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Abstract

Mycobacterium tuberculosis (Mtb) resides in a phagosome that resists maturation.
While this compartment is accessible to the Class Il processing pathway, the mechanisms
by which Mtb antigens are processed and presented on Class | molecules is poorly
understood. In this dissertation, I present findings which characterize the pathway by
which ten Mtb epitopes, presented by both classical and nonclassical Class | molecules
are processed in dendritic cells. We find that Mtb antigens access the cytosol by
retrotranslocation from the phagosome. Here, Mtb proteins are degraded by the
proteasome or a potentially novel cytosolic protease. Peptides derived from cytosolic
proteolysis are transported by TAP, and nine of ten epitopes require ER-golgi transport to
the cell surface. In contrast to these epitopes, nonclassical antigen presentation of HLA-
E associated antigen does not require ER-golgi transport or new protein synthesis,
suggesting that HLA-E loading does not occur in the ER. Instead, HLA-E loading occurs
in the phagosome, with the aid of phagosome-localized members of the Class | peptide
loading complex. Furthermore, Class | presentation of Mtb antigens does not rely on the
Mtb virulence locus, Region of Difference 1, which has been hypothesized to create a
pore in the phagosomal membrane. Together these data demonstrate that the cytosolic
pathway of cross-presentation is the dominant pathway for Mtb antigen presentation and
that the Mtb phagosome is able to participate in presentation of Class | antigens. Also,
presentation by HLA-E follows a similar but distinct processing pathway compared to
classical Class | molecules. Finally, an undefined cytosolic protease may be involved in

generation of class | epitopes.
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Chapter 1

Introduction



Overview

The goal of this thesis research was to determine the pathway by which
Mycobacterium tuberculosis (Mtb) antigens are processed and presented on Human
Leukocyte Antigen Class | (HLA-I) molecules, with an emphasis on the processing and
presentation pathway of the non-classical HLA-I molecule, HLA-E. Our laboratory has
generated numerous CD8" T cell clones using Mtb-infected dendritic cells (DC). With
the use of multiple approaches, lab members have identified novel antigens and minimal
epitopes presented by a diverse repertoire of HLA-I alleles. This approach has generated
sensitive tools to monitor antigen processing and presentation by Mtb-infected DC of
these epitopes on multiple HLA-I alleles. The research presented herein would not have
been possible without the contributions of many past and present lab members as well as
collaborators who have helped us define T cell epitopes. Analysis of cross-presentation
of these Mtb antigens has yielded the following three main findings:

1. The Mtb-containing phagosome is able to assist in presentation of Mtb
antigens on HLA-1 molecules, a previously unidentified function of the Mtb
phagosome.

2. Although multiple pathways are functional for cross-presentation, all Mtb
antigens examined by our laboratory use the cytosolic pathway, with minor
differences in details seen dependent on the antigen/epitope.

3. The Region of Difference 1 (RD1) of Mtb is not required for cross-
presentation of Mtb antigens.

These findings are important for several reasons. First, this is one of the first and most in

depth looks at cross-presentation using a natural model. Most prior studies have been



done using latex beads coupled with ovalbumin (OVA) or pathogens expressing OVA.
Second, the epitopes we have examined are all naturally occurring and present at
relatively high frequencies in latently or actively infected Tuberculosis (TB) patients,
meaning that we are likely examining processes as they would occur in the human host.
Finally, these results present novel findings not only to the Mtb field, but to antigen

processing in general.

Mycobacterium tuberculosis-Biological Significance

Mtb is a facultative intracellular pathogen that is very well adapted to surviving
within macrophages and the human host. Despite widespread use of the BCG
(Mycobacterium bovis bacillus Calmette-Guerin) vaccine and increased availability of
effective drug therapy, Mtb remains one of the most common causes of infectious disease
morbidity worldwide. In 2005 alone, the World Health Organization (WHO) estimated
that there were 8.8 million new cases, and an estimated 1.6 million TB-related deaths (1).
At the forefront of the TB epidemic is the emergence of drug resistant strains of Mtb.
These strains are resistant to the front-line antibiotics, isoniazid and rifampin (multidrug-
resistant), and sometimes second-line drugs (extensively drug-resistant) as well.
Furthermore, the interplay between Human Immunodeficiency Virus (HIV) and Mtb
infection has led to Mtb being the leading cause of death in AIDS patients.

Through the WHO-sponsored DOTS (Directly Observed Therapy, Short-course)
program, effective TB therapy is now available to 89% of the world’s population.
However, the likelihood of DOTS therapy resulting in the eradication of TB is limited by

the large reservoir of latently infected individuals as well as delays in diagnosis. In fact,



the WHO reports that although the TB incidence rate has decreased over the last several
years, the total number of TB cases has increased (1). Indeed, it has been estimated that
very high case detection rates would be required to significantly decrease the global
burden of TB. However, a vaccine of even modest efficacy when combined with existing
DOTS programs offers the potential to dramatically reduce the burden of TB (2).
Therefore, understanding the mechanisms by which Mtb infections are controlled is

dramatically important to the development of successful vaccine candidates.

Mycobacterium tuberculosis-Cell Wall

The structure of the Mtb cell wall is unique to mycobacteria. Due to the presence
of complex and diverse lipids, mycobacteria stain with an acid-fast procedure, and are
unreactive with gram stains (3). The Mtb cell wall consists of a bilayer lipid membrane,
followed by peptidoglycan and arabinogalactan layers. Attached to the arabinogalactan
layer is an outer envelope consisting mostly of mycolic acid residues as well as other
lipids, glycolipids, and some proteins (4, 5). Notably, the mycobacterial lipids
lipoarabinomannan (LAM) and phosphatidylinositol mannoside (PIM) are loosely
inserted in the inner lipid bilayer. As will be discussed below, many of the properties
related to Mtb survival, persistence, and pathogenicity can be attributed to the large
amounts of lipids generated by the bacterium. Alternately, the lipids present in the Mtb
cell wall represent good substrates for presentation by the non-classical Class | molecues

of the CD1 family.



Mycobacterium tuberculosis-Uptake and Subsequent Events

The phagocytosis of Mtb is achieved through the interaction of the bacterium with
varying receptors. In fact, it has been difficult to show the requirement of a single
receptor, due to the redundant molecules that are able to facilitate Mtb phagocytosis (6).
In macrophages, complement receptors, scavenger receptors, mannose receptor, and lipid
rafts have all been demonstrated to participate in Mtb entry (7). In DC, the C-type lectin
dendritic cell-specific ICAM-3 grabbing non-integrin, DC-SIGN, has been shown to
interact with BCG and Mtb, and more specifically LAM, and lead to internalization (8,
9). In broncho-alveolar lavage from TB patients, alveolar macrophages were shown to
express DC-SIGN, an induction not seen in other lung pathologies (10). This suggests
that DC-SIGN may be involved in Mtb internalization by alveolar macrophages in vivo.

Upon cellular uptake, Mtb resides in a phagosome that does not fully acidify or
undergo phagolysosomal biogenesis. This is achieved through interfering with calcium
signaling and phosphatidylinositol 3-phosphate (PI3P) generation (7). Normally,
phagosomes mature rapidly after phagocytosis. This is achieved first through fusion of
early endosomes, then late endosomes, and finally phagolysosomal biogenesis, with
decreasing pH at each step. The maturation of the phagosome can be monitored by the
cellular markers present. For example, recently phagocytosed particles are positive for
the early endosomal markers rab5 and transferrin receptor (TfR), while more mature
phagosomes will be negative for these markers but positive for late endosome markers
such as rab7. Phagosomes that have fully acidified will be positive for vacuolar ATPases
and active forms of lysosomal hydrolases (11).

Examination of these markers on mycobacterial phagosomes in macrophages has



revealed important characteristics of the Mtb phagosome and has been essential to
determining at which step Mtb is able to block maturation. It was found that the
mycobacterial phagosome is positive for the early endosomal markers rab5 and TfR, and
has access to extracellularly-added transferrin (12-14). This established that
mycobacterial phagosomes prevented rab conversion to rab7” late endosomes and,
importantly, that the phagosome undergoes continued fusion with early endosomes. The
latter function has been attributed to the mycobacterial lipid PIM, which is able to
stimulate fusion with early endosomes (15). Another mycobacterial lipid, LAM, as well
as the protein sapM, have been shown to be the mediators of maturation block (16-18).
The addition of LAM to latex beads leads to a partial block of phagosomal acidification.
These phagosomes are more acidified than an Mtb phagosome but less than an uncoupled
latex bead phagosome (16). The mechanism by which LAM is able to block phagosomal
maturation is through the prevention of calcium signaling, which thereby prevents the
PI3P generation necessary for downstream fusion events. SapM, a PI3P phosphatase,
acts to convert any generated PI3P back to P13, giving mycobacteria dual mechanisms to
prevent this signaling pathway (18). The consequence of inhibiting PI13P generation is
the lack of recruitment of the rab5 effectors, early endosomal antigen-1 (EEA-1) and
hVPS34 (a PI3 kinase) (16, 17, 19). Through these mechanisms, Mtb is able retain an
early endosomal-like phenotype, evade innate immune destruction, and survive in a
favorable environment hidden within a cell.

Importantly, there are mechanisms by which the Mtb maturation block can be
overcome. Mtb that has been opsonized with specific antibodies and is taken up by the

Fc receptor is delivered to an acidic compartment (20). Unfortunately, this mechanism



seems to pertain little to in vivo events, as there is very little to no effect of a previous
antibody response on preventing reinfection (21, 22). IFN-y treatment of macrophages
also leads to phagosomal maturation (23). As will be discussed below, IFN-y is
absolutely vital to the control of bacterial replication and dissemination, a demonstration
of the necessity of acquisition of an adaptive immune response.

Although Mtb is able to prevent phagosomal maturation in DC (24), the pH of the
Mtb phagosome has not been evaluated in this cell type. There are important differences
in phagosomal maturation between macrophages and DC that suggest that there might be
a significantly different pH in these cell types. The laboratory of Sebastian Amigorena
has clearly established that, through the rab27a-mediated delivery of an NADPH-oxidase
(NOX2), DC phagosomes actually maintain a neutral pH for at least three hours after
phagocytosis of latex beads (25, 26). Conversely, macrophage phagosomes acidify to a
pH around 5 during this same time, demonstrating that this pathway is confined to DC.
The outcome of increased pH is a less degradative environment and increased
presentation of phagosome-associated antigen. The presence of both Mtbh- and DC-
specific mechanisms to prevent acidification put forward the hypothesis that the pH of an
Mtb phagosome should be higher in DC than that seen in macrophages. This difference
could have important implications in the presentation of Mtb antigens.

There is evidence to suggest that Mtb is able to escape the phagosome and reside
in the cytosol of DC in vitro. Using electron microscopy, van der Wel, et al reported that
after 48 hours of infection, Mtb was found in the cytosol without a detectable
phagosomal membrane (27). This finding has been met with great controversy and

requires more characterization using different methods as well as confirmation in vivo.



Cellular Immunity to Mtb Infection

Following exposure to Mtb, it has been estimated that 90% of those who develop
evidence for a cellular immune response (Tuberculin skin test positive (TST")) remain
healthy throughout their lifetime. This persistent infection has been termed latent TB
infection (LTBI) and reflects successful immune-mediated containment of Mth. A
vigorous Th1l response, while effective in containing the growth of Mtb, cannot eradicate
the bacteria. While little is known about the bacterial burden in humans latently infected
with Mtb, it is clear that the organism can persist for many years (28, 29). Furthermore,
those with LTBI are characterized by the presence of high-frequency Mtb-specific T
cells, consistent with the hypothesis that persistent antigen is driving these responses.
Hence, LTBI might be better termed persistent TB infection.

In vivo, the development of a specialized immune structure, the granuloma, plays
a central role in the containment of Mtb. Granulomas consist of macrophages,
macrophage-derived giant cells, CD4" T lymphocytes, CD8" T lymphocytes, neutrophils,
and B lymphocytes in a tightly structured and hence histologically recognizable pattern.
The integrated and localized response conferred by the granuloma may be central to
immune containment. For example, dysregulated granuloma formation has been
associated with impaired immunity to Mtb (30-32).

Available data has demonstrated that growth inhibition of Mtb requires the
adaptive acquisition of an Mtb-specific, Thl-type cellular immune response. Such a
response reflects the coordinated interaction with macrophages and T cells. Abundant
experimental evidence supports a central role for the interaction of CD4" lymphocytes

and macrophages. In this model, Mtb or Mth-derived antigens are processed and



presented via macrophage associated MHC-II. Antigen recognition by CD4" T cells then
leads to the release of pro-inflammatory cytokines, which in turn limit intracellular Mtb
growth. Both human and mouse data support an essential role for CD4" T cells and
MHC-II. In the mouse model, depletion of CD4" T cells prior to infection leads to
increased bacterial burden and shortened survival (33-35). These results are mirrored in
knockout models as both CD4"" and MHC-I1"" mice are extremely susceptible to Mtb
infection (36). Similarly in humans, patients with HIV-mediated CD4" depletion have a
dramatically increased incidence of tuberculosis disease (37, 38).

Antigen specific activation of CD4" T cells leads to the release of the pro-
inflammatory cytokines IFN-y and TNF-a.. Mice with a targeted disruption of the IFN-y
gene are highly susceptible to Mtb infection, fail to produce nitric oxide synthase (NOS),
and develop a disseminated form of disease characterized by irregular granulomas and
large areas of tissue necrosis (39, 40). Humans with mutations in the IFN-y receptor
exhibit increased susceptibility to mycobacterial infections (41), while exogenously
administered IFN-y can improve outcome (42-44). Furthermore, individuals with severe
active tuberculosis have a relative deficiency of IFN-y production (45, 46). TNF receptor
knockout or mice depleted of TNF-a. by monoclonal antibodies are extremely susceptible
to Mtb, showing increased bacterial loads, dysregulated granuloma formation, and
shortened survival (47). Additionally, humans receiving anti-TNF-a. therapy have
increased vulnerability to mycobacterial infection (31).

One important mechanism by which both IFN-y and TNF-a exert their protective
role is through the activation of macrophages. Macrophage activation plays a crucial role

in combating Mtb infection and leads to the upregulation of Class I and Class Il



molecules as well as the production of reactive nitrogen and oxygen species. In the
mouse model, reactive nitrogen intermediates (RNI) have been demonstrated to inhibit
Mtb growth both in vivo and in vitro. This is most dramatically illustrated by the
inducible nitric oxide synthase (iINOS) knockout mouse, which exhibits increased
susceptibility to infection with Mtb (48, 49). In humans, a direct role for RNI has been
more difficult to demonstrate, although iNOS has been detected within the granuloma
(50).

It is becoming apparent that one of the mechanisms by which IFN-y increases
control of mycobacterial growth is through the induction of autophagy (51, 52). In the
process of autophagy, cytosolic proteins/organelles are enveloped by an autophagosome,
which then fuses to lysosomes for degradation of the sequestered components. This
pathway serves to remove old and/or damaged proteins and organelles, and is induced
under conditions of starvation (52). Gutierrez et al showed that starvation or IFN-y
treatment of macrophages leads to autophagosomal localization of BCG and Mtb, with a
significant decrease in bacterial viability (53). Autophagy can be induced by p47
GTPases (53, 54), which are IFN-y inducible and are vital to controlling Mtb infection in
mice (55), implying a link between the induction of autophagy by IFN-y and the outcome
of infection. Further studies directly examining the role of autophagy in vivo are needed

to verify the protective nature of this process in Mtb infection.

Evidence for CD8" T lymphocyte involvement in Mtb containment

The anatomy of the adaptive immune response to infection with Mtb suggests that

CD8" T cells are intimately involved in the host response to Mtb. Following infection

10



with Mtb, antigen-specific IFN-y producing CD8" T cells traffic to the lung as soon as 2
weeks post infection (56, 57). Also, CD8" T cells are present within the granuloma,
where they have access to and are poised to prevent dissemination of infected cells (58).
Finally, Mtb-specific CD8" T cells specific for numerous antigens can be isolated at high
frequencies from humans and mouse models, consistent with the hypothesis that CD8" T
lymphocytes are constantly being stimulated with antigen.

Early mouse studies looking at the importance of T cell subsets in controlling Mtb
infection gave conflicting results. Several studies showed little or no effect of depletion
or adoptive transfer of Mtb-specific CD8" T lymphocytes (33, 34, 59). However, studies
using adoptive transfer of CD8" enriched cells from Mtb infected mice or depletion of
CD8" cells showed that this subset could mediate a modest decrease in bacterial load (35,
60). In most cases, the protection afforded by the CD4" subset was much greater than
that seen by CD8" T cells. However, Orme found that CD8" T cells harvested 25 days
post infection were uniquely able to reduce bacterial loads in the lung following a high
dose aerosol infection (60). Furthermore, De Libero et al were able to demonstrate that
Mtb-specific CD8" T cell lines were capable of inhibiting Mtb growth in vitro (61).

Further support for a protective role of CD8" T cells in the host response to
infection with Mtb comes from experimental vaccines targeting CD8" T cell responses.
These have demonstrated protective efficacy. When mice were immunized with a DNA
vaccine encoding hsp65 from Mycobacterium leprae, Bonato et al found that adoptive
transfer of CD8" T cells leads to increased protection, even over that seen by transferred
CD4" T cells (62). Also, immunization with DC pulsed with a CD8" and CD4" epitope

from Ag85A, but not either epitope singly, confers protection to Mtb challenge (63).
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More definitive evidence has come from mice deficient in critical components of
CD8" T cell antigen recognition. Beta(2)-microglobulin (32m) functions as the light
chain for MHC-I molecules, such that mice deficient in 2m are deficient in CD8" T
cells. Following high dose intravenous infection, 2m™ mice show increased bacterial
loads in the liver, lung, and spleen and quickly succumb to infection (64). Although
granulomas were present in B2m” mice, detailed pathological analysis revealed
macrophages containing multiple intracellular bacteria. Hence, it appears that mice
deficient in CD8" T cell responses are unable to control intracellular Mtb growth.

In addition to its role in antigen presentation, 32m is also important for
recognition by Natural Killer cells and in iron metabolism. Here, Schaible et al found
that the susceptibility of B2m™ animals to infection with Mtb could be partially mitigated
by iron chelation therapy (65). However, other models of CD8 deficiency have been
established that more directly demonstrate the ability of CD8" T cells to participate in the
protective response to Mtb infection. First, Behar and colleagues demonstrated that after
high dose intravenous challenge, mice deficient in the TAP (Transporter Associated with
antigen Processing) molecule succumb to infection with increased bacterial burdens in
the liver, lung and spleen (66). TAP is required for the generation of MHC-I:peptide
complexes. Hence, mice deficient in TAP are also deficient in MHC-I restricted T cell
responses. Furthermore, Sousa et al demonstrated increased susceptibility to intravenous
challenge with Mtb in mice deficient in the T cell coreceptor CD8a (67). Finally, mice
that do not have cell-surface MHC-1 (K*'/D") were examined by Rolph et al, and found
to have a similar phenotype (68). When the susceptibility of MHC-17~and CD8" mice

were examined using low dose aerosol infection, the consequence of CD8" T cell
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deficiency was present, but less dramatic (49). Finally, Joanne Flynn and colleagues
have demonstrated that depletion of CD8" T cells in cynomolgus macaques leads to
disseminated TB disease (Unpublished). Overall, these data strongly support a role for

CD8" T cells in the control of Mtb infection.

Kinetics of the T lymphocyte response

Studies in mice looking at the development of Mtb-specific T lymphocytes after
infection show a distinct difference in kinetics compared to acute and chronic viral
infections. As opposed to the peak lymphocyte response seen from day 6-10 in viral
infections, the peak response in the lung of Mtb-infected mice occurs 4-6 weeks post-
infection (56, 57, 69), although CD4" and CD8" T cells are detectable in the lung as early
as two weeks post-infection (56, 57). After a contraction phase, there is a dynamic flux
of Mtb-specific CD8" T cells characterized by phases of expansion and contraction,
although the magnitude of this depends on the report (69, 70).

Surprisingly, there is very little ex vivo data from the mouse model tracking the
frequency, kinetics, and tissue localization of epitope-specific CD8" T cells following
infection with Mth. Kamath and colleagues demonstrated that CFP103,.33 and TB10.4.
.g specific CD8" T cells were present at high frequency in the pulmonary lymph nodes,
spleen, and lung (56). These cells accumulate rapidly between two and three weeks post
infection, peaking at four to five weeks. Furthermore, CFP10s,.39 specific CD8" T cells
could account for 30% of the CD8" T cells in the lung, demonstrating that antigen
specific CD8" T cells are recruited to the major site of infection. Importantly, antigen-

specific CD8" T cells produced IFN-y and showed in vivo cytolytic activity, even at 260
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days post infection. Similar results were obtained by Billeskov et al, who demonstrated
that the frequency of TB10.45.1;-specific CD8" T cells accounted for 8% of lung CD8" T
cells at the peak of the response (69). While it has been reported that the frequency of
Mtb-specific CD8" T cells in the lymph nodes and spleen does not represent the lung
frequency (56), the frequency of TB10.45.1;-specific CD8" T cells was similar in the
blood and lung (69). We have found similar results in a non-human primate model of
Mtb infection during progressive disease (71), suggesting that our analysis of frequencies
in human peripheral blood is likely consistent with that in the lung.

The chronic nature of Mtb infection might influence generation of CD8" memory
cells through persistent stimulation. Therefore, of interest is what memory cell
populations are generated after infection. In the lung, Kamath and colleagues found that
all of the TB10.4,0.,8-specific CD8" T cells were effector or effector memory T cells,
while a subset of lymph node and spleen tetramer positive cells had a central memory
phenotype (72). After antibiotic treatment of infected mice, tetramer positive CD8" T
cells in the lung, spleen, and lymph nodes reverted to central memory cells, suggesting
that constant antigenic stimulation in the lung drove the high frequency of effector cells.
Conflicting with this, Caccamo et al demonstrated that in children with active disease,
Ag85A-specific CD8" T cells were predominately central memory cells in the blood, and
this proportion decreased upon drug therapy (73). These discrepancies are probably due
to differences in tissues sampled, although this doesn’t completely explain why central
memory cells would decrease after therapy. Regardless, these results show the

generation of distinct memory populations after Mtb infection in humans and mice.
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Mtb models

Much of the available data regar