether a particular T cell subset is sufficient to mediate host resistance against
M. tuberculosis, immune T cells obtained from infected donor mice or T cell clones
propagated in vitro can be adoptively transferred into recipient mice, which are challenged
with M. tuberculosis. Adoptive transfer studies in the murine tuberculosis model
demonstrated that immune CD8+ T cells could transfer resistance as measured by a
reduction of splenic CFU in M. tuberculosis and BCG challenged recipient mice (27–29).
CD8+ T cell clones specific for M. leprae heat-shock protein (hsp) 65 also protected mice
against virulent M. tuberculosis challenge (30–32). In 1987, Ian Orme showed that both
CD4+ and CD8+ T cells purified from the spleens of IV infected mice could provide
protection to sublethally irradiated mice against M. tuberculosis infection. In this study,
CD8+ T cells had a significant role in protection following high dose aerosol challenge;
however, CD4+ T cells had a greater capacity to protect mice against IV and low dose
aerosol challenge (3). Using T cell clones specific for the related bacteria M. lepraemurium,
Hussein et al dissociated DTH from resistance to infection (33). While the majority of CD4+

T cell clones transferred DTH, none significantly mediated resistance. Instead, a CD8+ T
cell clone, which did not transfer DTH was best at transferring resistance.

2. Studies with knockout mice show an essential role for CD8+ T cells in
resistance against M. tuberculosis—In 1992, Flynn and colleagues showed that mice
lacking β2-microglobulin (β2m) succumb rapidly following IV infection (34). Because β2m
is required for assembly and trafficking of the class I heavy chain, no class I MHC is
expressed on the cell surface in the absence of β2m. Consequently, class I MHC-restricted
CD8+ T cells fail to be positively selected during thymic development, leading to a
developmental deficiency of CD8+ T cells. Since data from previous studies predicted only a
modest role for CD8+ T cells in immunity to M. tuberculosis, it was a remarkable result that
mice genetically deficient in β2m that consequently lack CD8+ T cells, were unable to
control infection, particularly in the lung, and succumbed prematurely to tuberculosis (34).
These data were the first evidence that CD8+ T cells were required for survival of M.
tuberculosis infected mice.

However, the interpretation that the β2m −/− phenotype is entirely due to a deficiency of
class I MHC-restricted CD8+ T cells is complicated by the fact that other β2m associated
proteins exist and some, including CD1 and nonclassical (class Ib) MHC proteins, function
as antigen presenting molecules (35–37). Based on the discovery that CD1 presents
mycobacterial lipid antigens to T cells, Behar et al tested the hypothesis that the
susceptibility of the β2m −/− is secondary to the absence of CD1-restricted T cells (38). The
susceptibility of CD1 −/− mice was compared to transporter associated with antigen
processing (TAP)-1 −/− mice after high-dose IV infection with virulent M. tuberculosis.
TAP-1 is required for the transport of small peptides from the cytosol into the ER where the
class I MHC/β2m/peptide complex is assembled. In the absence of TAP-1, class I MHC can
not be stably assembled and consequently, cell surface expression of class I MHC is
impaired (39). Presumably, this global deficiency of class I MHC expression impairs
positive selection of CD8+ T cells during thymic maturation (40). TAP-1 −/− mice but not
CD1d−/− mice, had impaired resistance to M. tuberculosis, demonstrating an important role
for the class I antigen processing pathway and confirming the requirement for conventional
(i.e., class I MHC-restricted) CD8+ T cells (38).

We now appreciate that murine CD1 is an orthologue of human CD1d and that while mice
have two CD1d-othologues, they lack group I CD1 genes (i.e., CD1A, CD1B, and CD1C).
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Thus, while CD1d is not required in the murine model for optimum host resistance
following high dose IV or low dose aerosol M. tuberculosis infection (38;41;42), the
possibility exists that group I CD1-restricted T cells contribute to anti-mycobacterial
immunity in humans and other species (discussed below). Mice with disruptions in the β2m
or TAP1 genes are unable to control M. tuberculosis replication in the lung and die
prematurely compared to normal mice following large inoculums administered
intravenously and after low-dose aerosol infection (34;38;41–43). The increased
susceptibility of CD8α −/− mice and the class I MHC heavy chain knockout (KbDb −/−)
also confirm the requirement for CD8+ T cells following primary infection (44–46).
Interestingly, the susceptibility of TAP1 −/−, KbDb −/−, and CD8α −/− mice to tuberculosis
is less than that of β2m −/− mice. Although this data argues that class I MHC-restricted
CD8+ T cells serve a critical role in immunity to virulent M. tuberculosis, other data
questions their relative contribution. The susceptibility of various knockout mice and
antibody-treated mice is determined following low dose aerosol infection with M.
tuberculosis in a well-controlled study by Mogues et al (47). While CD8+ T cells (as shown
by antibody depletion) and β2m-dependent T cells (using knockout mice) contribute to
protective immunity, their effect is quantitatively smaller than the contribution of class II
MHC-restricted CD4+ T cells.

3. Studies using knockout mice require cautious interpretation—The ability to
selectively delete or inactivate specific genes in mice has provided enormous insight into
nearly every field of biology. Nevertheless, the literature is full of cautionary tales related to
the use of knockout mice in research. It is important to critically assess all of these studies as
there can be unanticipated developmental abnormalities and compensatory effects. Some of
the most important caveats related to the experiments described above are discussed here.

a. β2m −/− mice: The finding that β2m −/− mice are more susceptible to M. tuberculosis
than TAP1 −/− and KbDb −/− mice raises the possibility that CD8+ T cells other than ones
that are class I MHC-restricted may be important in immunity to tuberculosis. Although the
contribution of CD1d has been excluded as discussed above, β2m is also a component of the
presenting molecules H2-M3, TL, Qa-1, and Qa-2. The non-classical class Ib MHC
molecule Qa-2 molecule binds peptide antigens in a TAP-dependent fashion and CTL
recognition of Qa-2 has been recently demonstrated (29;48–51). On the other hand, TL
expression is TAP independent although it is still controversial whether it can bind or
present peptides to T cells (52–55). Transport of formylated peptides that bind H2-M3 are
transported into the ER by both TAP dependent and independent mechanisms (36;56;57).
Antigen-specific H2-M3-restricted CD8+ T cells are elicited following infection to M.
tuberculosis and other intracellular bacteria and these T cells appear to mediate protection
against infection under certain conditions (58–61). The class Ib MHC protein Qa-1 has
many similarities to human HLA-E, including its binding to a peptide derived from the
signal leader sequence of class Ia MHC proteins, although it can also bind other self-
peptides (62;63). The Qa-1/leader peptide sequence and the analogous HLA-E complex both
bind to the CD94/NKG2A and CD94/NKG2C inhibitory receptors expressed by NK cells.
The recognition of the class I MHC leader peptide bound to Qa-1 and HLA-E is thought to
allow NK cells to monitor the amount of class I MHC expression by different cells.
Although the recognition of the leader peptide sequence is TAP and tapasin dependent,
presentation of other self-peptides is independent of TAP and tapasin (64). Whether Qa-1
could present mycobacterial peptides to CD8+ T cells during infection has not been
addressed, but it is particularly interesting that human CD8+ T cell clones have been
established from PPD+ donors that recognize mycobacterial antigens presented by HLA-E
(21). Although KbDb −/− mice are more susceptible than WT control mice, which indicates
an indispensable role for class I MHC-restricted CD8+ T cells, Urdhal et al observed that
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following M. tuberculosis infection of KbDb −/− mice, the residual CD8+ T cells become
activated, are recruited to the lung, and can produce IFNγ. While this suggests that class Ib
MHC-restricted CD8+ T cells participate in the immune response to M. tuberculosis, it is not
clear whether these CD8+ T cells can mediate protection.

The increased susceptibility of β2m −/− mice relative to KbDb −/− mice could also be
explained by defects in β2m-associated proteins other than those known to be involved in
antigen presentation. In addition to the antigen presenting molecules discussed above, β2m
also associates with FcRn, the neonatal Fc receptor, and HFE, a class I MHC homolog,
which regulates iron metabolism (65). Because of defective HFE expression, the β2m −/−
mouse suffers from iron overload (66). The growth of M. tuberculosis is dependent on iron
acquisition from the host, which led Schaible et al to hypothesize that increased tissue iron
levels in β2m −/− mice increase the severity of infection (67). Lactoferrin therapy, which
binds iron, reduced bacterial growth in infected β2m −/− mice but not in C57BL/6 or KbDb

−/− mice. Although iron overload is primarily observed in the liver, β2m −/− mice have
impaired bacterial control in the lung, spleen, and liver (66;67). HFE is expressed in
macrophages and interacts with the transferrin receptor to regulate the iron balance of the
cell. Growth of M. tuberculosis in WT and β2m −/− macrophages is similar, and in vitro
treatment with lactoferrin leads to a reduction in bacterial replication (67). Macrophages
from β2m −/− mice do not upregulate the transferrin receptor following M. tuberculosis
infection, and anti-transferrin mAb inhibits bacterial growth in WT but not β2m −/−
macrophages. These results raise a number of questions. For example, if M. tuberculosis
grows similarly and is inhibited by treatment with lactoferrin in WT and β2m −/−
macrophages, the increased susceptibility of β2m −/− mice is still likely to arise from a
defect in adaptive immunity. In light of this data, one needs to consider the possibility that
iron metabolism could affect T cell mediated immunity. Examination of the HFE −/− mouse
may be particularly enlightening, especially with the appreciation that b2m-associated
proteins other than HFE may affect iron metabolism (68).

Class I MHC has other functions distinct from antigen presentation such as acting as an
inhibitory ligand for NK cell receptors and CD8+ class I MHC restricted T cells are not the
only cellular subset that is abnormal in β2m and TAP1 −/− mice (69;70). The repertoire of
NK cells may be altered secondary to a change in the peptides bound by the class I MHC
molecules and the overall decreased surface expression of class I MHC (71). Indeed, NK
cells from β2m −/− mice are abnormal since they do not recognize class I MHC-deficient
target cells and are tolerant of bone marrow grafts (72). These multiple consequences of
β2m-deficiency emphasizes the need to employ several independent experimental strategies
to demonstrate with certainty the requirement for CD8+ T cells during M. tuberculosis
infection.

b. CD8α −/− mice: CD8+ T cells express the CD8αβ heterodimer and mice lacking CD8α
(CD8α −/− mice) fail to select CD8αβ+ T cells (73). Thus, the finding that CD8α −/− mice
are more susceptible to tuberculosis is consistent with a role for class I MHC-restricted
CD8+ T cells in host defense, although it is interesting that CD8α −/− mice are more
resistant than β2m and TAP1 −/− mice (42;44). Furthermore, while β2m, KbDb, and TAP1
−/− mice all have abnormal granuloma formation, granuloma formation in CD8α −/− mice
is relatively unimpaired. Similarly, there is no impairment of innate immunity in CD8α −/−
mice while there is in β2m and KbDb mice (74). On possibility is that M. tuberculosis-
specific class I MHC-restricted T cells that are CD8αβ− are elicited in CD8α −/− mice. Such
T cells have been described in other models (75;76). Thus, CD8α −/− mice should not be
thought of as deficient in class I MHC-restricted T cells.
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c. CD4 −/− mice: The increased susceptibility of CD4 −/− mice to M. tuberculosis is cited
as evidence for the importance of CD4+ T cells for immunity (77). Consequently, the ability
of DNA vaccination to prolong survival and decrease bacterial load after aerosol M.
tuberculosis infection in CD4 −/− mice is cited as evidence that class I MHC-restricted
CD8+ T cells elicited by DNA immunization can mediate host protection (78). However,
CD4 −/− mice have class II MHC-restricted CD4− T cells (79;80). These class II MHC-
restricted T cells make up a large fraction of the residual T cells and many of these class II
MHC-restricted T cells express CD8 (81;82). Thus, even depletion of CD8+ T cells cannot
establish that immunity is mediated by class I MHC-restricted T cells. Although vaccination
with DNA vectors may preferentially elicit class I MHC-restricted T cells, they also elicit
class II MHC-restricted CD4+ T cells. Furthermore, optimum generation of antigen-specific
CD8+ T cells may require interaction with elicited class II MHC-restricted CD4+ T cells (see
below) (83). Either way, DNA vaccination of CD4 −/− mice is unlikely to reveal the full
potential of CD8+ T cells to protect mice from tuberculosis.

d. The generation of antigen-specific CD8+ T cells may be dependent upon CD4+ T
cells: CD4+ T cells are perceived to be more important than CD8+ T cells in host immunity
to M. tuberculosis based in part on the finding that mice lacking CD8+ T cells survive longer
following infection compared to mice deficient in class II MHC-restricted CD4+ T cells
(47). Although, class II MHC-deficient mice may be more susceptible than mice lacking
CD8+ T cells, it is now understood that CD4+ T cells make a critical contribution to the
initiation and perpetuation of the CD8+ T cell response and the development of CD8+

memory T cells (84). Therefore, mice lacking class II MHC are more susceptible to
tuberculosis because they lack CD4+ T cells, but also because they are unable to generate an
optimal CD8+ T cell response. Furthermore, CD4+ T cell help may also affect the expression
of effector functions by CD8+ T cells. For example, Serbina et al found that the activation,
IFNγ production and infiltration into the lung of CD8+ T cells in CD4 −/− mice was
comparable to WT control mice; however, the cytotoxic activity of the CD8+ T cells was
diminished (83). As discussed above, CD4 −/− mice may not be completely devoid of class
II MHC-restricted T cells, but nevertheless, and the antigen-specific CD8+ T cell response
may be even more impaired in the complete absence of T cell help. Importantly, all of these
results emphasize the difficulty in comparing class II MHC −/− and β2m −/− mice, or in
vivo depletion of CD4+ and CD8+ T cells: mice lacking CD4+ T cells are likely to have an
abnormal CD8+ T cell response.

4. When are CD8+ T cells important during the natural history of M.
tuberculosis infection?—All of the studies discussed above address the role of CD8+ T
cells in the primary immune response to M. tuberculosis. It is more difficult to address the
possibility that CD8+ T cells are critical in other phases of the infection. For example, van
Pinxteren established a model of latency induced by antibiotics (85). When the antibiotics
were discontinued, reactivation occurred. They found that during the acute phase of the
infection, treatment with anti-CD4 but not anti-CD8 mAb exacerbated the pulmonary
disease. The reverse was found during the latent phase of the infection: treatment with anti-
CD8 mAb led to a greater increase in bacterial numbers in the lung than did administration
of anti-CD4 mAb. This suggests that during the primary or acute phase of disease, CD4+ T
cells may be more important in controlling bacterial replication. In contrast, CD8+ T cells
may have a greater role in maintaining control of the infection during latency, possibly via
immunosurveillance of heavily infected cells that have lost the capacity to inhibit bacterial
replication (85;86). Similarly, little is known about the relative role of CD4+ and CD8+ T
cells during the memory T cell response. Serbina and Flynn demonstrated that CD8+ T cell
with a memory phenotype do develop in the lungs of memory-immune mice, and these
CD8+ T cells undergo rapid memory immune response following rechallenge with M.
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tuberculosis (87). Recently, using tetramers to track antigen-specific CD8+ T cells, we have
found that T cells resembling central memory T cells develop even during chronic infection.
Following resolution of infection induced by antibiotic treatment, there is a contraction of
the antigen-specific CD8+ T cell pool, which is accompanied by a shift towards a greater
predominance of central memory T cells especially in the spleen and LN (Arati Kamath,
J.W. and S.M.B, manuscript submitted). If CD8+ T cells indeed play a critical role during
latency, it will be interesting to determine whether CD8+ T cells acquire certain functions as
they differentiate into memory cells and perhaps play a more critical role in control of
infection.

5. Is the mouse a suitable model to study CD8+ T cells?—The murine model of
tuberculosis has been useful for drug and vaccine testing, and for identifying many
components of the immune system that are required for host resistance. However,
limitations of the murine model include the inability to study latent infection as one of its
greatest drawbacks. Furthermore, while there are extraordinary similarities between the
human and murine immune system, there are also fundamental differences and several of
these could affect immunity to M. tuberculosis.

a. Granulysin: One of these differences is that human CD8+ T cells and NK cells produce
granulysin, a protein found in cytotoxic granules that has direct microbicidal action against a
variety of microorganisms (88). The microbicidal activity of granulysin against intracellular
bacteria requires that it can gain access to the appropriate compartment via a pore forming
molecule such as perforin (88). No murine orthologue of granulysin has been reported.
Thus, one must consider the possibility that human CD8+ T cells have a greater capacity to
limit bacterial replication compared to murine human CD8+ T cells.

b. Group I CD1: Another potentially important difference between the murine and human
immune system is that humans have both group I (CD1a, CD1b, and CD1c) and group II
(CD1d) CD1, whereas mice only have group II CD1 (89;90). While human T cells can
recognize mycobacterial lipids presented by group I CD1, this has not been well-
documented for group II CD1 (91). Initially of unknown significance, human CD1-restricted
T cells appear to play an active role in immunity to M. tuberculosis. Mycobacterial lipids
enter the CD1 antigen processing pathway following infection of macrophages with M.
tuberculosis, and the lipid-specific CD1-restricted T cells have been shown to recognize
infected macrophages. Furthermore, there is now evidence that CD1-restricted and lipid-
specific T cell responses can be detected in the peripheral blood of patients with tuberculosis
(92). Although mice are an excellent model for group II CD1 (e.g., CD1d), they can not
serve as a model for the study of group 1 CD1-restricted T cells. However, there exist other
animal species that have maintained CD1 in their genome and can be used for research on
tuberculosis including guinea pigs, rabbits, and cattle (93–97).

III. M. tuberculosis antigens recognized by CD8+ T cells
Class II MHC-restricted CD4+ T cells primarily recognize “exogenous” antigens that enter
the endocytic pathway of professional APC such as macrophages, DC, and B cells, which
express class II MHC (98). Phagocytosis of microbes represents the predominant way that
microbial antigens enter endocytic compartments. Acidification of the phagosome and the
action of hydrolytic enzymes can destroy many microorganisms leading to the release of
proteins. These proteins become denatured, disulfide bonds undergo reduction, and further
processing by proteases leads to the generation of peptide fragments, which can be loaded
onto class II MHC molecules. In the case of intracellular pathogens that survive in the
phagosome such as M. tuberculosis, proteins secreted or shed by the bacteria are more likely
to enter the class II MHC pathway because of the dynamic nature of vesicular transport to
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and from the phagosome. The class II MHC/peptide complex is ultimately transported to the
cell surface where it can be recognized by CD4+ T cells. Consequently, the identification of
antigens that are presented by class II MHC is relatively straightforward. Determining
whether a mycobacterial protein is recognized by immune CD4+ T cells can be determined
by measuring CD4+ T cell activation during the coculture of immune CD4+ T cells with
APC and the candidate protein antigen.

Defining antigens recognized by CD8+ T cells is more difficult. The class I MHC pathway
has evolved to process and present intracellular antigens, such as viral proteins produced
within the cell’s cytoplasm. Both self and foreign proteins in the cytosol are cleaved by the
proteosome and the resulting peptides are translocated into the endoplasmic reticulum (ER)
through the action of tapasin and the TAP1/TAP2 heterodimer (99). Once in the ER, the
peptides assemble with the class I MHC heavy chain and β2 microglobulin (β2m) to form a
trimeric complex, which is transported to the cell surface (100). Most CD8+ T cells
recognize short peptides of 8–11 amino acids derived from cytosolic proteins that are
presented by class I MHC molecules. Class I MHC-restricted CD8+ T cells are critical for
host resistance to viral infections, and they also play a critical role in immunity to certain
intracellular bacterial infections (101). Exogenous antigens taken up by APC do not, in
general, gain access to the class I MHC pathway, although this occurs under certain
conditions and is known as cross-presentation (102;103).

The potential for certain mycobacterial antigens to be recognized by CD8+ T cells is
sometimes tested by immunizing mice with DNA vaccines encoding a M. tuberculosis
antigen or immunizing with transfected tumor cells that over-express a M. tuberculosis
antigen. While this approach can provide information about the potential for M. tuberculosis
antigens to be recognized by CD8+ cells, the actual antigens presented by the class I MHC
pathway in infected cells or in an infected host are likely to be very different. The cellular
location of the proteins, their access to the different antigen processing pathways, and
competition with other antigens, are important variables that will be affected by the infection
and ensuing inflammatory process. For example, although T cells specific for multiple
Ag85A epitopes are elicited following DNA vaccination, only a few of these epitopes prime
T cells during M. tuberculosis infection (104). This same phenomenon has been observed
for other mycobacterial proteins and other pathogens such as HIV (105;106). Consequently,
a microbial vaccine has the potential to elicit CD8+ T cells that recognize antigen epitopes
that may not be processed and presented by class I MHC on the surface of M. tuberculosis
infected cells (107). Therefore, the failure of certain CD8+ T cell vaccination strategies to
induce protective immunity requires cautious interpretation because of the potential
incongruence between the antigen epitopes that elicit CD8+ T cells following vaccination
and the epitopes presented by infected APC. Alternately, the hierarchy of immunodominant
epitopes following vaccination may differ from the hierarchy established during M.
tuberculosis infection. A vaccine that elicits a potent CD8+ T cell response to an epitope that
is subdominant during infection, may still mediate protection if subdominance arises from
limitations in the T cell response and not from a failure to efficiently process and present the
epitope. Clearly, if one wishes to identify mycobacterial antigens and their dominant
epitopes that actually prime CD8+ T cells following infection and that are presented by
infected macrophages, one needs to use CD8+ T cells obtained from infected individuals.

Bulk CD8+ T cells obtained from infected experimental animals or short-term human CD8+

T cell lines or clones can be shown to be M. tuberculosis-specific by determining whether
they recognize M. tuberculosis infected macrophages or DC. Although it is important to
show that the CD8+ T cells recognize M. tuberculosis infected macrophages and DC in
vitro, this approach can not be used to identify which antigens are recognized. To identify
mycobacterial antigens that are recognized by M. tuberculosis-specific CD8+ T cells, a
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variety of strategies have been used. For example, cultured cell-lines transfected with DNA
encoding M. tuberculosis antigens or transduced with recombinant viruses expressing
mycobacterial antigens can be tested for their recognition by M. tuberculosis-specific CD8+

T cells. Such approaches lead to the expression of M. tuberculosis antigens in the cytosol
which facilitates protein entry into the class I MHC processing pathway. As will be
discusses in greater detail below, these approaches have shown that various M. tuberculosis
antigens including Ag85A, Ag85B, Ag85C, 38 kD, 19 kD, CFP10, ESAT-6 and MPT64,
can be processed by the class I MHC antigen processing pathway and presented to CD8+ T
cells (18;19;22;108–113).

A. Approaches to antigen identification
There are two general strategies to identify antigens recognized by CD8+ T cells. The
traditional strategy is the candidate antigen approach. This requires testing individual
mycobacterial proteins by expressing them in the cytosol of APC or using a library of
synthetic overlapping peptides that span the protein sequence. Now that the sequence of M.
tuberculosis genome has been ascertained, a second method is the bioinformatic approach.
This method screens the M. tuberculosis genomic sequence using computer algorithms to
identify peptide epitopes that are likely to bind to class I MHC proteins, followed by
synthesis of these specific epitopes and experimental confirmation of their recognition by
immune CD8+ T cells.

1. The Candidate Antigen discovery approach—The basis for selecting proteins to
analyze by the candidate antigen strategy varies from investigator to investigator. A
particular protein may be chosen for evaluation as a candidate antigen recognized by CD8+

T cells based on certain biological properties. For example, small MW secreted proteins may
preferentially enter the class I MHC processing pathway. Alternately, preliminary
immunological characterization such as finding that DNA vaccination elicits antigen-
specific CD8+ T cell can suggest an antigen to pursue. Often the choice may be driven by
the available reagents (e.g., cloned genes, recombinant proteins, etc.). Once a candidate
antigen is selected, an appropriate experimental strategy is designed. Although there are
well-described examples of exogenous antigens presented by class I MHC, presumably via
the vacuolar pathway, antigen generally need to be expressed in the cytosol in order to enter
the class I MHC pathway. This can be achieved by osmotic loading of the protein, antigen
delivery using liposomes, infecting APC with a recombinant virus that produces the protein,
or by establishing stable cell lines transfected with DNA that encoded the mycobacterial
antigen (111;114–116). Although establishing transfected cell lines is often the simplest and
most cost-effective approach, it is also the most restrictive because of the need to match the
MHC type of the donor CD8+ T cells with that of the APC. While this may not be a great
impediment for studies using inbred mouse strains, it is a significant limitation for studies
involving human T cells or outbred experimental animals.

An alternative to expressing the antigen in the cytoplasm of the APC is to use overlapping
synthetic peptides that span the length of the candidate protein. Just as there are many
innovative ways to express proteins in the cytoplasm of APC, many novel techniques exist
for the design and screening of peptide libraries (117). Cost-effective strategies vary the
length of each individual peptide and the amount of overlap in order to optimize the library
for the detection of epitopes that bind to class I MHC and are recognized by CD8+ T cells
(118). Alternately, comprehensive approaches synthesize every 9mer peptide in the protein
such that every peptide overlaps by 8 amino acids. The creation of peptide pools is used
when large numbers of peptides require screening and sophisticated pooling protocols exist
so that unique epitopes can identified after deconvolution of the data from the initial screen
(119).
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As alluded to above, an important consideration is the source of CD8+ T cells and the assay
conditions since T cell activation is used to determine whether a protein or peptide is an
antigen. To identify epitopes recognized by human CD8+ T cells, T cells are generally
purified from the peripheral blood of PPD+ individuals or patients with active tuberculosis.
Alternately, CD8+ T cell clones can be established and prescreened for the recognition of
infected macrophages or DC, which will increase the sensitivity of the final screen (22;120).
Short-term T cell lines can be established by stimulating T cells from PPD+ individuals with
the antigen of interest (121). Although this obviously introduces bias into the experimental
design, the tradeoff is the potential enrichment of T cells specific for the antigen. Animal
models allow access to large numbers of bulk CD8+ cells. The frequency of antigen-specific
T cells in the lung is particularly high and using mononuclear cells from the lungs of
experimentally infected animals as a source of T cells will increase the sensitivity of the
screen, although it is more difficult to obtain highly purified CD8+ T cells from the lung.
This is especially a concern if class II MHC-restricted epitopes are represented in the
peptide library since even small numbers of contaminating CD4+ T cells can produce
significant false-positive results. The assays used to measure T cell activation are standard
immunological assays. Cell culture supernatants are often assayed for IFNγ production by
ELISA since most CD8+ T cells produce this cytokine. The IFNγ ELISPOT may be more
sensitive technique for detecting recognition of synthetic peptides by CD8+ T cells and
provides information about the frequency of antigen-specific T cells (19;22;120).
Alternately, T cell activation can be detected by measuring proliferation or cytolytic activity
(121;122). While measuring the cytolytic action of CD8+ T cells is more cumbersome, this
approach may be particularly important given the discrepancy between the total number of
antigen-specific CD8+ T cells and the fraction that produce cytokines.

2. The Bioinformatic Antigen discovery approach—Now that the genome of M.
tuberculosis has been sequenced and made available in databases, a novel strategy to
identify class I MHC-restricted epitopes has emerged. Research on antigen presentation by
the MHC has provided a wealth of information on the molecular basis of how class I MHC
proteins binds peptides. A peptide binding groove is formed between the α-helices that sit on
the β-sheet platform. There are generally six “pockets” (A–F) in the groove, which
accommodate the amino acid side chains of the antigenic peptide. The unique binding
specificity of each MHC allele is due to polymorphic residues in the groove which alter the
exact configuration of these pockets, and thus leads to the preferential binding of peptides
with varied length and amino acid sequence. The anchor residues, typically at positions 2
and 9 of the peptide, are particularly important in determining the affinity of the peptide for
MHC. Careful inspection of all peptides known to bind to a particular class I MHC protein
reveals a pattern or motif that is required for optimum binding. Based on these motifs, one
can predict portions of proteins that are likely to bind to various MHC alleles. Computer
algorithms have been developed that can rapidly make these predictions (117). Some
algorithms are able to predict where proteosome cleavage sites are located in the protein.
Thus, the entire genome of a pathogen, or more selectively, it’s open-reading frames (ORF),
can now be rapidly analyzed using these algorithms to identify peptide epitopes that are
predicted to bind to class I MHC proteins (122;123). While some studies have found a good
correlation between predicted binding and experimentally determined binding, this is not
always the case (124;125). As these programs only predict MHC binding, most of the
predicted peptide epitopes that bind MHC will fail to prime T cells. Why one MHC-binding
peptide makes a good antigen and another fails to stimulate T cells is not completely
understood. Some possible explanations include relative abundance of the peptide, half-life
of the peptide, and competition among peptides for transport into the ER and MHC-binding.
Therefore, once predictions have been made, they still need to be experimentally verified.
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Ultimately, synthetic peptides corresponding to the predicted epitopes require testing for
recognition by CD8+ T cells as described above (121).

Majlessi et al applied this approach and analyzed 400 ORFs with the SYPEITHI program
(122). One hundred and fifty 9mers were identified with the H-2 Kd binding motif; 84 of
these had highly predictive scores (≥23). Eleven were synthesized, and of these, one was
recognized by CD8+ T cell obtained from infected mice. The epitope, TB10.3/10.420–28 is a
9mer found in the homologous TB10.3 (Rv3804c) and TB10.4 (Rv0288) proteins.
Hammond et al used a similar approach to perform a genome-wide screen of all 3924 ORF
of M. tuberculosis for epitopes presented by HLA-B*3501 (123). The algorithm
HLA_BIND predicted 479 epitopes, of which the 13 with the highest score were synthesized
and used to screen BCG-vaccinated individuals. Several of the peptides were clearly
recognized by CD8+ T cells from BCG-vaccinated donors. Clearly, this is a very efficient
way to screen large numbers of proteins for their recognition by CD8+ T cells. However, this
approach may not be very comprehensive since algorithms are not available for all MHC
alleles. Furthermore, most investigators select only the highest scoring epitopes for further
evaluation, which biases the analysis. This introduces an important source of bias into an
approach designed to avoid bias in the selection of the antigens for study. For example, there
are instances where epitopes that are antigens are not highly predicted by MHC-binding
algorithms. The CFP1032–39 H-2 Kk epitope is one of these, which has a SYPEITHI score of
only 13, yet is an immunodominant epitope following infection with M. tuberculosis (126).
The low frequencies of antigen-specific CD8+ T cells identified, the diversity of antigens
recognized, and the lack of hierarchal organization, may indicate that the strategy used by
Hammond et al failed to detect any immunodominant epitopes. Interestingly, data exist that
suggest an inverse correlation between immunodominance and MHC/peptide affinity
(127;128).

B. Mycobacterial antigens elicit class I MHC-restricted CD8+ T cells following infection
Just how bacterial antigens traffic from the phagosome to the cytoplasm where they can
enter the class I MHC processing pathway is a matter of controversy. Although several
mechanisms have been proposed (129;130), it is clear that ultimately mycobacterial antigens
do enter the class I MHC pathway, since class I MHC-restricted CD8+ T cells are elicited by
infection in both people and experimental animals. During the past several years a number
of M. tuberculosis proteins have been identified that are recognized by CD8+ T cells. Work
using human CD8+ T cell clones has provided important insight into the antigens that are
recognized and the how these proteins are processed by APC. Work using experimental
animal models has provided crucial details about the evolution of the CD8+ T cell response
and ultimately has the potential to determine whether these CD8+ T cells mediate protection
against M. tuberculosis infection. We have attempted to catalog the different antigens that
are recognized by either human T cells or murine T cells following infection (see Tables I
and II, respectively).

Although it is certain that greater insight into how mycobacterial proteins enter the class I
MHC processing pathway will be gained as additional antigens are described, inspection of
Table I and II reveals certain commonalities between the antigens. The most obvious trend is
that nearly all of the antigens are secreted proteins. Secreted M. tuberculosis protein antigens
have been extensively studied in part because they are targets of T cell mediated immunity
(131). Antigens such as Ag85, 6-kDa early secretory antigen target (ESAT6), 10-kDa
culture filtrate protein (CFP10) and others elicit strong CD4+ T cells responses in both mice
and humans (108;132). Another feature is that most of the antigens are small MW proteins.
Although there are many sources of bias in the data, these observations are consistent with
the hypothesis that small MW proteins can cross the phagosomal membrane. One possible
mechanism involves the host protein Sec61, which normally mediates retrograde protein
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translocation as a way to transport misfolded proteins back into the cytosol where they can
be targeted for degradation (133). Proteins secreted by M. tuberculosis into the phagosomal
compartment might be translocated by Sec61 across the phagosomal membrane into the
cytosol where they could enter the class I MHC processing pathway. Alternately, a bacterial
secretion system could mediate transport of bacterial proteins across the phagosomal
membrane. These are two possible mechanisms to explain how mycobacterial antigens in
infected APC enter the class I MHC processing pathway. Alternately, cross presentation of
mycobacterial antigens by uninfected DC could lead to cross-priming of CD8+ T cells. One
way uninfected DC could prime CD8+ T cells is by taking up apoptotic vesicles derived
from M. tuberculosis infected macrophages. This mechanism, which has been referred to as
the “Detour Pathway,” has been shown to activate both human and murine M. tuberculosis-
specific CD8+ T cells (134;135). How the antigens get out of the apoptotic vesicles, which
are contained within phagosomes, and into the cytosol, still remains a formidable problem to
solve.

1. ESAT6-related proteins—Through careful genomic mapping of different BCG strains
from around the world, Marcel Behr defined several regions that had been deleted from M.
bovis during the derivation and propagation of BCG, the widely used vaccine strain (136–
141). Using these “regions of difference” (RD), a family tree of the different BCG strains
was created and led to the conclusion that the deletion of RD-1 was likely to be the original
event that led to the attenuation of M. bovis. The same area is absent from M. microti, which
is closely related to M. tuberculosis, but is avirulent. Through targeted mutation, it is now
confirmed that the RD-1 locus is critical for the virulence of M. tuberculosis. Two of the
proteins encoded within the RD-1 locus are CFP10 and ESAT6, which are secreted as a
heterodimer (142), and were already known to be a major antigens recognized by M.
tuberculosis-specific human T and B cells (131;143;144). The cfp10 gene is in the same
operon as the esat-6 gene, and the two genes share 40% sequence homology and belong to
the ESAT6 family of small proteins (136;140;145). In addition to RD-1, M. tuberculosis
H37Rv has 11 distinct loci that encodes 23 ESAT6-related proteins (reviewed in (9)). This
extended family of ESAT6-related proteins have been given the names EsxA through EsxW,
with the best characterized ESAT6 and CFP10 proteins named EsxA and EsxB. Other
proteins in the RD-1 locus, adjacent to ESAT6 and CFP10, are required for the secretion of
the CFP10 and ESAT6, and together, the locus appears to encode a specialized secretory
apparatus, which is referred to as ESX-1. Four other related loci exist.

Although some data indicates that ESAT6 can disrupt planar membranes, the exact function
of ESAT6 and CFP10 are unknown (146). As CFP10 and ESAT6 are expressed by
pathogenic mycobacterium species but not by BCG, CFP10 and ESAT6 may be virulence
factors. This of course begs the question of whether the secretion of CFP10 and ESAT6 are
required for virulence or whether the RD-1 dependent secretion of other proteins is the
critical factor.

Interestingly, the ESAT6-related proteins appear to frequently be targets of the host immune
response and recent evidence suggests that specific immunity to ESAT6 enhance host
resistance against M. tuberculosis infection (141). It is well documented that ESAT6 and
CFP10 elicit T cells in humans as well as experimentally infected animals. In addition, T
cells to other ESAT6-related proteins are generated following infection (9). It is quite
remarkable that a number of ESAT6-related proteins including ESAT6 (EsxA), CFP10
(EsxB), and TB10.3/10.4 (EsxR/H) generate CD8+ T cell responses in infected people and
mice.

In 2000, Lewinsohn et al. cloned CD8+ T cells from a PPD+ individual using autologous M.
tuberculosis infected DC (120). Four of the CD8+ T cell clones are class I MHC-restricted
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and two recognize distinct peptide epitopes derived from the CFP10 protein (22). This data
is significant for several reasons. First, it demonstrates that CFP10 has access to the class I
MHC processing pathway and shows that CFP10-specific CD8+ T cells are primed
following infection. Second, CFP10-specific CD8+ T cell clones recognize infected
macrophages, which indicates their potential to act as effector cells (22;147). Finally,
CFP10-specific CD8+ T cells were detected at frequencies as high as 1/700 total CD8+ T
cells, suggesting that CFP10 can be an immunodominant antigen in people. A follow-up
study by Shams et al defined a 15mer peptide (CFP1071–85), which contains at least two
distinct epitopes, each one that can be presented by class I and II MHC to both CD8+ and
CD4+ T cells, respectively (147). The promiscuity of these epitopes for different alleles of
class I and class II MHC proteins may explain why nearly 100% of people with latent M.
tuberculosis infection recognize CFP10.

These observations prompted my own lab to determine whether CFP10 was a target of the
CD8+ T cell response in the mouse model. We identified two epitopes from the CFP10
protein: CFP1011–25 and CFP1032–39, which are recognized by CD4+ and CD8+ T cells,
respectively. The CFP1032–39-specific CD8+ T cells were H-2 Kk-restricted and were
elicited following infection with virulent M. tuberculosis (Erdman and H37Rv) but not
H37Ra or BCG. CFP1032–39-loaded Kk-tetramers identified CFP10-specific CD8+ T cells in
the lung, spleen and LN (see Figure 1A). Surprisingly, nearly 30% of pulmonary CD8+ T
cells recognize CFP1032–39, demonstrating the CFP10 is an immunodominant antigen in
mice of the H-2k haplotype (see Figure 1) (126).

As mentioned above, the ESAT6-related proteins TB10.3 and TB10.4 both contain an
identical epitope (TB10.3/10.420–28), which is recognized by H-2 Kd-restricted CD8+ T cells
following respiratory M. tuberculosis infection (126). As many as 30–40% of the CD8+ T
cells in the lungs of BALB/c mice recognize this epitope and these CD8+ T cells have
cytolytic activity both in vitro and in vivo (Arati Kamath, J.S.M.W., and S.M.B., manuscript
submitted)(122;126). The identification of immunodominant epitopes such as CFP1032–39
and TB10.3/10.420–28 that are recognized by CD8+ T cells following infection is critical for
studies elucidating the key elements of protective immunity. In contrast to CD8+ T cells that
recognize subdominant epitopes, the high frequency of CD8+ T cells that are specific for
dominant epitopes can facilitate studies on the activation, differentiation, trafficking, and
effector functions of these T cells. These epitopes will make possible further insight into
how other host and microbial factors modulate the antigen-specific CD8+ T cell response
and allow comparison of different vaccination strategies that elicit CD8+ T cell responses.
Thus, identification of the dominant epitopes recognized by CD8+ T cells is critical to
understanding how these T cells mediate host resistance to tuberculosis.

Just as CFP10 elicits antigen-specific CD8+ T cells following M. tuberculosis infection,
specific epitopes within the ESAT6 protein are recognized by CD8+ T cells obtained from
the blood of infected individuals. Lalvani et al identified two class I MHC-restricted
epitopes from the ESAT6 protein in an individual with active tuberculosis (see Table I) (19).
In a second study, CD8+ T cells specific for ESAT6 were detected in two unrelated
individuals, one a PPD+ household contact and a second with untreated healed tuberculosis
(148). In both cases the CD8+ T cells recognized ESAT621–29 presented by HLA-A68.02
and these T cells were present at a frequency of up to 1/2500 peripheral blood lymphocytes.
The frequency of T cells recognizing ESAT621–29 was similar to the frequency of T cells
specific for PPD. Furthermore, the frequency of ESAT621–29-specific CD8+ T cells was
stable during 21 months of follow-up. Pathan et al argue that the persistent high frequency
of these T cells suggest that ESAT6-specific CD8+ T cells have a role in protection (148).
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Why this group of proteins should be so frequently recognized by T cells is unknown, but as
they are all small secreted proteins, they may more efficiently enter the class I and class II
MHC antigen processing pathways. Just as CFP10 and ESAT6 are potential virulence
factors as defined by there absence from BCG, it is interesting to speculate on whether they
are potentially important immunological targets required for control of the M. tuberculosis
by the immune system. Could it be that BCG in an ineffective vaccine because it fails to
stimulate an immune response to CFP10 and ESAT6?

2. Ag85 complex—Another protein secreted by M. tuberculosis is the Ag85 complex
(Ag85A, Ag85B, and Ag85C), which is a family of homologous proteins that is conserved
among Mycobacterium species. Each of these has a MW of 30–32 kDa and is associated
with mycolyltransferase activity. Furthermore, Ag85 is a well-known antigen that elicits a
strong IFNγ response both in tuberculosis patients, BCG-vaccinated individuals, and in
animals experimentally infected with M. tuberculosis or BCG.

Using computer algorithms, Klein et al identified three epitopes from the Ag85 complex that
were recognized by BCG-vaccinated HLA-B*3501 individuals: a) an epitope shared by
Ag85ABC (Ag85110–118) b) Ag85C268–276; and Ag85B204–212 (110). An interesting strategy
for the identification of mycobacterial epitopes that are presented by human class I MHC is
to use transgenic mice that express HLA-A*0201 (109). Thirty candidate peptides were
synthesized and 16 were found to bind to HLA-A*0201 with high or intermediate affinity.
DNA vaccination of mice elicited CTL activity against four of the peptides. Two of the
peptides (Ag85B143–152 and Ag85B199–207) were able to stimulate short-term antigen-
specific CD8+ T cell lines from BCG-vaccinated individuals. In the case of Ag85B199–207,
tetramers were made and CD8+ T cells that stained with the tetramers were enriched in the
short-term cell lines. Disappointingly, tetramer+ cells could not be detected directly in the
peripheral blood of BCG-responsive donors suggesting that their frequency in the circulation
is <1/1000. While these two examples indicate that BCG elicits CD8+ T cells that recognize
members of the Ag85 complex, we can not ascertain from these studies whether Ag85 is an
important target of CD8+ T cell response in M. tuberculosis infection.

Using a different strategy, Smith et al established short-term T cell lines from BCG-
vaccinated HLA-A*0201 donors and tested the CD8+ T cells against an overlapping peptide
library corresponding to Ag85A (108). Three peptides were recognized and two of these
contained HLA-A*0201 binding motifs (Ag85A48–56 and Ag85A242–250). Using CD8+ T
cells purified from the peripheral blood of BCG-vaccinated individuals, specific tetramers
and an IFNγ Elispot was used to determine the frequency of Ag85A-specific T cells (see
Table I). Studies with the tetramers revealed that ~1/3500 peripheral blood CD8+ T cells
were specific for Ag85A48–56 and Ag85A242–250. Interestingly, this study also found that the
Elispot assay underestimated the frequency of antigen-specific CD8+ T cells by
approximately 6-fold. Short-term CD8+ T cell lines derived by stimulating PBMC with these
peptides recognized autologous M. tuberculosis infected macrophages. Thus, BCG
vaccination elicits Ag85A-specific CD8+ T cells that can be detected in peripheral blood,
and are able to recognize M. tuberculosis infected macrophages.

Although not formally part of the Ag85 complex, MPT51 is another major secreted protein
that has some structural and immunological similarity to Ag85A, -B, and C. H-2 Kb-
restricted CD8+ T cells specific for epitopes have been identified following MPT51 DNA
vaccination (149).

3. 19-kDa protein—The 19-kDa lipoprotein is found in mycobacterial species within the
M. tuberculosis complex including the BCG vaccine strain (150). Although it is cell wall
associated, it is also secreted into the culture media (150). The 19-kDa lipoprotein has a
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variety of effects on the immune system. Not only does it stimulate both an antibody and a T
cell response, but it also activates the innate immune system, probably by signaling through
toll-like receptors (151). Both CD4+ and CD8+ T cells responses are made against the 19-
kDa lipoprotein. The 19-kDa antigen is an excellent candidate protein to elicit CD8+ T cells
since not only is it secreted by the bacterium, but it is also able to gain access into the class I
MHC presentation pathway both in M. tuberculosis infected macrophages and DC (152).
Interestingly, entry into the class I MHC pathway appears to be independent of the TAP1
transporter. Mahagheghpour et al measured the relative affinity of 28 peptides that were
predicted to bind HLA-A*0201. Five peptides stabilized HLA-A*0201 expression on T2
cells. One of these peptides, 19-kDa88–97, was recognized by CD8+ T cells in the peripheral
blood of two PPD+ healthy subjects (18). The19-kDa88–97 peptide was used to derive CD8+

T cell lines from these individuals and these CD8+ T cell lines had CTL activity that was
specific for the 19-kDa88–97 peptide, and was blocked by antibodies to class I MHC or to
CD8. Similar CD8+ T cell lines specific for the 19-kDa88–97 peptide were obtained from
patients with active tuberculosis but not from PPD− donors, suggesting that M. tuberculosis
infection leads to in vivo priming of CD8+ T cells specific for the 19-kDa protein.
Importantly, CD8+ T cell lines derived in vitro using the 19-kDa88–97 peptide recognized
autologous monocytes infected with M. tuberculosis, establishing that the 19-kDa88–97
peptide is presented by infected cells (18). Using HLA-A*0201 tetramers loaded with the
19-kDa88–97 peptide, Hohn et al report that between 0.13–0.81% of the peripheral blood
CD8+ T cells stained with the tetramer (153). Interestingly, the frequency of 19-kDa88–97-
specific CD8+ T cells steadily declined in seven out ten patients treated with triple antibiotic
therapy for active tuberculosis (154). This high frequency of antigen-specific CD8+ T cells
detected in peripheral blood independently confirms that M. tuberculosis infection leads to
priming of human CD8+ T cells specific for the 19-kDa antigen.

4. 16-kDa protein—The 16-kDa protein [hspX, acr, Rv2031c] has homology to proteins
belonging to the α-crystallin family of the small heat-shock proteins (155). Five peptides
from this protein were highly predicted to bind to HLA-A*0201 and these were used to
establish short-term T cell lines using peripheral blood CD8+ T cells from 8 children with
pulmonary tuberculosis (156). CD8+ T cell lines that recognized the 16-kDa21–29 and 16-
kDa120–128 epitopes were successfully established from all 8 patients. These CD8+ T cell
lines produced both TNF and IFNγ, and their recognition of peptide pulsed cells was
abrogated by antibodies to CD8 or HLA-A2. These CD8+ T cell lines also expressed
granulysin and perforin, and lysed THP-1 cells (which express HLA-A*0201) when infected
in vitro with H37Ra or with BCG. Finally, by stimulating fresh PBMC with the 16-kDa21–29
and 16-kDa120–128 peptides and measuring the frequency of IFNγ-producing T cells,
Caccamo et al show that between 0.1–0.2% of the CD8+ T cells in peripheral blood of
patients with tuberculosis recognize the 16-kDa protein (156).

5. 38-kDa protein—The 38-kDa protein is a glycolipoprotein which is secreted but
remains attached to the cell surface of M. tuberculosis by its lipid tail. Following DNA
vaccination or immunization with transfected tumor cells expressing the 38-kDa protein,
CTL activity specific for the 38-kDa protein was elicited in C57BL/6 mice (111). CTL
derived from these vaccinated mice were used to screen a library of overlapping peptides, as
well as 12 additional peptides corresponding to epitopes that were predicted using
algorithms. Several peptides were specifically recognized by CTL and some were shown to
bind to H-2 Kb or Db. One peptide, 38-kDa225–234, was recognized by CTL derived from M.
tuberculosis infected mice. The repertoire of IFNγ-producing CD8+ T cells specific for 38-
kDa protein was compared following DNA vaccination and after M. tuberculosis infection
(106). DNA vaccination elicited CD8+ T cells that recognized three distinct epitopes in the
38-kDa antigen. Interestingly, these three epitopes were completely nonoverlapping with the
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one epitope (38-kDa225–23) that was recognized by CD8+ T cells after M. tuberculosis
infection. This emphasizes that epitopes that prime CD8+ T cell following vaccination do
not always elicit CD8+ T cells following infection. Other investigators have been unable to
detect 38-kDa225–234-specific CD8+ T cells using an IFNγ Elispot [(157) and S.M.B,
unpublished observations]. This may indicate that these CD8+ T cells are present at a very
low frequency.

6. Mtb32c protein—The Mtb32c antigen contains an epitope that is recognized by CD8+

T cells from infected C57BL/6 mice (158). This epitope was initially identified during the
characterization of the 72F vaccine which is a fusion protein of Mtb32C and Mtb39 (159).
CD8+ T cells that recognize the Mtb32c93–102 epitope are elicited following M. tuberculosis
infection. After low dose infection, up to 7.5% of the CD8+ T cells in the lung of C57BL/6
mice are specific for the Mtb32c93–102 epitope (158). These antigen-specific CD8+ T cells
express IFNγ and during the chronic phase of infection, a subset down regulates CD45RB
and upregulates IL-7 receptor-α, consistent with emergence of memory CD8+ T cells. This
epitope will likely be important for the study of CD8+ T cells since it is the only one
described to date that elicits a high frequency of antigen-specific CD8+ T cells in C57BL/6
mice. Furthermore, these T cells may contribute to the protective efficacy of the 72F
vaccine.

B. Mycobacterial antigens elicit CD1-restricted CD8+ T cells
The CD1 family of antigen presenting molecules is a distinct lineage of molecules that may
have coevolved with the MHC. They all form a heterodimer with β2 microglobulin and have
an overall topological structure similar to class I MHC proteins. However, their precise
tertiary dimensional structure is unique and includes a hydrophobic antigen binding pocket,
which makes these molecules well-suited to present lipid and glycolipid molecules to T
cells. Group 1 CD1-restricted T cells include several distinct T cell subsets, which have been
described to use both the αβ-TCR and the γδ-TCR (160;161). While most group I CD1-
restricted T cells described in the literature are CD4−8−, some are CD4+ or CD8+ (15;20).
This serves to remind us that not all CD8+ T cells are restricted by class I MHC; some are
restricted by non-classical class Ib MHC molecules and some are restricted by CD1. CD1-
restricted CD8+ T cells recognize mycobacterial lipids (20) and these T cells express many
of the molecules associated with classical CD8+ T cells, such as granulysin, and kill target
cells using the cytotoxic granule pathway (15). Furthermore, because these T cells do
express granulysin, they have been shown to have the capacity to kill M. tuberculosis. Work
from the Sugita lab has shown that a majority of the CD8+ T cells found in the peripheral
blood of BCG-vaccinated individuals are CD1-restricted (23). Thus, mycobacterial infection
in people elicits lipid-specific group I CD1-restricted CD8+ T cells that have the potential to
participate in host defense against M. tuberculosis infection.

C. Protective antigens
There is an enormous emphasis on defining protective antigens as these are perceived to be a
critical step in designing a vaccine against tuberculosis. Clearly an important component of
this definition is that the antigen needs to be processed and presented by the infected
macrophage. It is not enough to show that the protein is presented by transfectant or virally
transduced cell lines. Even the most potent immune response will be ineffective if the target
epitope is not processed and presented by infected cells. Once class I MHC epitopes are
identified that are naturally presented by infected macrophages, one needs to demonstrate
that the vaccination strategy elicits CD8+ T cells specific for epitope that is being studied. At
a minimum this requires a methodology that can assess the frequency of antigen-specific
CD8+ T cells. Such methodologies include Elispot, tetramers staining, or intracellular
cytokine staining. Such immunological evaluation has the potential to compare different
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vaccination strategies for their immunological efficacy before empirically testing the
vaccine’s protective efficacy. Once such preliminary studies are complete, one can assay the
capacity of vaccination to protect experimental animals from challenge with M. tuberculosis.
In selected examples, passive transfer of antigen-specific CD8+ T cell clones may also
provide evidence that the target is a protective antigen.

IV. CD8+ T cells potentially mediate protection against M. tuberculosis
infection by several mechanisms

How class I MHC-restricted CD8+ T cells mediate their protection in vivo, either during
active or latent infection is unknown. Several defined immunological functions attributed to
M. tuberculosis-specific CD8+ T cells may be important in host resistance to M.
tuberculosis. However, few of these functions have been experimentally tested to establish
the requirements for protection by CD8+ T cells. Another question is whether any of these
biological activities are uniquely important for protection mediated by CD8+ T cells, since
there is overlap in the effector functions between CD4+ and CD8+ T cells. Although the
discussion below focuses on the protective capacity of CD8+ T cells, tuberculosis is a
disease caused in large part by an over-exuberant immune response and the tissue
inflammation is out of proportion to the number of bacteria present in the tissue. CD8+ T
cells can potentially be detrimental. Situations have been observed in which recruitment of
immune CD8+ T cells elicited by vaccination are associated with pulmonary injury when the
host is challenged with M. tuberculosis (162;163). Thus, while the effector functions of
CD8+ T cells may play a role in host defense, it is also possible that these same mechanisms
mediate immunopathology.

A. M. tuberculosis-specific CD8+ T cells produce pro-inflammatory cytokines
Perhaps the most studied effector mechanism of T cells in M. tuberculosis infection is the
secretion of type 1 cytokines, which have various anti-microbial effects. In particular, IFNγ
and TNF act synergistically to activate macrophages, which increase their microbicidal
activity. This is mediated in large part though the induction of nitric oxide synthase and
phagocyte oxidase, which are critical for the production of nitrogen and oxygen radicals
(i.e., NO and O3) capable of killing M. tuberculosis. These cytokines also mediate a variety
of immunological functions including inducing class I and II MHC, upregulating CD1d, and
modulating the expression of many genes (164;165). As described below, these cytokines
are essential for the host response to M. tuberculosis.

1. IFNγ production may be an important protective function of CD8+ T cells—
The importance of IFNγ in a productive immune response to M. tuberculosis is well
appreciated. IFNγ −/− and IFNγR −/− are unable to control bacterial replication and die
rapidly after M. tuberculosis infection (47;166–168). Furthermore, individual people with
defective IFNγ signaling pathways, including those with anti-IFNγ autoantibodies, appear to
have increased susceptibility to intracellular pathogens including mycobacterial species
(169–171). Furthermore, there is also a suggestion that reduced IFNγ production by both
CD4+ and CD8+ T cells in M. tuberculosis infected patients is correlated with increased
disease severity (172).

The major defined effect of IFNγ is the activation of infected macrophages to increase their
bactericidal capacity via the production of nitrogen and oxygen radicals and LRG47 (173–
175). More recently, IFNγ has also been associated with inducing autophagy of M.
tuberculosis-infected macrophages, a process that decreases the viability of intracellular
bacteria (176). Finally, IFNγ is an antagonist of a Th2-type immune response, which is non-
protective against M. tuberculosis infection.
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The production of IFNγ is a key mediator of the protection afforded by CD4+ T cells
(2;177). However, activated M. tuberculosis-specific CD8+ T cells isolated from infected
people and experimental animals also produce IFNγ (22;122;126;149;173;175;178).
Moreover, IFNγ production by stimulated CD8+ T cells is used regularly as a functional
positive output for the screening of responses to M. tuberculosis-derived antigens, as well as
a biological correlate of the efficacy of vaccination strategies for protective responses
against M. tuberculosis (179;180). In this respect, the ability of CD8+ T cells to produce
IFNγ upon antigenic stimulation appears to be independent of specificity to any particular
group of M. tuberculosis-derived antigen, and may therefore be a general property of the
CD8+ cell response.

Not all M. tuberculosis-specific CD8+ T cells produce IFNγ. In studies that enumerate M.
tuberculosis antigen-specific CD8+ T cells, there is often a discrepancy between the total
number of antigen-specific CD8+ T cells and those that produce IFNγ upon stimulation. This
disparity is especially noted when the frequency of CD8+ T cells specific for a single peptide
antigen is determine using tetramers by flow cytometry or by IFNγ-based Elispot assays
(compare Figure 1B and 1C)(108;181). While there are technical issues such as the
difficulty of efficiently activating CD8+ T cells in vitro, differences in how dead cells are or
are not discriminated, and variability in whether whole PBMC or purified CD8+ T cells are
analyzed, the differing results obtained with these assays may also reflect heterogeneity in
the function of M. tuberculosis-specific CD8+ T cells. Supporting this possibility,
Temmerman et al identified distinct populations of IFNγ-producing and perforin-expressing
human CD8+ T cells specific for heparin-binding hemagglutinin (182).

Although IFNγ is essential for immunity to tuberculosis and CD8+ T cells clearly have the
potential to produce IFNγ, it is more difficult to determine whether IFNγ production by
CD8+ T cells have a protective role during M. tuberculosis infection. To address this
question, Tascon et al showed that naïve WT CD8+ T cells but not IFNγ −/− CD8+ T cells
could protect nude mice from M. tuberculosis when adoptively transferred prior to infection
(27). This result shows that IFNγ production by CD8+ T cells can mediate protection.
However, in a normal response in mice with an intact immune system, the production of
IFNγ is also provided by CD4+ T cells (absent in nude mice). Whether IFNγ production by
CD8+ T cells is an important function in hosts with intact immunity, where CD4+ T cells are
fulfilling their natural role as abundant IFNγ producers, is unknown. Nevertheless, these
findings support that CD8+ T cells can be appropriately activated in vivo by infected cells
during M. tuberculosis infection and their IFNγ production is required for protection under
these circumstances.

2. M. tuberculosis-specific CD8+ T cells frequently produce TNF—TNF is
another potent effector cytokine during M. tuberculosis infection and studies using knockout
mice, transgenic mice, blocking antibodies, and soluble TNF receptors, have all
demonstrated its importance in controlling the M. tuberculosis infection (183–186).
Furthermore, the increased incidence of clinical tuberculosis in patients treated with TNF
blocking agents for autoimmune disease corroborates that TNF is essential for control of M.
tuberculosis in people (187–189). TNF activates bactericidal activity in M. tuberculosis-
infected macrophages and these actions are synergistic with IFNγ (184–186). Additionally,
TNF appears to be important in chemokine production by macrophages, macrophage and
lymphocyte recruitment to the lung, and granuloma formation (185;186;190). Both infected
macrophages and CD4+ T cells isolated from infected people and experimental animals
produce TNF (191;192). As with IFNγ, antigen-specific CD8+ T cells obtained from
infected people and experimental animals also produce TNF in M. tuberculosis infection
although, the relative importance of TNF-production by M. tuberculosis-specific CD8+ T
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cells has not been addressed (156;193)(Arati Kamath, J.S.M.W. and S.M.B., manuscript
submitted).

3. Other Cytokines—M. tuberculosis-specific CD8+ T cells also produce other cytokines.
While a Tc1-cytokine profile, including IFNγ production is most often reported, antigen-
specific CD8+ T cells producing IL-4 and GMCSF (Tc2 cytokines) have also been isolated
from actively infected individuals (153;154). Interestingly, IL-4 production by CD8+ T cells
seems to be associated with active disease in individuals and may be a surrogate marker for
the infectious stage (194). M tuberculosis-specific CD8+ T cells in the lungs of latently
infected people produce GM-CSF and IFNγ (178). Although GM-CSF is not thought to
function as an effector molecule, it may have a role in immunoregulation. Similarly,
transcription of IL-12p40, a Th1-promoting cytokine produced by infected DC and
macrophages and a key cytokine in immunity to M. tuberculosis, is transcribed by human
CD8+ T lymphocytes, in situ (195).

B. M. tuberculosis-specific CD8+ T cells are cytotoxic lymphocytes
A hallmark of CD8+ T cells in many immune responses is their ability mediate cellular
cytotoxicity (15;88;196). Cellular lysis of M. tuberculosis-infected macrophages could be
beneficial if the released bacteria, or bacteria sequestered in apoptotic bodies, are
subsequently taken up by nearby macrophages that can mediate bacterial killing as
hypothesized by Kaufmann (197). For example, when uninfected macrophages were added
to M. avium infected macrophages dying by apoptosis, a decrease in bacterial survival was
observed (198). Since apoptosis of target cells is the final common pathway following
recognition by CTL, this mechanism may be particularly important following the killing of
infected macrophages by CD8+ T cells (Figure 2). This may explain the inverse relationship
between cytolytic activity of isolated CD8+ and CD4+ T lymphocytes against infected target
cells and the severity of tuberculosis in people (199). CTL activity can be mediated by
several molecular mechanisms that include 1) the release of cytotoxic granules containing
perforin and granzymes; 2) CD95/CD95L-dependent (Fas/FasL) killing; and 3) the
production of TNF that induces apoptosis in some cellular targets (see Figure 2).

1. Cytotoxic activity of M. tuberculosis-specific CD8+ T cells is detected in
vitro and in vivo—M. tuberculosis-specific CD8+ cytolytic T cells isolated from both
PPD+ actively M. tuberculosis-infected individuals have been used to establish cytolytic T
cells lines that can recognize and kill infected APC in vitro (15;22;147;196). In vitro
cytolytic activity towards M. tuberculosis-antigen presenting target cells has been used to
define that antigen specificity of M. tuberculosis-specific CD8+ T cells (157). M.
tuberculosis-specific CD8+ cytolytic T cells lines have also been generated from mice
infected with BCG and M. tuberculosis (122;200).

While both human and murine M. tuberculosis-specific CD8+ cytolytic T cell lines have
been established in vitro, it has been difficult to demonstrate cytolytic activity of freshly
isolated CD8+ T cells against infected macrophages (18;19;157;197;201;202). One possible
explanation for is that freshly isolated CD8+ T cells obtained from infected people and
experimental animals has a low frequency of antigen-specific CD8+ T cells, which leads to a
lower effector-to-target cell ratio than is typically used in standard cytotoxicity assays.
Alternately, it has been argued that the repeated stimulation and propagation of CD8+ T cells
in vitro induces CTL activity. More recently, in vivo CTL activity of M. tuberculosis-
specific CD8+ T cells has been identified for class I MHC-restricted peptide epitopes in the
murine infection model (126;203). This is vivo CTL activity was detected using an in vivo
cytolytic assay first used in a murine viral infection model (204). In this assay, uninfected
splenic target cells are fluorescently labeled and surface loaded with a class I MHC-
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restricted peptide from a defined M. tuberculosis antigen. The target cells are then mixed
with a differentially labeled, non-peptide pulsed control target cell population and injected
into uninfected and M. tuberculosis-infected mice. The cells are recovered 20 hours after
transfer and the specific killing of the peptide-loaded target cells is determined by flow
cytometry (see Figure 3). This assay can be used to detect M. tuberculosis-specific CD8+ T
cell cytolytic activity during an ongoing immune response in vivo without the need to
restimulate T cells in vitro. In 2004, M. tuberculosis-specific CD8+ T cell cytolytic activity
using this method was reported by two groups. Using a class I MHC-restricted peptide from
the putative mycobacterial phosphate receptor, PstS-3, Romano et al report that ~20–30% of
the peptide-pulsed splenic target cells transferred in vivo are specifically killed in C57Bl/6
mice within 18 hours assay (203). In our own studies, in vivo cytolytic activity towards
CFP1032–39-loaded targets is detected as early as 3 weeks post aerosol infection in the lung,
spleen, and and spleen tissue of C3H/HeJ mice (126). The total cytolytic activity increase up
to week 6-post infection, reaching >75% specific target cells killing of splenic and lung
target cell re-isolated in an 18 hour assay. Furthermore, using the TB10.3/10.420–28 epitope,
which is recognized by H-2 Kd-restricted CD8+ T cells following infection of BALB/c mice,
we found that M. tuberculosis-specific CD8+ T cell cytolytic activity could be detected as
late as 37 weeks-post infection, showing that CD8+ T cell cytolytic activity is long lived
following M. tuberculosis infection.

2. CD8+ T cells kill M. tuberculosis infected macrophages using multiple
mechanisms—The establishment of both long-term and short-term T cell lines from M.
tuberculosis-infected people and experimental animals allows investigators to determine
how M. tuberculosis-specific CD8+ T cells mediate cytolysis. These experiments typically
use a chromium release assay to measure the ability of M. tuberculosis-specific CD8+

cytolytic T cells to lyse target cells that are either infected or antigen-loaded. While certain
antigen-specific T cell clones exclusively use a single cytotoxic mechanism, more
heterogeneous M. tuberculosis-specific CD8+ cytolytic T cells use multiple cytotoxic
pathways, which suggest an overlap or redundancy in the molecular requirements for their
cytolytic activity.

Serbina et al stimulated pulmonary CD8+ T cells from M. tuberculosis infected mice using
infected class II MHC −/− DC to establish short-term T cell lines. These T cell lines
acquired the ability to lyse infected macrophages in vitro and the lysis is dependent upon
granule exocytosis (200). Similarly, Stenger et al analyzed mycobacterial lipid specific
group 1 CD1-restricted human T cell clones and found that the CD8+ T cell clones
exclusively used granule exocytosis for target cell lysis, whereas the CD8−CD4− T cell
clones relied on the CD95/CD95L pathway (15). Additionally, Silva and Lowrie cloned
hsp65-specific CD8+ T cells from M. tuberculosis infected mice that were dependent upon
each the granule release and the CD95/CD95L pathways to kill infected macrophages (205).
In contrast, the cytolytic activity of short term CD8+ T cell lines established from PPD+

patients was inhibited by blocking of both CD95/CD95L ligation and granule release/
perforin polymerization, suggesting that these pathways are simultaneously activated during
target cell recognition (206). A second study similarly found that CD8+ T cells from PPD+

and PPD− individuals used both pathways; however, the lysis of in vitro infected target cells
by CD8+ T cells obtained from patients with active tuberculosis was dependent on perforin
(199). Redundancies in the molecular mechanism used by CTL could operate at the level of
individual clones (clonal cells can use more than one mechanism to kill target cells) or a
population level (antigen-specific T cells are a mixture of clones, each one using one of
three possible mechanisms to kill target cells).

Evidence in tumor-models highlight the potential disconnect between dependence on
specific cytolytic mechanisms in vitro and in vivo (207). Hence, while these studies clearly
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illustrate the cytolytic mechanisms that are employed by M. tuberculosis-specific CD8+ in
vitro, they inherently fall short of illuminating the importance of these effects in vivo.

3. Analysis of cytotoxic pathways using in vivo experimental animal models—
Through the use of genetic tools, the mouse model initially appeared to offer a way to assess
which of the different cytotoxic pathways was required for mycobacterial immunity in vivo
(Figure 2). However, conflicting studies have made it difficult to conclude whether mice
lacking critical mediators of cytolysis, such as perforin, granzyme, or CD95L, are more
susceptible to M. tuberculosis infection (208;209). The interpretation of these studies is
complicated since none of these molecules are specific for CD8+ T cells, and most are
expressed by NK cells and some CD4+ T cells. Underlying this complexity is the
observation that both perforin and CD95 can have a role in lymphocyte homeostasis (210).
One manifestation of this function is the finding that CD95 and perforin −/− mice have
increased type 1 cytokine production. For example, perforin −/− mice have more IFNγ-
producing CD8+ T cells in the lung compared to WT mice following M. tuberculosis
infection (200). These opposing effects (i.e., decreased cytotoxicity vs. increased type 1
cytokine production), could potentially obscure the effector role of these molecules in vivo.
Alternately, a role in mediating immunopathology and controlling bacterial replication
would also confuse the interpretation of in vivo experiments. One interpretation of the
published studies is the idea that the requirement for cytotoxic CD8+ T cells may be more
critical late during the chronic or recrudescent phase of infection, which is why only
experiments measuring CFU at late time points or survival measurements, detected a
difference between knockout and WT mice. Nevertheless, reliance on these genetic murine
models is unlikely to add any additional insight into the role of CD8+ T cells in tuberculosis.

a. Granule-exocytosis pathway: While some reports did not detect an impairment of
immunity to M. tuberculosis immunity in granzyme or perforin −/− mice (42;208;209),
other data suggest that perforin −/− mice do not control bacterial replication as efficiently as
WT mice, and have decreased survival following M. tuberculosis infection (42;44).

b. CD95/CD95L (Fas/FasL) pathway: Studies involving mice deficient in the CD95/
CD95L pathway are also contradictory. An initial study that examined early time points
after infection generally did not observe significant differences in CFU between CD95 −/−
(lpr) and WT mice after up to 5 weeks post-mycobacterial IV infection (209). Granuloma
formation in CD95 −/− mice appeared normal, and the authors suggest that measured
compensatory cytokine production may have compensated for a lack of CD95 function. In
contrast, in study in 2001, Turner et al monitored later time points post-low dose aerosol
infection (up to 140 days), and reported a requirement for CD95/CD95L cytotoxic
molecules (44). Interestingly, in these studies perforin −/− showed only a relatively very
small increase in CFU.

c. The possibility of redundant pathways or previously undescribed cytotoxic
pathways: Interestingly, mice lacking CD8+ T cells (i.e., β2m, TAP1, and CD8 knockout
mice) die more rapidly than mice lacking either CD95 or perforin (42;44;211;212). While
some immune responses appear wholly dependent on a single cytolytic mechanism, these
results suggest that these two major cytotoxic pathways may be functionally redundant in
tuberculosis, as for certain viruses (212–214), or may be compensated by another
(undefined) mechanism.

4. CD8+ T cells kill M. tuberculosis—In vitro studies demonstrate that apoptosis of
infected cells may have a bactericidal effect, which benefits host immunity by destroying a
niche where the bacteria grow or by a more direct bactericidal effect of the apoptotic process
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itself. TNF-dependent apoptosis of both primary murine and human in vitro M. tuberculosis-
infected macrophages leads to reduced bacterial viability in culture (192;215). Similarly,
apoptosis induced by recombinant CD95L binding to CD95 on infected human macrophages
also leads to reduced viability of M. tuberculosis in vitro and supports the possibility that
CD4+ and CD8+ T cells could use the CD95/CD95L pathway to control M. tuberculosis
infection (216). Conversely, virulent M. tuberculosis inhibit apoptosis of infected
macrophages while simultaneous promoting a more necrotic cell death that does not reduce
bacterial viability and may lead to increased bacterial dissemination in vivo (217;218).

In addition to cytolytic activity CD8+ T cells have unique effector mechanisms that can
directly kill intracellular bacteria (219). For example, human CD8+ T cells (as well as NK
cells, γδ T cells and CD4+ T cells) express granulysin in their cytotoxic granules that can
directly kill M. tuberculosis by disruption of the bacterial cell wall and cell membrane, and
can kill intracellular bacteria in a perforin-dependent manner (88;220). Indeed, CD1b-
restricted CD8+ T cell clones dependent upon granule exocytosis for cytolytic activity, still
retained their bactericidal effectiveness even when target cell apoptosis was blocked by
caspase inhibitors (221). In addition, an analysis of hsp65-specific CD8+ T cell clones
grown from infected mice correlated bactericidal activity with granule exocytosis-dependent
cytolysis of infected macrophages (205). Thus, the granule contents have a direct
bactericidal effect independent of the induction of apoptosis. Finally, the possibility exists
that CD8+ T cells can use other mechanisms to prevent bacterial growth. Class I MHC-
restricted CD8+ T cells lines derived from PPD+ individuals had bactericidal effects on
intracellular M. tuberculosis via a perforin and CD95/CD95L-independent mechanism
(206). Taken together, these studies show that M. tuberculosis-specific CD8+ T cells have
both apoptosis-dependent and independent mechanisms of bactericidal activity.

While M. tuberculosis-specific CD8+ CTL can be isolated and grown in vitro, and their
activity detected in vivo, importance of their cytolytic activity in mycobacterial immunity in
vivo remains unknown. As discussed above, the studies performed by Tascon et al cannot
properly take into account the potential effect of CD8+ cytolytic activity during natural
infection (27), and the use of knockout mice to investigate the importance of CD8+ T cell
cytotoxic activity lacks a straight forward interpretation (42;44;206;208;209). In a complex
immune response, such as that directed against M. tuberculosis, the protective capacity of
CD8+ T cells may require a synergistic combination of both cytokine- and cytolytic-
mediated effector functions that are interdependent. For example, IFNγ production (both by
CD4+ and CD8+ T cells) can activate infected macrophages to 1) be bactericidal via LRG-47
and NOS2, and 2) upregulate MHC I molecules on their surface to make them better targets
for T cell-mediated cytolysis leading to a decreased survival of released bacteria and/or
direct killing of intracellular bacteria by T cell-produced factors. Unraveling these
potentially interdependent effector functions remains a prerequisite to fully understanding
the role of CD8+ T cells in immunity to tuberculosis.

V. Is there a unique role for CD8+ T cells in immunity to M. tuberculosis
infection?

The idea that a specific function can be associated with a specific T cell subset can be seen
in many examples of immune responses. Indeed, when Scanga et al induced reactivation of
murine M. tuberculosis infection via antibody depletion of CD4+ T cells, CD8+ T cell
numbers, and the relative production of IFNγ by lymphocytes in lung tissue increased, but
did not prevent recrudescence (222). These data suggest that while CD8+ T cell are capable
of providing potentially compensatory IFNγ in the absence of, and probably even in parallel
to, CD4+ T cells, the specific source of immune mediator may be essential to a protective
effect in this particular infection model. Based on the specialized function of CD8+ T cells,
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there are several unique roles that CD8+ T cells could serve during a protective immune
response to M. tuberculosis. For example, recognition of other cells by class I MHC-
restricted CD8+ T cells requires presentation of antigens via the “endogenous” antigen
processing pathway. Therefore M. tuberculosis-specific CD8+ T cells preferentially
recognize infected cells, while CD4+ T cells can recognize infected cells or cells that have
phagocytosed dead bacteria and their antigens. In fact, human CD8+ T cells clones
preferentially recognize and lyse heavily infected cells, in vitro, suggesting a specific role
for M. tuberculosis-specific CD8+ T cells in the surveillance of cells in which the
containment of the bacterium has been compromised (86).

The protective effect of specific T cell populations may be time-dependent. For example,
CD4+ T cell-deficient mice have a transient deficiency of IFNγ in the lung after aerosol
infection (77). This deficiency is overcome by a CD8+ T cell response within four weeks;
however, this is not sufficient to restore control of the infection and host resistance in CD4+

T cell-deficient mice is severely impaired. This example highlights the idea that the relative
importance of T cell subsets following M. tuberculosis infection may vary with the stage of
the infection.

While CD4+ T cell may be important during the early response to M. tuberculosis, CD8+ T
cells may be more critical during other stages of the infection. This interpretation arises in
part from the finding that perforin, CD95, and CD95L −/− mice succumb to infection late
during disease. As discussed above, van Pinxteren et al used a mouse model of latency and
found that CD8+ T cells are most important during latency (85). Since 90% of infected
individuals successfully contain primary M. tuberculosis infection, a better understanding
the role of T cells during latency is an important goal because of its relevance to human
disease. Why would CD8+ T cells be uniquely important during latency? CD8+ T cells are
particularly well-suited for the recognition of class II MHC− infected cells. A speculative
possibility is that latent M. tuberculosis evades the immune system by infecting epithelial
cells. While there is little evidence for this in vivo, in vitro study clearly demonstrates that
M. tuberculosis has the potential to infect a variety of epithelial cells. The data that CD8+ T
cells are more critical than CD4+ T cells in the control of M. tuberculosis during the latent
phase of infection would support the conjecture that latent bacteria reside in a cell that can
not be recognized by CD4+ T cells (85). Although the relevance of class II MHC− epithelial
cells is only hypothetical, there is increasing evidence that infected macrophages down
regulate class II MHC in the presence of IFNγ under some circumstances (223;224). This
phenomenon may allow the bacteria to “hide” from class II MHC-restricted CD4+ T cells. In
contrast, class I MHC does not appear to be altered under these conditions. Finally, the
presence of class I MHC tetramer+ CD8+ T cells specific for M. tuberculosis are present in
granulomatous lesions of latently infected people lends critical support to the hypothesis that
CD8+ T cells are important in surveillance during this stage of infection (178).

VI. Conclusions
There is now a large body of evidence that reveals the protective role that CD8+ T cells play
in immunity to M. tuberculosis. However, there are major gaps in our understanding of why
CD8+ T cells are important, and which of their critical effector functions are required for
host immunity. CD8+ T cells specific for mycobacterial antigens can recognize infected
cells, produce cytokines such as TNF and IFNγ, lyse infected cells and kill M. tuberculosis.
Understanding the protective and potentially pleiotropic effects of class I MHC-restricted
CD8+ T cells, both mechanistically and functionally, during the course of M. tuberculosis
infection is a prerequisite to the development of new and more effective vaccines. CD8+ T
cells appear to play a critical role in host defense late during infection and are be important
in preventing reactivation of latent M. tuberculosis (85). These results may provide impetus
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to harness the potential of CD8+ T cells for immunotherapy (225;226). A major advance
during the past 10 years has been the identification of the minimal peptide epitopes that are
recognized by class I MHC-restricted CD8+ T cells. Combined with tetramer technology,
these peptide epitopes make it possible to identify and track antigen-specific CD8+ T cells,
which will make possible a more precise and detailed assessment of their function. By
combining these newly defined class I MHC-restricted antigens with new emerging concepts
about the role that CD8+ T cells play in host defense, specific systems can be designed to
reveal the effector mechanisms used by CD8+ T cells to protect the host during the immune
response to M. tuberculosis. These recent advances should accelerate the development of
new insights into the biology of CD8+ T cells during M. tuberculosis infection.
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FIGURE 1. Frequency of CFP10-specific T cells elicited following aerosol infection with M.
tuberculosis
A. A representative FACS plot shows the percentage of pulmonary CD8+ T cells from M.
tuberculosis infected C3H mice that are specific for CFP1032–39, as determined using
CFP1032–39-loaded H-2 Kk tetramers.
B. Nearly 30% of the pulmonary CD8+ T cells from M. tuberculosis infected C3H mice are
specific for CFP1032–39 as determined by staining with the CFP1032–39-loaded H-2 K
tetramer. Lung mononuclear cells and splenocytes were gated on lymphocytes based on
forward and side scatter and then gated on CD8+ events.
C. The kinetics of the CD4+ and CD8+ T cell response to the CFP1011–25 and CFP1032–39
epitopes, respectively. C3H mice were infected by the respiratory route and the frequency of
CFP10-specific CD4+ and CD8+ T cells in the lung was determined by Elispot at the
indicated time points.

Woodworth and Behar Page 39

Crit Rev Immunol. Author manuscript; available in PMC 2011 July 12.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



FIGURE 2.
Molecular pathways mediate CD8+ T cell cytotoxic activity. Efficient CTL-mediated lysis
of target cells requires cell-cell interaction and CTL activation mediated by signaling via the
TCR triggered by recognition of the class I MHC/peptide complex (not shown). T cell
activation leads to polarization of the T cell and development of an immunological synapse
between the CTL and the target cell. CTL induction of target cell death can be mediated by
three distinct molecular pathways. The cytotoxic-granule exocytosis pathway is dependent
upon perforin, a pore-forming protein, which facilitates the entry of granzymes into the
target cell cytosol, where they induce apoptosis. Although this is the principal mechanism by
which CTL kill target cells, activated CTL also express CD95L (FasL) which can bind to
CD95 (Fas) on the target cell surface and initiate Fas-induced apoptosis. Finally, expression
of membrane TNF or secretion of TNF by CTL can promote TNF receptor induced death of
the target cells.
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FIGURE 3.
In vivo CTL assay. To monitor in vivo CTL activity, splenocytes from uninfected mice are
used as target cells. One population of target cells is labeled with low concentrations of the
fluorescent dye CFSE and pulsed with the CFP1032–39 synthetic peptide. A second
population of cells is labeled with a higher concentration of CFSE in the absence of peptide.
After extensive washing, the two cell populations are mixed at a 1:1 ratio. Flow cytometric
analysis of these cells (in vitro), identifies two distinct peaks of CFSElo and CFSEHi cells,
which correspond to peptide-pulsed and unpulsed target cells. These target cells are injected
intravenously into uninfected or M. tuberculosis infected recipients. After 20 hrs, the
recipient mice are sacrificed and the target cells in the different tissues are analyzed by flow
cytometry. The two target cell populations in the tissue of the uninfected recipients maintain
their original 1:1 ratio. In contrast, the ratio is dramatically altered in the tissues of the M.
tuberculosis infected mice. In this analysis, the peptide pulsed CFSElo cells are markedly
reduced representing their selective killing by CD8+ T cells in vivo. The “percent lysis” of
the peptide pulsed cells can be calculated from the ratio of CFSElo/CFSEHi target cells from
infected and uninfected recipients (see references for details). The specificity of this assay
for CD8+ T cells is based on the use of a minimal epitope from a well-characterized class I
MHC-presented peptide antigen.
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