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Induction of Dendritic Cell Death by Chlamydia trachomatis

Abstract

The lack of effective adaptive immunity against Chlamydia trachomatis leads to chronic
or repeated infection and serious disease sequelae. Dendritic cells (DCs) are professional antigen
presenting cells crucial for the activation of T cells during C. trachomatis infection. cDCls and
cDC2s are the two main DC subsets responsible for T cell priming, but little is known about how
C. trachomatis affects their ability to prime T cells. Using a mouse model of infection, we found
that C. trachomatis uptake reduced the viability of cDC1s and cDC2s both in vitro and in vivo,
with cDCls experiencing more death. We validated our findings with human DCs in vitro, also
observing C. trachomatis-induced cell death. Apoptosis was a major pathway of cell death,
which was alleviated in Casp3/7 or Bakl/Bax knockout DCs. RNA sequencing of DCs from
infected mice showed upregulation of genes involved in apoptosis upon infection, supporting our
observations of DC death caused by C. trachomatis. In addition, we observed that C.
trachomatis-specific CD8+ T cells were preferentially activated by cDCl1s. Reduction in DC
viability by C. trachomatis impaired the ability of infected DCs to activate T cells upon co-
culture, although in the case of CD8+ T cell priming, controlling for viability was insufficient to
fully rescue the defect. These results indicate that C. trachomatis may evade the adaptive

immune system by directly inducing cell death in DCs.
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Chapter 1: Introduction



Chlamydia trachomatis as a public health concern

Chlamydia trachomatis is an obligate intracellular bacterium that infects epithelial cells.
When infecting the ocular conjunctiva, it can cause trachoma, which is especially prevalent in
developing countries and is the leading cause of infectious blindness worldwide (1). Meanwhile,
it is better known in the United States for causing genital tract infections. C. trachomatis is the
most common bacterial sexually transmitted disease in the United States, with an estimated 2.86
million infections occurring annually (2). Young women in particular have extremely high rates
of infection (3, 4). In 2021, 2.7% of women aged 15 to 19 years and 3.8% of those aged 20 to 24
years were diagnosed with C. trachomatis infection (4). While curable with antibiotics, more
than 70% of genital infections are asymptomatic and thus left untreated (5). To make matters
worse, even after treatment with antibiotics, individuals can get reinfected (6). Chronic infection
due to a lack of treatment or repeated infections can lead to serious sequelae in women, such as
pelvic inflammatory disease, infertility, and ectopic pregnancy (7, 8). It is estimated that C.
trachomatis infections cost the US healthcare system billions of dollars each year in medical
costs alone (3, 9)

Given the difficulties in diagnosis and treatment, a prophylactic vaccine would be more
useful in preventing the adverse reproductive effects of C. trachomatis infection. A vaccine that
can prevent infection would also reduce the spread of disease. However, despite the high public
health burden of C. trachomatis infection, a vaccine to prevent this disease is not available. This
is in part due to the fact that we do not yet fully understand the immune response to C.
trachomatis, which makes it difficult to rationally design a vaccine against it (10, 11). A better
understanding of how immune responses are generated upon C. trachomatis infection is

therefore crucial to aid in the development of an effective vaccine. This dissertation thus aims to



improve our understanding of the immune response to C. trachomatis by investigating how C.

trachomatis may interact with and evade the adaptive immune system.

Intracellular infection of C. trachomatis

C. trachomatis is a Gram-negative bacterium with a biphasic developmental cycle
(Figure 1.1), alternating between the extracellular elementary body (EB) and intracellular
reticulate body (RB) (12, 13). EBs are infectious but less metabolically active and are adapted to
survive in the harsh extracellular environment (12, 14). To initiate an infection, EBs attach to
host cells (typically epithelial cells in the conjunctiva or genital tract) by binding to host cell
ligands. Studies have shown that heparan sulfate-like glycosaminoglycans on C. trachomatis are
essential for host cell attachment (15), and infection of host cells can thus be inhibited by pre-
incubating C. trachomatis with heparin or treating host cells with heparinase (16, 17). After
attachment, C. trachomatis injects pre-synthesized effectors into the host cell via the type 111
secretion system (T3SS) to induce host cell cytoskeleton rearrangement and bacterial uptake
(reviewed in (18)). C. trachomatis continues to modify the membrane-bound compartment it is
contained within using virulent effectors secreted through the T3SS to form a replicative niche
termed the inclusion. Around two hours after uptake, EBs differentiate into the more
metabolically active but non-infectious RBs, which replicate by binary fission within the
inclusion (13). Twenty-four hours post-infection, RBs start to differentiate back into EBs. This
process continues until EBs are released from the cell via host cell lysis or in the form of
extrusions (19) about forty to forty-eight hours following uptake. The released EBs can then

infect neighboring cells and continue the cycle. The biphasic C. trachomatis life cycle involves
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Figure 1.1: Life cycle of C. trachomatis. C. trachomatis has a biphasic development cycle.
Elementary bodies (EBs) invade host cells to form an intracellular vacuole called the inclusion.
Two hours post-invasion, EBs start to differentiate into the metabolically active reticulate bodies
(RBs). RBs replicate by binary fission, reaching a peak in numbers by twenty-four hours post-
infection. RBs then begin to differentiate back into EBs until EBs exit the host cell through cell
lysis or in the form of extrusions. The released EBs go on to infect neighboring cells and the
cycle continues. Figure adapted from (13).



temporal regulation of the expression of stage-specific effectors, as each stage requires the
secretion of distinct effectors that serve different roles in facilitating infection (12). Effectors can
be secreted into the inclusion or host cell cytosol, as well as inserted into the inclusion
membrane. These effectors allow C. trachomatis to acquire nutrients, modulate host cell
viability, and evade detection by the host cell, maintaining the replicative niche of the bacteria
(12, 18). Because of their close interactions with the host cell, some of these effectors also serve

as antigenic targets for the adaptive immune system to identify infected cells.

Adaptive immune response to C. trachomatis

The adaptive immune response plays a critical role in clearing C. trachomatis infection
and preventing reinfections. Mice are able to generate an adaptive immune response against C.
trachomatis to clear infection (20, 21), while most humans develop only a partial immunity at
best (22). An effective adaptive immune response against C. trachomatis in humans — one that is
ideally better than the immune response developed during a natural infection — is thus what
vaccines aim to stimulate. The adaptive immune response consists of two arms: the B cell-driven
humoral response, and the T cell-driven cellular response. Antibodies produced by B cells play a
role in controlling infection by many pathogens. In the case of C. trachomatis, antibodies against
C. trachomatis are produced upon infection in both humans and mice (21, 23). However, these
antibodies appear to be dispensable during C. trachomatis primary infection, since B cell-
deficient mice are able to clear infection at a rate comparable to wild type (24, 25). There are
some studies showing that B cells may play a role in controlling secondary infection, especially
in mice without T cells, although the exact mechanism by which this happens is unclear (24, 26).

Meanwhile, the cellular response against C. trachomatis is primarily mediated by CD4+ and



CD8+ T cells, and one goal of this dissertation will be investigating the responses of these two

cell types to C. trachomatis infection.

CD4+ T cell response to C. trachomatis infection

The importance of CD4+ T cells in clearing C. trachomatis infection in mice has been
well established. CD4+ T cells have been found to be both necessary and sufficient in controlling
C. trachomatis infection. Mice unable to generate a CD4+ T cell response do not clear C.
trachomatis infection (20, 21), while the adoptive transfer of CD4+ T cells from mice that have
resolved infection to naive mice confers protection against C. trachomatis infection (27). CD4+
T cells can promote B cell and CD8+ T cell activation, as well as directly act to control
infections independently of other cell types (28). Many groups have studied and are continuing
to study the mechanisms by which CD4+ T cells provide protection against C. trachomatis.

The development of a T cell receptor (TCR) transgenic mouse model has greatly
facilitated studies on how antigen-specific CD4+ T cells control infection in the context of C.
trachomatis. These transgenic mice have CD4+ T cells, termed NR1 T cells, that a recognize a
specific peptide from C. trachomatis protein Ctal (29). Upon infection with C. trachomatis, NR1
T cells are activated in an antigen-specific manner and proliferate in the draining lymph node
before migrating to the site of infection (29, 30). It has been shown that mice without the ability
to sense or produce the cytokine IFNy were more vulnerable to C. trachomatis during both
primary and secondary infection compared to wild type (20, 31). Studies with NR1 T cells
demonstrated that CD4+ T cells protect against C. trachomatis infection mostly through the

secretion of IFNy, since NR1 T cells adoptively transferred into naive mice are protective against

C. trachomatis only when skewed to an IFNy-producing Th1 phenotype (32). Mice lacking the



receptor for IFNy (IFNyR"") showed exacerbated bacteria burden when receiving Th1-skewed
NR1 T cells (32), while wild type mice adoptively transferred with IFNy-deficient NR1 T cells
are less protected against C. trachomatis infection compared to mice receiving wild type NR1 T
cells (33).

Nevertheless, IFNy”- NR1 T cells skewed to a Th1 phenotype are still able to confer
protection against C. trachomatis when adoptively transferred into wild type recipient mice, but
not when transferred into IFNy”~ mice (33). Hence, CD4+ T cells are not the only source of IFNy
in vivo, nor is IFNy secretion the only mechanism by which CD4+ T cells confer protection
against C. trachomatis infection. How IFNy produced by CD4+ T cells control C. trachomatis
infection and what other IFNy-independent mechanisms C. trachomatis-specific CD4+ T cells
may utilize remain areas of active research.

Much less is known about the role CD4+ T cells play during C. trachomatis infection in
humans since only observational studies can be conducted. Furthermore, treatment is mandatory
once a patient is diagnosed with C. trachomatis, making it impossible to study the immune
response over the course of natural infection. The fact that chronic and repeated infections are
possible indicates that there is at least a proportion of individuals in which the adaptive immune
response, including CD4+ T cells, is not efficiently generated (6, 22). However, longitudinal
studies looking at women previously treated for C. trachomatis infection found that individuals
who were reinfected upon follow up visits had a lower CD4+ T cell IFNy response compared to
individuals who did not get reinfected (34, 35). The correlation between CD4+ T cell IFNy
response and reinfection status suggests that IFNy production by CD4+ T cells may help to

protect against C. trachomatis reinfection in humans as it does in mice.



CD8+ T cell response to C. trachomatis infection

CD8+ T cells generally play a major role against infection by intracellular pathogens. In
addition to being a major secretor of IFNy, CD8+ T cells can recognize and kill infected cells
through the release of cytotoxic molecules like perforin and granzyme (36). This destroys the
replicative niche required by intracellular pathogens and controls infection as a result. As C.
trachomatis 1s an intracellular pathogen, one would thus expect CD8+ T cells to be an important
part of the immune response against C. trachomatis infection.

In contrast to CD4+ T cells, which are necessary and sufficient for protection against C.
trachomatis, CD8+ T cells have been shown to be largely dispensable for the clearance of
infection in mice. Mice that are deficient in CD8+ T cell responses have the same rate of bacteria
clearance as mice with functional CD8+ T cells during both primary and secondary infection (21,
37). This suggests that at the very least B cells and CD4+ T cells are able to compensate for the
absence of CD8+ T cells in mice during infection. However, it should be noted that CD4+ T cell
help is typically needed for optimal CD8+ T cell function, and mice without CD4+ T cells would
also have defective CD8+ T cell responses. As such, even if CD8+ T cell responses can
compensate for the lack of CD4+ T cells, it would be difficult to observe this using mouse
models deficient in CD4+ T cells.

Just as with CD4+ T cells, C. trachomatis-specific CD8+ T cells have been identified,
and this allows investigation into the role of CD8+ T cell responses during C. trachomatis
infection without using CD4+ and CD8+ T cell deficient mice. A BALB/c T cell clone has been
isolated that recognizes C. trachomatis Capl (38), while a C57BL/6 TCR transgenic mouse line
(named NR23.4) has been created with CD8+ T cells that recognize a peptide fragment of C.

trachomatis CrpA (39, 40). C. trachomatis-specific CD8+ T cells can lyse infected cells in vitro



(39, 41). In addition, when adoptively transferred, Chlamydia-specific CD8+ T cells do confer
partial protection against infection (40-42). This protection is dependent on IFNy, as pre-
treatment of recipient mice with neutralizing antibodies against IFNy abrogates the protective
effect conferred by adoptively transferred CD8+ T cells (41). Likewise, when the adoptively
transferred CD8+ T cells are unable to produce IFNy, they cannot confer protection against C.
trachomatis infection (43).

Although C. trachomatis-specific CD8+ T cells are generated during a natural infection,
it is at much lower numbers compared to model intracellular pathogens like vaccinia virus or
Listeria monocytogenes (44). Loomis et al. found that when mice were infected with C.
trachomatis, the number of IFNy-secreting CD8+ T cells specific against the immune dominant
epitope CrpA was lower than the number of CD8+ T cells generated upon infection by CrpA-
expressing vaccinia virus. Similarly, when mice were co-infected with C. trachomatis and L.
monocytogenes, the number of L. monocytogenes-specific CD8+ T cells generated was less than
when mice were infected with L. monocytogenes alone. Taken together, these data suggest that
antigen-specific CD8+ T cells are able to protect against C. trachomatis, but they may not be not
efficiently generated during natural infection in mice.

Despite the fact that CD8+ T cells are not necessary for protection against C. trachomatis
infection in mice, studies using non-human primates have found that depletion of CD8+ T cells
in macaques abrogates the protective immunity generated by a live-attenuated C. trachomatis
vaccine (45). C. trachomatis-specific CD8+ T cells can be generated during infection in humans,
and these CD8+ T cells are able to secrete IFNy and lyse infected cells in an antigen-specific
manner when isolated and cultured in vitro (34, 46, 47). CD8+ T cell response is not correlated

with reinfection rates, but patients with a greater IFNy-producing C. trachomatis-specitfic CD8+



T cell frequency had a lower bacterial load and reduced ascension of C. trachomatis to the upper
genital tract (34). As previously discussed, individuals with chronic or repeated C. trachomatis
infections clearly do not have an effective adaptive immune response against C. trachomatis.
However, in other individuals that have better control of C. trachomatis infection, CD8+ T cells

may play a role in the immune response that contributes to infection control.

Priming of T cells by dendritic cells

In order to generate a T cell response, T cells have to be first activated by professional
antigen presenting cells (APCs). Dendritic cells (DCs) are the most important APCs in
stimulating T cell responses during infection (48, 49). The following section will discuss how T

cells are primed by DCs in general, as well as in the context of C. trachomatis infection.

Dendritic cell subsets

Conventional DCs (cDCs) are the main DCs responsible for T cell priming, and is
typically identified in both humans and mice based on their expression of CD11¢c and MHC 11
(50). There are two main subsets of cDCs in mice. cDCls are CD103+ in the periphery and
CDS8+ in secondary lymphoid organs, while cDC2s are CD11b+ (51). These two DC subsets
derive from the same pre-cDC progenitor, and their differentiation is driven by lineage-specific
transcription factors (51-53). ¢cDCs in humans are thought to fall into the same broad categories,
with ¢cDCls being Clec9A+ and cDC2s being CD1c+ (54, 55), although recent single cell RNA
sequencing studies have suggested that cDC2s in humans may instead consist of multiple subsets
(56, 57). In both mice and humans, cDC1s and ¢cDC2s have distinct transcriptional profiles and

varying antigen presentation capacity.
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It is not clear which DC subset plays a bigger role in C. trachomatis infection. Bilenki et
al. found that the adoptive transfer of cDCl1s from infected mice protect naive mice from
subsequent infection better than cDC2s, but it is uncertain whether the transferred DCs are
responsible for the priming of T cells or simply serve as source of antigens for immunization
(58). Meanwhile, others have found that cDC2s may be better at activating CD4+ T cells during
infection (59). Unfortunately, almost all studies on C. trachomatis interactions with DCs were
conducted on human monocyte- or mouse bone marrow-derived DCs generated by culturing with
granulocyte-macrophage colony-stimulating factor (GMCSF). While easy to generate in large
numbers, these DCs generated using GMCSF are known to be distinct from DCs in vivo. As a
result, they may not recapitulate what actually happens during C. frachomatis infection in mice
or humans. In addition, these DCs do not form subsets (60, 61). Information on how ¢cDCl1s and
cDC2s respond to C. trachomatis is thus scarce, and more work will need to be done to elucidate
the role of cDCls and cDC2s in generating the adaptive immune response against C.

trachomatis.

MHC I and II antigen presentation pathways

Antigens are presented to T cells as peptides bound to major histocompatibility complex
(MHC) class I or class IT molecules. T cell receptors (TCRs) of traditional CD8+ T cells
recognize peptide antigens presented on MHC I, which is expressed on all nucleated cells. As
such, any cell (except mature red blood cells) that is infected can present peptides from
intracellular pathogens and be recognized by activated CD8+ T cells. In most cells, only
cytosolic proteins are processed and presented on MHC I (62, 63). Cytosolic proteins are

degraded into peptide fragments by the proteasome, and peptides are translocated into the
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endoplasmic reticulum (ER) by the protein transporter TAP where they are loaded onto MHC 1
(64, 65). Loaded MHC I-peptide complexes are then transported to the cell surface for CD8+ T
cell recognition. These complexes are fairly stable at the cell surface, but occasionally the
peptide dissociates from MHC I, resulting in the presence of free MHC I molecules on the cell
surface that can pick up and present exogenous peptides in the surroundings (63).

CD4+ T cells meanwhile recognize peptide antigens presented on MHC 1II (66). Unlike
MHC I that is expressed on all nucleated cells, MHC II is typically only expressed on
professional APCs. However, in the presence of stimuli like IFNy, MHC II expression have been
found to be induced in other cell types including epithelial cells, fibroblasts, and endothelial cells
(67, 68). MHC 1I is assembled in the endoplasmic reticulum. Instead of peptide fragments
degraded from host or microbial proteins, the peptide binding groove of MHC II is bound to the
invariant chain (Ii) while it is transported from the endoplasmic reticulum to the MHC II
compartment via the Golgi (69). At the MHC II compartment, the invariant chain is processed
into smaller peptide called CLIP (class II associated Ii peptide). Exogenous antigens — which can
be proteins, intact pathogens, or dead cells — are endocytosed by APCs and degraded into peptide
fragments in the early endosome and MHC II compartment, where the antigenic peptides
eventually replace CLIP on MHC II molecules (70). Cytosolic antigens can also be presented on
MHC II. Cytoplasmic proteins may be degraded in the cytosol and transported into the MHC II
compartment or proteins may be transported directly into the MHC II compartment for
degradation (71). Alternatively, autophagosomes can fuse with the MHC II compartment,
delivering the contents within for loading onto MHC 11 (72). Just as with MHC I, complete MHC
II-peptide complexes are then transported to the cell surface for antigen presentation to CD4+ T

cells.
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The role of cross-presentation

The fact that antigen presentation on MHC I typically requires processing in the cytosol
means that it is difficult to generate CD8+ T cell responses to intracellular pathogens that do not
infect DCs or other professional APCs. Without a source of antigens in the cytosol, DCs cannot
present peptides from pathogens on MHC I via the classical antigen presentation pathways. Cross-
presentation, or cross-priming, where exogenous antigens are taken up and processed within the
MHC I pathway, is thus required to generate CD8+ T cell responses against such pathogens (62,
73).

Much is still unknown about the mechanism for cross-presentation, but two main
pathways have been described (74, 75). The first is the cytosolic pathway, also called the
endosome-to-cytosol pathway. The cytosolic pathway is proteasome- and TAP-dependent. This
indicates that antigens taken up by DCs are exported into the cytosol where protein degradation
occurs. Whether the peptides generated by proteasomes are loaded onto MHC I at the ER or
endocytic compartments is less clear. TAP and MHC I-loading complex have been found to be
recruited to endosomes and phagosomes, suggesting that peptide loading could occur in these
compartments (76-78). On the other hand, ER-associated aminopeptidase 1 (ERAP1) has been
shown to be involved in cross-presentation by the cytosolic pathway (79). Therefore, both
endocytic compartments and the ER could be sites of peptide loading for the cytosolic pathway.

The second pathway for cross-presentation is the vacuolar pathway. In this pathway,
antigens taken up by DCs are degraded into peptide fragments and loaded onto MHC I in
endocytic compartments. As such, this pathway is proteasome- and TAP-independent, but is
sensitive to inhibition of lysosomal proteolysis, such as the inhibition of cathepsin S (80). The

source of MHC I molecules in endocytic compartments is still under investigation, but there have
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been studies showing that MHC I could either be internalized from the cell surface (81) or
trafficked to the endocytic compartments directly from the ER (82). The relative importance of
cytosolic and vacuolar pathways for cross-presentation has not been clearly determined and is
likely dependent on the specific antigen, but it is thought that the cytosolic pathway may be more
common (74).

cDCls are traditionally thought to be the major DC subset responsible for cross-
presentation, as mice lacking cDCl1s have been shown to be deficient in priming CD8+ T cells in
various intracellular infection (83, 84) and tumor models (84). In contrast, cDC2s have been
found to be more efficient than cDCls at presenting antigens on MHC II to CD4+ T cells but are
much less capable of cross-presentation (85). Whether this division of labor exists in humans is
more uncertain (75, 86). Human cDC2s are able to export internalized antigens into the cytosol
as efficiently as cDCls (87), and in multiple studies, cDC2s have been shown to be capable of
cross-presentation (87-89). Hence, while cDCl1s are more important in cross-presentation to
CD8+ T cells in mice, the same may not be true in humans.

In the context of C. trachomatis infection, not much is known about the role of cross-
presentation in CD8+ T cell priming. Cross-presentation is not required for pathogens that infect
DCs, and whether C. trachomatis is able to productively infect DCs has not been conclusively
determined due to conflicting data in literature. The general consensus is that even when DCs do
get productively infected, the infectious yield is much lower than that generated during infection
of epithelial cells (16, 90-92). However, to generate a CD8+ T cell response, DCs do not have to
be the main target cells of the pathogen as long as sufficient antigens are generated within the

cytosol of DCs to load onto MHC 1, as in the case of respiratory syncytial virus (93).
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Regardless of whether cross-presentation is necessary, DCs have been shown to be
capable of cross-presenting C. trachomatis antigens to CD8+ T cells. BMDCs incubated with
infected epithelial cells are able to stimulate IFNy production by CD8+ T cells (91). This cross-
presentation is likely via the cytosolic pathway since proteasome inhibition in DCs prevents
CD8+ T cell priming. Interestingly, C. trachomatis infection can impair endocytic recycling of
MHC I in BMDCs and reduce the ability of infected DCs to cross-present ovalbumin (OVA) to
OVA-specific CD8+ T cells (92). This suggests that efficient cross-presentation by DCs to prime
CD8+ T cells may be detrimental to C. trachomatis, which would be why the bacteria evolved
mechanisms to interfere with this pathway. However, the use of BMDC:s in these studies
precludes investigation into whether cDC1s and ¢cDC2s differ in their ability to prime C.
trachomatis-specific CD8+ T cells. It is therefore still unknown if cross-presentation by cDCls is

needed for the activation of CD8+ T cells during C. trachomatis infection.

Co-stimulation and co-inhibition

Peptide-loaded MHC is not the only signal DCs provide to T cells for T cell priming. In
fact, TCR signaling alone is insufficient to stimulate T cells if no other signals are present (94).
In a pro-inflammatory setting, DCs upregulate co-stimulatory molecules and produce
inflammatory cytokines to stimulate effector T cell responses (95). Meanwhile, in tolerogenic
conditions, DCs can prevent effector T cell formation by the upregulation of co-inhibitory
molecules and anti-inflammatory cytokines (96, 97).

Co-stimulatory and co-inhibitory molecules have been well studied in the fields of cancer
immunology and chronic viral infection. There exists a large number of co-signaling receptors

(reviewed in (98-100)). PD-L1 may be one of the most well-known co-inhibitory molecules. PD-
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L1 on DCs and infected or tumor cells binds to PD-1 on T cells and inhibits T cell function.
PD1/PD-L1 blockade has thus been used to treat many types of human cancer (101). However,
the function of co-signaling molecules on DCs is not always so definitive. CD80 and CD86 on
DCs, for example, are co-stimulatory when recognized by CD28 on T cells but co-inhibitory
when they engage CTLA-4 (102). Similarly, PVR and Nectin2 serve as receptors for both CD226
and TIGIT on T cells, with the former activating T cells and the latter preventing effector T cell
response (103). Whether an effective T cell response is generated therefore depends on the
expression of receptors on not just the DCs but T cells as well.

Changes in co-signaling receptors on DCs during C. trachomatis infection have been
observed. For instance, CD40, a co-stimulatory receptor, is upregulated on BMDCs exposed to
C. trachomatis (104), and is required for efficient clearance of infection in mice (105, 106). In
addition, changes in CD80 and CD86 expression upon infection have been reported in both mice
and humans, although there have been conflicting results as to whether these molecules are up-
or down-regulated on DCs and their importance in bacteria clearance (105, 107-113). C.
trachomatis infection can also increase the expression of co-inhibitory receptors. PD-L1 is
upregulated on DCs in infected mice and inhibits the adaptive immune response to C.
trachomatis (114). As a result, PD-L1 deficient mice have a lower infection burden than wild
type mice. Unlike wild type mice where CD8+ T cells are dispensable for clearing infection, PD-
L17- mice with CD8+ T cells depleted by anti-CD8a. antibodies have a higher infection burden
than mice given isotype controls. This corresponds to a larger number of CD8+ T cells at the site
of infection in PD-L17- mice compared to wild type mice, suggesting that PD-L1 upregulation
may contribute to the lack of efficient CD8+ T cell response observed in mice. Taken together,

changes in the expression of co-signaling molecules on DCs induced by infection can modulate
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the immune response to infection and may be a way in which C. trachomatis evades the adaptive

immune system.

Dendritic cell response to C. trachomatis

DCs are part of the innate immune system that forms the first line of defense against
invading pathogens and are also important in activating and shaping the adaptive immune
response. DCs thus have multiple pathways to detect and control infection, with redundancies
built in so that even if one pathway fails others can still compensate. At the same time, given the
co-evolution between pathogens and host, it is unsurprising that pathogens have evolved
strategies to prevent the generation of an effective immune response by DCs. The interaction

between C. trachomatis and DCs is a topic of active research, but much is still unknown.

Detection of C. trachomatis by pathogen recognition receptors

DCs are highly adept at detecting infections through a set of germline-encoded pattern
recognition receptors (PRRs). PRRs can recognize either evolutionarily conserved pathogen-
associated molecular patterns (PAMPs) on microbes or damage-associated molecular patterns
(DAMPs) produced by cells that are damaged or dying as a result of infection. PRRs recognize a
diverse range of ligands and have distinct subcellular localizations (reviewed in (115)), with
extracellular pathogens sensed by PRRs on the cell membrane and intracellular pathogens
detected by endosomal or cytosolic PRRs. This allows DCs to respond appropriately to different
pathogens.

C. trachomatis is detected by multiple PRRs throughout its biphasic life cycle. Toll-like

receptor 2 (TLR2) located at the cell surface likely detects the bacteria at the extracellular EB
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stage, as BMDCs secrete pro-inflammatory cytokines such as TNFa and IL-6 in response to C.
trachomatis in a TLR2-dependent manner (116, 117). Interestingly, TLR4 is commonly involved
in detection of Gram-negative bacteria through the recognition of lipopolysaccharide (LPS), but
it is only weakly activated by C. trachomatis. Even though it is a Gram-negative bacterium, C.
trachomatis expresses lipooligosaccharide (LOS), which is a much weaker stimulator of TLR4,
instead of LPS (118). This may be one mechanism by which C. trachomatis minimizes detection
by the innate immune system.

Once it is taken up by DCs, C. trachomatis can stimulate a range of intracellular PRRs. It
is suggested that TLR3 located at the endosome may be activated by C. trachomatis dsSRNA and
stimulate the production of interferon § (IFNf), a potent cytokine in restricting intracellular
pathogens (119, 120). The cytosolic PRR stimulator of interferon genes (STING) can also
respond to C. trachomatis infection and trigger IFNf production. Studies using monocyte-
derived DCs and bone marrow-derived macrophages found that cyclic di-nucleotides produced
by C. trachomatis can be recognized by STING in these cells (121). This response is amplified
by cyclic GMP-AMP synthase (cGAS), another cytosolic PRR, which produces cGAMP that
activates STING when it senses dsDNA in the cytosol (121, 122). Lastly, NLR family pyrin
domain containing 3 (NLRP3) has been reported to be activated in monocyte- and bone marrow-
derived DCs and can trigger inflammatory DC death. Although the exact mechanism by which
NLRP3 is activated is unclear, studies suggest that P2X purinoceptor 7 (P2X7R) — a sensor of
extracellular ATP that serves as a DAMP during injury and infection — and IFNf3 production

stimulated by STING may play a role (121, 123).
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C. trachomatis reduction of T cell activation by dendritic cells

Since dendritic cells play an important role in activating T cells, one would expect a well-
adapted pathogen like C. trachomatis to evolve mechanisms to impair the ability of DCs to prime
T cells. Induction of PD-L1 expression and interference with cross-presentation, as mentioned in
the previous sections, are ways in which C. trachomatis may prevent the generation of an
effective T cell response (92, 114). Upon detection of a pathogen, DCs undergo maturation to
better prime T cells, and the upregulation of a number of co-signaling molecules is part of the
process. Studies have found that the CD40, CD80, and CD86 on BMDCs are upregulated to a
smaller extent by C. trachomatis or C. trachomatis LOS compared to Escherichia coli LPS,
although how this affects T cell priming is not known (91, 124). Additionally, IL-10, a cytokine
with immunosuppressive functions that act on both DCs and T cells, is produced by DCs upon C.
trachomatis infection and may impair DC maturation and T cell priming. BMDCs deficient in
IL-10 show higher expression of CD40, CD80, and CD86 upon infection and greater ability to
stimulate T cells (125). IL-107- mice also demonstrate faster clearance of bacteria compared to
wild type mice (126).

Another way in which C. trachomatis may impair the ability of DCs to prime T cells is
by the induction of DC death. This is a mechanism employed by multiple pathogens. Some
bacteria and viruses are known to cause apoptosis, or programmed cell death, in DCs.
Streptococcus pneumoniae, for instance, can induce apoptosis in DCs by producing
pneumolysin, a virulence factor that functions as a cytotoxin (127). Epstein-Barr virus and HIV
are also examples of pathogens that can induce apoptosis to prevent host immune response (128,
129). C. trachomatis has been shown to promote epithelial cell apoptosis at later stages of

infection to facilitate exit from its host cell (130, 131), but whether they can do the same to DCs
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is not known. Studies of DC viability in response to C. trachomatis have produced mixed results
(90-92, 113, 123, 132-135), although most did not observe C. trachomatis-induced DC death.
Notably, Omosun et al. showed increased BMDC apoptosis upon infection that they believe to be
driven by P2X7R and NLRP3, although the exact mechanism by which this happens is yet to be
determined (123). In this study, the authors found that IL-10"- BMDCs experience less apoptosis
upon infection that correlates with reduced P2X7R expression on the cell surface as well as
reduced NLRP3 activation. However, given the pleiotropic effects of IL-10, how much this
reduction in apoptosis contributes to the resistance of IL-10"" mice to C. trachomatis infection is
uncertain.

In addition to being actively induced by pathogens, a cell that detect an intracellular
infection within itself may undergo apoptosis to restrict pathogen replication. TLR3, cGAS, and
STING are all PRRs that can stimulate apoptosis when activated (136). Type I interferons (IFNa
and IFNP) secreted by infected cells can also act in an autocrine manner to initiate apoptosis.
Interferon signaling drives the expression of interferon-stimulated genes (ISGs) that eventually
leads to apoptosis through RNA degradation and translation inhibition (137). Interferon signaling
also upregulates the expression of death receptors like Fas and TRAIL, apoptosis-executing
caspases, and a variety of other pro-apoptotic proteins such as XAF-1, which inhibits the action
of the anti-apoptotic protein XIAP (reviewed in (138)). C. trachomatis does stimulate IFN[3
production by DCs through the activation of intracellular PRRs, but whether this leads to
apoptosis has not been investigated.

Type I interferon signaling can also lead to pyroptosis, another form of cell death that is
more inflammatory. Pyroptosis serves the dual purpose of eliminating the intracellular replicative

niche of pathogens and promoting immune responses against pathogens through the release of
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pro-inflammatory cytokines and DAMPs. The induction of ISGs results in the increased
expression of proteins like NLRP3 and AIM2, which can form inflammasomes that play a key
role in pyroptosis (138). The detection of PAMPs and DAMPs in itself can also trigger
inflammasome activation and pyroptosis. Few studies have demonstrated DC pyroptosis in
response to C. trachomatis infection. However, C. trachomatis has been found to induce Type |
interferon-dependent pyroptosis in bone marrow-derived macrophages and may do the same in
monocyte-derived DCs (121). Additionally, C. trachomatis can activate NLRP3 and AIM2
inflammasomes in macrophages and induce pyroptosis at high MOIs (139). Whether this also

occurs in DCs and the implications on T cell priming remain to be determined.

Focus of dissertation

This dissertation aims to shed light on the effects of C. trachomatis infection on DCs and
how infection may impact the capacity of DCs to prime T cells. Experiments were focused on
primary DCs isolated from mice and humans to allow for the study of DC subsets. In Chapter 2, I
found that C. trachomatis infection induces cell death in cDC1s and ¢cDC2s isolated from mice,
which is not commonly observed in previous studies conducted on monocyte- or bone marrow-
derived DCs. ¢cDCls experience a greater rate of cell death than ¢cDC2s. This DC death is
observed during both in vitro and in vivo infection. C. trachomatis-induced death is also
observed in human DCs isolated from peripheral blood, although unlike mice, cDCls and ¢cDC2s
from humans have similar death rates. Cell death is dependent on direct uptake of C. trachomatis
by DCs, since DCs that are co-cultured with infected cells do not show a reduction in viability. In

addition, preventing bacteria uptake with heparin rescues DC death.
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In Chapter 3, the possible mechanisms by which C. trachomatis induces DC death were
investigated. C. trachomatis causes apoptosis in both cDC1s and ¢cDC2s, and DC death is
partially rescued in DCs lacking BAK1 and BAX or caspases-3 and -7, proteins important for the
induction and execution of apoptosis. Meanwhile, DCs deficient in caspases-1 and -4 have the
same viability as wild type DCs upon infection, even though these two caspases play critical
roles in driving pyroptosis. Next, RNA sequencing was conducted on DCs isolated from mice
infected with C. trachomatis. Genes involved in apoptosis are upregulated in DCs from infected
mice, supporting the observations of C. trachomatis-induced DC apoptosis in vitro.

Finally, in Chapter 4, the effect of C. trachomatis on the ability of DCs to prime T cells
was determined. I found that cross-presentation of C. trachomatis by cDCls is required for
CD8+ T cell activation. cDCls activate C. trachomatis-specific CD8+ T cells much more
efficiently than cDC2s, although both DC subsets are equally effective at activating CD4+ T
cells. C. trachomatis reduces the ability of DCs to prime OVA-specific CD4+ and CD8+ T cells.
Controlling for the viability of DCs rescues the defect in CD4+ T cell priming but only does so
partially for CD8+ T cells. RNA sequencing of DCs reveals that C. trachomatis induces changes
in the expression of multiple co-signaling molecules, although further work is required to
determine how CD8+ T cell activation is specifically inhibited. Hence, differential responses of
cDCls and cDC2s to C. trachomatis, in addition to differences in susceptibilities of CD8+ and
CD4+ T cells to C. trachomatis-induced changes in co-signaling molecules, could explain why
CD8+ T cells are generated less effectively than CD4+ T cells during infection in mice. Taken
together, results from this dissertation suggest that the manipulation of DC response — such as
inducing cell death and changes in co-signaling receptor expression — is one strategy that C.

trachomatis can utilize to evade the adaptive immune system.
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Chapter 2: Chlamydia trachomatis uptake induces cell death in dendritic cells
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ABSTRACT

The lack of effective adaptive immunity against Chlamydia trachomatis leads to chronic
or repeated infection and serious disease sequelae. Dendritic cells (DCs) are professional antigen
presenting cells that are crucial for the activation of T cells during C. trachomatis infection.
cDCls and cDC2s are the two main DC subsets responsible for T cell priming, but little is
known about how these DCs respond to C. trachomatis infection. Using a mouse model of
infection, we found that C. trachomatis reduced the viability of cDCl1s and cDC2s both in vitro
and in vivo, with cDCls experiencing more death. This effect was not due to DC activation, since
LPS-treated DCs did not show the same death, and cell death was attenuated with heat-killed C.
trachomatis. We validated our findings with human DCs in vitro, also observing C. trachomatis-
induced cell death. We next attempted to find out how C. trachomatis may be causing cell death
in DCs. We discovered that C. trachomatis-induced DC death required direct interactions
between the bacteria and DC and was rescued by preventing bacteria uptake. Lastly, we tested
the role of the C. trachomatis plasmid, which is known to drive virulence, but found it to be
dispensable for inducing cell death. These results indicate that C. trachomatis may evade the

adaptive immune system by directly inducing cell death in DCs.
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INTRODUCTION

Chlamydia trachomatis is an obligate intracellular bacterium that infects epithelial cells.
It is the most common bacterial sexually transmitted disease in the United States, with an
estimated 2.86 million infections occurring annually (2). While curable with antibiotics,
infections are often asymptomatic and thus left untreated (5). This can lead to serious sequelae in
women, such as pelvic inflammatory disease, infertility, and ectopic pregnancy (7). Despite the
high public health burden of C. trachomatis, a vaccine to prevent this disease is not available. A
better understanding of the immune response to C. trachomatis is therefore crucial to aid in the
development of an effective vaccine (10).

In humans, the immune system is frequently incapable of clearing C. trachomatis
infection or establishing long term immunological memory, resulting in chronic or repeated
infections (22). In contrast, mice are able to clear infection in a CD4+ T cell dependent manner
(20, 21), but there is a lack of efficient CD8+ T cell response (27, 44). This is especially
intriguing since C. trachomatis is an intracellular pathogen, and CD8+ T cells typically play an
important role in protecting against such organisms by killing the cells they infect. C.
trachomatis-specific CD8+ T cells are generated during infection (41, 42), but at much lower
numbers compared to model intracellular pathogens like vaccinia virus or Listeria
monocytogenes (44). However, when cultured and adoptively transferred, Chlamydia-specific
CD8+ T cells do confer partial protection against infection (41). These data suggest that antigen-
specific CD8+ T cells are able to protect against C. trachomatis, but they are not efficiently
generated during infection.

Dendritic cells (DCs) are the most important antigen presenting cells (APCs) in

generating T cell responses during infection (48, 49). There are two main subsets of DCs
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responsible for antigen presentation: cDCl1s, which can be identified in mice as being CD103+ in
the periphery and CD8+ in secondary lymphoid organs, and cDC2s, which are CD11b+ (51). C.
trachomatis can thus evade the adaptive immune response by preventing cDC1s and cDC2s from
effectively activating T cells. For instance, our lab has previously found that DCs from mice
infected with C. trachomatis upregulate PD-L1, a surface molecule that inhibits T cell function,
something that has been observed in other chronic infections (114). Another way in which
pathogens can prevent the generation of an effective T cell response is by causing death in DCs.
A number of pathogens, both bacterial and viral, are known to induce DC death to downregulate
the adaptive immune response (127, 129, 140-142). However, studies investigating whether this
also happens in the case of C. trachomatis infections have shown mixed results (90-92, 113, 123,
132-135), although most studies did not observe C. trachomatis-induced DC death. This is
further confounded by the fact that monocyte- or bone marrow-derived DCs (BMDCs) generated
using GMCSF were used in most studies, and these DCs generated in this manner in vitro have
been shown to be distinct from DCs in vivo and do not form subsets (60, 61). It is therefore
unknown whether C. trachomatis induces cell death in the two DC subsets responsible for T cell
priming. In this chapter, we investigated how ¢cDC1s and cDC2s respond to C. trachomatis. We
found that C. trachomatis uptake induces cell death in murine cDCl1s and ¢cDC2s both in vitro
and in vivo, and validated the results in human DCs. Our data suggest that the induction of DC
death may indeed be one way in which C. trachomatis modulates the host immune response and

evades the adaptive immune system.
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RESULTS
C. trachomatis induces cell death in mouse and human dendritic cells

To characterize the effects of C. trachomatis infection on DCs, we first harvested
splenocytes from wild-type (WT) C57BL/6 (B6) mice as a source of DCs. Splenocytes were
infected with live or heat-killed C. trachomatis for eighteen hours before being analyzed using
flow cytometry. We observed a striking decrease in viability of DCs infected with live C.
trachomatis (Figure 2.1A and B). This effect was attenuated with heat-killed C. trachomatis and
was not a result of DC activation since DCs treated with LPS did not show the same cell death.
In the samples infected with live C. trachomatis, cDC1s were killed disproportionately, and as a
result the percentage of viable DCs that were cDC1s was smaller compared to the rest of the
groups (Figure 2.1C). Donado ef al. previously found that invariant natural killer T cells can
induce cell death in C. trachomatis-infected BMDCs (143). To determine if C. trachomatis-
induced splenic DC death is dependent on other cell types, we isolated CD11¢c+ DCs from
splenocytes before culturing them with C. trachomatis. Upon infection, isolated CD11c+ DCs
also showed a decrease in viability (Figure 2.1D), indicating that C. trachomatis alone was
enough to induce DC death without any contribution from other cell types. We also validated the
results using uterine DCs, and found that live C. trachomatis likewise causes cell death in uterine
DCs (Figures 2.2A and B), with ¢cDCls slightly more affected (Figures 2.2C).

We then sought to determine if the DC death we saw in vitro could also be observed in
vivo. To do this, we infected WT mice intravenously with C. trachomatis and analyzed the
viability of splenic DCs after infection. As we observed in vitro, there was a decreased
percentage (Figure 2.3A) and number (Figure 2.3B) of viable DCs in the spleens of infected

mice compared to uninfected mice. The decrease in percentage of viable DCs was smaller than
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Figure 2.1: Live C. trachomatis causes cell death in splenic DCs in vitro, with cDC1s more
affected. (A-C) Splenocytes were isolated from C57BL/6 mice and infected with live or heat-
killed C. trachomatis at a MOI of 2, or LPS control (100ng/mL). Eighteen hours post-infection,
the (A) percentage of DCs (F4/80- CD11c+ MHC I-AP+) that were viable, (B) number of viable
DCs, and (C) percentage of viable DCs that were cDC1s (CD8+ CD11b-) were measured by
flow cytometry. (D) CD11c+ dendritic cells were isolated from the spleens of C57BL/6 mice by
MACS and infected with C. trachomatis. The viability of DCs was determined by flow
cytometry. n = 3, and data are representative of 3 independent experiments. **P < (.01, *** P <
0.001, ****pP <(0.0001, analyzed with one-way ANOVA with Dunnett’s multiple comparisons
test. Data are represented as mean + SD.

29



% Live DC

AFkdkk
1004 | |
80 - =
60 -
40
20
0- |
S X X
o 400 S
SRR\
& 3
N\ &
NT

# Live DC

t 3
30000
20000 -
10000
0 -
@p ¢
(¢) . 40
'\ >
& v
S° Qé§

209 k%
15- |
«~ ==

8
Q 10
B
5_
0- T
’@b 00\. 60\.
)
&
N &
&

Figure 2.2: C. trachomatis infection induces death in uterine DCs. Uterine cells were isolated
from C57BL/6 mice and infected with live or heat-killed C. trachomatis at a MOI of 2. Eighteen
hours post-infection, the (A) percentage of DCs (F4/80- CD11c+ MHC I-A®+) that were viable,
(B) number of viable DCs, and (C) percentage of viable DCs that were cDC1s (CD103+
CD11b-) were measured by flow cytometry. n = 3, and data are representative of 2 independent
experiments. * P<0.05, **P < 0.01, ****P < (0.0001, analyzed with one-way ANOVA with
Dunnett’s multiple comparisons test. Data are represented as mean + SD.
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what was observed in vitro, which may be due to clearance of dying cells in vivo. Also similar to
what we saw in vitro, a smaller percentage of viable splenic DCs were cDCls in infected mice
compared to uninfected controls (Figure 2.3C). These data indicate that C. trachomatis induces
DC death both in vivo and in vitro.

Next, to determine whether the C. trachomatis-induced death we observed in mouse DCs
also happens in human DCs, we isolated DCs from human buffy coats. Isolated DCs were
infected with heat-killed or live C. trachomatis, and cell viability was assessed via flow
cytometry eighteen hours post-infection. There was no difference in the percentage of DCs that
were alive between uninfected samples and samples infected with live C. trachomatis (Figure
2.4A), but samples infected with live C. trachomatis had a significantly lower number of live
DCs compared to uninfected controls (Figure 2.4B). As with our observations in mouse DCs, this
decrease was attenuated with heat-killed C. trachomatis. However, unlike mouse DCs, there was
no difference in the percentage of live DCs that were cDCl1s between infected and uninfected
samples (Figure 2.4C). These data suggest that C. trachomatis infection can also induce DC

death in human DCs, with both ¢cDC1s and ¢cDC2s equally affected.

31



%%k
100 **¥ 80000 ¥k 25-
|—| E—
807 60000 - 207
%)
O 60 8 5 154
2 £ 40000 Q
- 404 - 2 10
2 3+
00 - 20000 - 5
0- 0- 0-
\96 \06 *@6 *@6 \.‘bb \06
&@0 &00 é@o (4\@0 . &@0 &@
00\ A\ 00\ A\ 00\ A\

Figure 2.3: C. trachomatis infection induces DC death in vivo. C57BL/6 mice were infected
intravenously with C. trachomatis. Two days post-infection, the (A) percentage viability of DCs,
(B) number of viable DCs, and (C) percentage of viable DCs that were cDC1s were measured by
flow cytometry. n = 4, and data are representative of 3 independent experiments. **P < (.01,
*#%P < 0.001, analyzed with unpaired ¢ test. Data are represented as mean + SD.
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Figure 2.4: C. trachomatis infection induces the death of human DCs. DCs were isolated
from human bufty coats and infected with live or heat-killed C. trachomatis at a MOI of 5. The
(A) percentage and (B) number of DCs (CD11c+ HLA-DR+) that remained viable eighteen
hours post-infection were measured with flow cytometry. (C) The percentage of live DCs that
were cDCls (Clec9A+ CDlc-). n = 3, and data are representative of 2 independent experiments.
*P <0.05, **P <0.01, analyzed with one-way ANOVA with Dunnett’s multiple comparisons
test. Data are represented as mean = SD.
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C. trachomatis uptake is required for the induction of cell death

We next wanted to shed light on how C. trachomatis induces cell death. First, to
determine whether DC death was directly induced by C. trachomatis or neighboring infected
cells, we utilized B6.SJL-Ptprc? Pepc®/BoylJ (Pep Boy) mice, a B6 congenic strain that expresses
CD45.1 instead of CD45.2. Splenocytes were isolated from Pep Boy and B6 mice and infected
with C. trachomatis for two hours before cells were centrifuged to remove bacteria that had not
been taken up. Infected splenocytes were co-cultured in fresh media with either infected or
uninfected counterparts with the opposing CD45 marker, and DC viability was measured (Figure
2.5A). We found that only DCs directly exposed to C. trachomatis had a decrease in viability,
while uninfected DCs cultured with infected cells were just as viable as uninfected controls
(Figure 2.5B and C). Since direct exposure of DCs to C. trachomatis was required to induce DC
death, we then sought to investigate if cell death was due to C. trachomatis uptake. Previous
studies have found that uptake of C. trachomatis by cells is blocked by the pre-incubation of C.
trachomatis with heparin (16, 17). We thus infected splenocytes with GFP-expressing C.
trachomatis that was pre-incubated with heparin and saw that there was indeed a decrease in the
percentage of DCs that had taken up C. trachomatis (GFP+) (Figure 2.6A). Correspondingly, this
pre-treatment of C. trachomatis with heparin also prevented DC death (Figure 2.6B).

Given that cDC1s were more affected than cDC2s by C. trachomatis-induced cell death,
we tested whether this was because cDCls had a greater uptake of C. trachomatis than cDC2s.
We infected splenocytes with GFP-expressing C. trachomatis and found that a greater percentage

of cDCls had taken up bacteria compared to cDC2s (Figure 2.7A).
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Figure 2.5: Direct interaction between C. frachomatis and DCs is required for cell death.
CD45.1+ splenocytes were isolated from Pep Boy mice while CD45.2+ splenocytes were
isolated from C57BL/6 mice. (A) Schematic of experiment (created with BioRender.com). Cells
were infected with C. trachomatis for two hours, washed, and co-cultured with either infected or
uninfected counterparts for eighteen hours. The number of live (B) CD45.1+ or (C) CD45.2+
DCs was measured by flow cytometry. n = 3, and data are representative of 3 independent
experiments. *P < 0.05, **P < (.01, analyzed with one-way ANOVA with Dunnett’s multiple
comparisons test. Data are represented as mean + SD.
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Figure 2.6: DC death is rescued by preventing the uptake of C. trachomatis. GFP-expressing
C. trachomatis were pre-incubated with heparin for one hour before co-culturing with C57BL/6
splenocytes. Eighteen hours post-infection, cells were analyzed with flow cytometry. (A) The
percentage of DCs that have taken up GFP-C. trachomatis. (B) The number of viable DCs. n = 3,
and data are representative of 3 independent experiments. *P < 0.05, **P < 0.01, ****p <
0.0001, analyzed with (A) unpaired ¢ test or (B) one-way ANOVA with Tukey’s multiple
comparisons test. Data are represented as mean + SD.
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During our experiments, we noticed that dead DCs had a certain degree of
autofluorescence in the GFP channel. To ensure that our results were not confounded by
autofluorescent cells, we confirmed our observations byqPCR, where we sorted infected splenic
DCs into ¢cDC1s and ¢cDC2s via FACS, extracted DNA from the cells, and measured the relative
levels of C. trachomatis 16S DNA (Figure 2.7B). Taken together, our data indicate that DC death
is induced by C. trachomatis uptake. cDCl1s have a greater uptake of C. trachomatis, which
corresponds with our previous observations that cDC1s were more affected by C. trachomatis-
induced cell death.

Lastly, we investigated whether the C. trachomatis plasmid is necessary for DC death. C.
trachomatis possesses a 7.5kb plasmid that is important for virulence (144), coding for both
virulence factors on the plasmid itself as well as transcription factors regulating gene expression
on the chromosome (145). In vitro infection kinetics of C. trachomatis without the plasmid is
similar to that of wild type C. trachomatis, but plasmid-deficient C. trachomatis was less able to
establish an infection in mice. Much about how the plasmid functions is still unknown. To
determine if induction of DC death is one of the ways in which the virulence plasmid promotes
infection in mice, we infected splenocytes with wild type or plasmid-deficient C. trachomatis.
We found that plasmid-deficient C. trachomatis was also able to induce death in DCs (Figure
2.8). Whether the plasmid may still have a small contribution in killing DCs is harder to
conclude, since compared to wild type C. trachomatis, plasmid-deficient C. trachomatis
appeared to be slightly less efficient in inducing cell death, but the results were typically trending
but not statistically significant. Nonetheless, our results show that C. trachomatis virulence
plasmid is not necessary for inducing DC death, and factors not under the control of the plasmid

are playing a role.
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Figure 2.7: ¢cDC1s have a higher uptake of C. trachomatis. (A) Splenocytes were infected with
GFP-expressing C. trachomatis. The percentage of GFP+ ¢cDCl1s and cDC2s were measured via
flow cytometry eighteen hours later. (B) Splenic DCs were isolated with CD11c microbeads and
incubated with C. trachomatis for 2 hours. Cells were then sorted into subsets by FACS. DNA
was extracted and bacteria uptake was quantified using qPCR measuring C. trachomatis 16s and
mouse GAPDH DNA. n = 3, and data are representative of 3 independent experiments. *P <
0.05, **P < 0.01, analyzed with paired ¢ test. Data are represented as mean + SD.
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Figure 2.8: C. trachomatis virulence plasmid is not necessary for DC death. Splenocytes
were infected with plasmid-expressing or plasmid-deficient C. trachomatis. Eighteen hours later,
the viability of DCs were analyzed via flow cytometry. n = 3, and data are representative of 3

independent experiments. **P < (.01, one-way ANOVA with Tukey’s multiple comparisons test.
Data are represented as mean + SD.
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DISCUSSION

DCs are important antigen-presenting cells for stimulating a T cell response to clear
pathogens (48, 49). Previous work on C. trachomatis interactions with DCs have mostly used
monocyte- or bone marrow-derived DCs generated using GMCSF (91, 92, 113, 119, 123, 133-
135), which have characteristics distinct from in vivo DCs (60, 61) and may consist of a mix of
macrophage- and DC-like cells. Hence, little is known about how ¢DCl1s and ¢cDC2s — the two
DC subsets responsible for T cell priming in vivo (51) — respond to C. trachomatis infection and
prime T cells. In this chapter, we sought to investigate the effect C. trachomatis infection has on
DCs, and showed that C. frachomatis induces cell death in both DC subsets in vitro and in vivo.
While it is known that some bacterial and viral infections can cause DC death, most previous
studies looking at Chlamydia infection of human monocyte-derived or mouse BMDCs did not
find any induction of DC death (90, 92, 113, 132-134), although cell death has been observed
when the MOI is much higher (133), after prolonged infection of a few days (132), or when
Chlamydia is introduced in the form of extrusions (134). A notable exception is Omosun et al.,
who found that Chlamydia induces cell death in BMDCs in a NLRP3-inflammasome dependent
manner (123). It is hard to say with certainty what exactly is causing the discrepancy, but many
papers used subtly different protocols for BMDC generation. Part of this discrepancy may thus
be due to differences in the process of BMDC generation that resulted in cells with different
phenotypes.

In our study, we used splenic cDCs, which are more physiologically relevant and avoid
the problem of heterogeneity posed by BMDCs. Like Omosun et al. (123), we found that C.
trachomatis induces cell death in DCs, but cell death may not be dependent on NLRP3 (as we

shall show in Chapter 3). Since GMCSF-generated DCs are a mix of macrophage- and DC-like
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cells (60, 61), we may be seeing a difference in viability between cDCs and GMCSF-generated
DCs upon C. trachomatis infection because the latter contained cells that behaved more like
macrophages, which are known to at least somewhat allow productive Chlamydia replication
(146, 147).

Pathogens may actively produce factors to induce dendritic cell death as a way of evading
the immune system. Streptococcus pneumoniae, for instance, produces the cytotoxin
pneumolysin to induce cell death in DCs that have taken up the bacteria (127). On other
occasions, it may instead be the DCs that detect an ongoing infection — via the recognition of
pathogen associated molecular patterns (PAMPs) on pathogens and damage associated molecular
patterns (DAMPs) from cell damage — and undergo cell death. This would serve the dual purpose
of triggering inflammation and limiting pathogen replication within the cell, such as in the case
of the intracellular bacteria Legionella pneumophila that triggers DC death when bacteria
flagellin is recognized by the NOD-like receptor NAIP5 (148). When it comes to C. trachomatis,
it is yet unclear whether cell death induction is an active process or an unintentional (but still
possibly beneficial for the bacteria) byproduct of DCs detecting PAMPs and DAMPs. Uptake of
live C. trachomatis is required for DC death, and heat-killed C. trachomatis does not have the
same effect. One explanation could be that certain secreted effectors have to be actively
produced by live C. trachomatis to cause DC death. UV-inactivated C. trachomatis also showed
an attenuation in cell death induction (data not shown), so it is less likely that there are heat-
labile PAMPs in C. trachomatis — be it intracellular or on the cell surface — that are recognized
by DCs to trigger cell death. However, C. trachomatis switches from the infectious elementary
body (EB) stage to the more metabolically active reticulate body (RB) stage within a few hours

of entering host cells (12), and it could be possible that PAMPs recognized by DCs are produced
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in larger amounts during the RB stage. Alternatively, the process of intracellular infection started
by live C. trachomatis may cause damage and stress to DCs, leading to cell death.

We attempted to narrow down the possibilities by looking at the role of the C.
trachomatis virulence plasmid in causing DC death. The C. trachomatis plasmid has been found
to be important during in vivo infection (144). It contains 8 open reading frames (ORFs) coding
both for virulence factors and transcription factors regulating gene expression on the
chromosome (145). Since the plasmid-deficient strain of C. trachomatis behaves normally in in
vitro infection models, if the plasmid was necessary for DC death, it would strongly suggest that
death was induced by effectors actively produced by the bacteria rather than the process of
infection itself. However, we found that this was not the case as plasmid-deficient C. trachomatis
was still able to induce DC death. This does allow us to rule out genes encoded or controlled by
the plasmid as being responsible for causing cell death, but the list of possibilities remains long.
Further work will have to be done to determine what factors produced by C. trachomatis are
inducing DC death.

Consistent with our experiments using mouse DCs, cell death is also induced by C.
trachomatis in human DCs. There was a decrease in the numbers but not percentage of live DCs
upon infection. One possible reason could be that human DCs may die at a faster rate and were
no longer detectable by flow cytometry at the point of analysis. Future experiments should thus
be repeated with more time points to investigate the kinetics of cell death. Unlike mouse DCs,
cDCls and cDC2s were equally affected by C. trachomatis-induced cell death. It would be
interesting to find out if this is because human DC subsets have a similar uptake of C.
trachomatis while mouse cDCl1s have a higher uptake than cDC2s. It is worth noting that while

there are enough similarities between mouse and human DCs to draw parallels between the two
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DC subsets, significant differences have also been found between the two species. For instance,
mouse cDCl1s are much better at cross-presentation to CD8+ T cells than cDC2s, but the two DC
subsets in humans have similar cross-presentation capacities (87). More work will have to be
done to investigate if human and mouse DCs differ in their response to C. trachomatis in other
ways, as well as the reasons for and implications of these differences.

In summary, our study shows that C. trachomatis uptake induces DC death in both mice
and humans. How exactly this happens is still unclear, and we will continue to address this

question in the next chapter by investigating the mechanism of DC death.
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MATERIALS AND METHODS

Growth and isolation of bacteria

Chlamydia trachomatis serovar L2 (434/Bu; ATCC), C. trachomatis GFP (149) (generously
provided by Isabelle Derré¢ and Raphael Valdivia), and the plasmid deficient and plasmid
complement strains of C. trachomatis (generously provided by Harlan Caldwell) (150) were
propagated in McCoy cell monolayers as described previously (151, 152). Aliquots of purified
elementary bodies were stored at —80°C in 250mM sucrose-phosphate-glutamate (SPG) buffer and
thawed immediately prior to use. Where indicated, heat-killing was achieved by incubating C.

trachomatis for 20 minutes at 65°C.

Mice

C57BL/6] and B6.SJL-Ptprc® Pepc®/Boy] (CD45.1) mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). All mice were housed in the Harvard Medical School Center for
Animal Resources and Comparative Medicine, and all experiments were approved by Harvard’s

Institutional Animal Care and Use Committee.

Dendritic cell isolation and infection

Spleens were harvested from mice and single cell suspensions created using gentleMACS
Dissociator (Miltenyi Biotec) as per the manufacturer’s instructions. Red blood cells were lysed
with tris-ammonium-chloride and splenocytes were infected with C. trachomatis at the indicated
MOIs and cultured in RPMI (Invitrogen) supplemented with 10% FBS, L-glutamine, HEPES,
50 mM 2-mercaptoethanol, and 20ng/mL murine GMCSF (Peprotech). For uterine DCs, uteri were

harvested from mice and cut open into smaller pieces with scissors, incubated with DMEM
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containing 10% FBS and 0.2% Type XI Collagenase for 30 minutes at 37°C. Tissue pieces were
then shaken vigorously in PBS with 1% FBS and 2mM EDTA prior to filtration through a 40um
cell strainer to obtain single cell suspensions. Where indicated, dendritic cells were isolated from
splenocytes using CD11c MicroBeads UltraPure (Miltenyi Biotec) following the manufacturer’s

protocol.

Heparin incubation
Inhibition of C. trachomatis uptake by dendritic cells was achieved by pre-incubating C.
trachomatis in PBS containing 100U/mL of heparin sodium salt (Millipore Sigma) for 1 hour at

4°C before adding bacteria to cells.

Dendritic cell burden analysis

Isolated CD11c+ splenic dendritic cells were infected with C. trachomatis at a MOI of 50. Two
hours post-infection, cells were FACS sorted on FACS Aria (BD) into ¢cDC1 (lineage- CD11c+
MHC I-A’+ CD8+) and ¢cDC2 (lineage- CD11c+ MHC I-AP+ CD11b+) subsets. Bacterial burden
was determined through quantitative PCR as previously described (153). Briefly, DNA was
extracted from samples using Quick-DNA Microprep kit (Zymo Research). Chlamydia 16S DNA
and mouse GAPDH were quantified using primer pairs and dually labeled probes (IDT, San Jose,

CA, or Applied Biosciences).

Infection of mice and preparation of tissue

Mice were injected intravenously via the tail vein with 107 inclusion-forming units (IFU) of C.

trachomatis in 200 pl SPG buffer, or SPG buffer alone. At specific times post-infection, spleens
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were harvested and single-cell suspensions were prepared by grinding the tissue between frosted

microscope slides.

Flow cytometry

All antibodies were purchased from BioLegend unless otherwise noted. After isolation, cells were
pre-incubated with anti-mouse CD16/CD32 (2.4G2) and stained with fluorochrome-conjugated
antibodies against mouse CD11c¢ (clone N418), MHC class I-A® (clone AF6-120.1), CD11b (clone
M1/70), CD8a (clone 53-6.7), F4/80 (clone BMS8), CD4 (clone GK1.5), CD3 (clone 17A2),
CD45.1 (clone A20), CD45.2 (clone 104), TCRb (clone H57-597), CD49b (clone HMa2), IgM
(clone RMM-1), CD2 (clone RM2-5), and a Live/Dead fixable aqua dead cell stain kit (Invitrogen)
or Zombie NIR fixable viability kit (BioLegend). For human DCs, cells were pre-incubated with
Human BD Fc block (BD Pharmingen), followed by staining with anti-human CD11c (clone 3.9),
HLA-DR (clone L243), CD1c (clone L161), Clec9A (clone 8F9), and Zombie NIR fixable viability
kit. The absolute cell number was determined using AccuCheck counting beads (Invitrogen). Data
were collected on a LSR II or Symphony A1/A5 (BD Biosciences) and analyzed using FlowJo

(Tree Star, Ashland, OR).

Human dendritic cell isolation

Fresh buffy coats of healthy blood donors were purchased from Boston Children’s Hospital Blood
Donor Center (Boston, MA). Mononuclear cells were isolated using Lympholyte-H Cell
Separation Media (Cedarlane), and dendritic cells were purified using an EasySep Human Myeloid

DC Enrichment Kit (StemCell Technologies) following the manufacturer’s instructions. Cells were
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then infected with C. trachomatis and cultured in RPMI (Invitrogen) supplemented with 10% FBS,

L-glutamine, HEPES, 50 mM 2-mercaptoethanol, and 500 IU/mL human GMCSF (Peprotech).

Statistical analysis

Statistical analysis was performed using Prism (Graphpad) unless otherwise stated, and the specific
tests used are stated in figure legends. Differences were considered statistically significant if the P
value was less than 0.05. *P < 0.05, **P < 0.01, *** P < 0.001; ****P < 0.0001. Data are

represented as mean + SD.
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Chapter 3: Apoptosis is the main mode of dendritic cell death induced by Chlamydia
trachomatis
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Portions of this chapter are included in a manuscript in preparation.
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assisted with DC sorting.
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ABSTRACT

Many pathogens have been found to result in the killing of dendritic cells (DCs). Cell
death could be actively induced by the pathogen, and in the case of intracellular pathogens, it
may also be the infected cell initiating cell death to prevent the replication of pathogens within
itself. Cell death can happen via apoptosis, or more inflammatory forms of cell death such as
pyroptosis may occur. Our work in the previous chapter demonstrates that C. trachomatis uptake
can lead to DC death. Therefore, in this chapter, we aimed to determine the mechanism of cell
death caused by C. trachomatis. We found that the number of apoptotic DCs was increased upon
infection. Cell death could be partially rescued by preventing apoptosis using caspase inhibitors
or by knocking out Casp3/7 or Bakl/Bax, genes required for apoptosis. We also looked at the
role of pyroptosis. We found that while IL-1p release, a hallmark of pyroptosis, was induced by
C. trachomatis in a Caspl/4-dependent manner, knocking out Casp /4 did not have an effect on
C. trachomatis-induced DC death. Lastly, we performed RNA sequencing of DCs from mice
infected with C. trachomatis and found upregulation of apoptotic pathways in DCs from infected
mice compared to uninfected controls. These data suggest that C. trachomatis infection leads to

apoptosis in DCs.
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INTRODUCTION

Dendritic cells are the most important antigen presenting cells (APCs) in generating a T
cell response during infection (48, 49). As a result, in order to evade the adaptive immune
system, a number of pathogens have evolved effectors that can induce DC death (127, 129, 140-
142). At the same time, DCs are highly adept at recognizing infections through pattern
recognition receptors (PRRs). PRRs can recognize either conserved pathogen-associated
molecular patterns (PAMPs) on microbes or damage-associated molecular patterns (DAMPs)
produced by cells that are damaged or dying as a result of infection (115). Upon detection of an
intracellular infection by PRRs, infected DCs may undergo cell death to restrict pathogen
replication. In the previous chapter, we found that C. trachomatis uptake results in the death of
(DCs), but it is unclear how this cell death occurs.

As discussed in the previous chapter, most previous studies using monocyte- or bone
marrow-derived DCs have not observed C. trachomatis-induced cell death. However, in other
cell types, C. trachomatis has been implicated in apoptosis and pyroptosis, two common cell
death pathways. Apoptosis is a form of programmed cell death that is typically non- or even anti-
inflammatory. Signaling cascades upon pro-apoptotic stimuli result in the cleavage of caspases-3
and -7, proteases that carry out the execution phase of apoptosis (154-156). The mitochondrial
pathway is sometimes involved, especially when the pro-apoptotic stimuli is cell intrinsic. When
the mitochondrial apoptosis pathway is activated in response to upstream signals, effector
proteins BAK and BAX form pores in the mitochondrial membrane to cause mitochondrial outer
membrane permeabilization (157, 158), leading to the formation of apoptosomes and eventually
caspases-3 and -7 cleavage (156, 159). C. trachomatis is known to manipulate this pathway for

its survival. During the early stages of infection, apoptosis is inhibited in infected cells so that the
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bacteria can grow and divide within the host cell (130, 160). However, at late stages of infection,
C. trachomatis promotes host cell apoptosis via the mitochondrial pathway and caspase-3 (130,
131) to facilitate its exit from host cell. Apoptosis of infected cells can also serve as a form of
defense against intracellular pathogens by removing the replicative niche of such pathogens. A
number of intracellular pathogens can be detected by intracellular PRRs (reviewed in (136)) that
then trigger apoptosis, although it is unclear if this happens in C. trachomatis infection.

Meanwhile, pyroptosis is a much more inflammatory cell death pathway, and is typically
stimulated by PAMPs or DAMPs. In the canonical pyroptosis pathway, inflammasomes like
NLRP3 or AIM2 serve as cytosolic PRRs that can sense PAMPs and DAMPs and activate
caspase-1. Caspase-1 then cleaves the pro-inflammatory cytokines pro-IL-1f and pro-IL-18 into
their active forms, as well as gasdermin D (GSDMD) to form pores in the plasma membrane and
trigger lytic cell death (161, 162). Pyroptosis can also happen via the non-canonical pathway,
where caspases like caspase-4 directly recognize intracellular LPS. Active caspase-4 then cleaves
GSDMD, which can lead to pyroptosis directly while at the same time triggering inflammasomes
like NLRP3 to activate caspase-1 (163). C. trachomatis has been shown to activate NLRP3 and
AIM2 inflammasomes in macrophages and induce pyroptosis at high MOIs through both
canonical caspase-1 and non-canonical caspase-4 dependent pathways (121, 139). In monocyte-
or bone marrow-derived DCs, caspase-1 activation and IL-1f production can also be triggered by
Chlamydia, but whether this leads to cell death is still unclear due to conflicting results (121,
123, 135).

In this chapter, we sought to determine the mechanism of DC death caused by C.
trachomatis. We found that C. trachomatis increases apoptosis in DCs, and DC viability can be

partially rescued in DCs deficient in Casp3/7 or Bakl/Bax. Upon infection, IL-1f is released by
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DCs in a caspase-1/4-dependent manner, but knocking out Casp1/4 has no impact on DC death.
RNA sequencing conducted on DCs from infected mice shows that DCs upregulate genes
involved in apoptosis upon infection. Taken together, our data suggest that apoptosis may be

responsible for the C. trachomatis-induced DC death we observed in the previous chapter.
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RESULTS
C. trachomatis infection increases apoptosis in DCs

We first sought to determine whether DC death was due to apoptosis. During the early
stages of apoptosis, the phospholipid phosphatidylserine is flipped from the inner leaflet of the
plasma membrane to the outer leaflet. This change happens before the plasma membrane
integrity is compromised. Hence, the use of fluorescently labeled annexin V, a protein which
binds phosphatidylserine, combined with a membrane impermeable dye like propidium iodide
(PI), can allow us to identify early apoptotic cells (164). To identify apoptotic DCs upon C.
trachomatis infection, splenocytes were infected with C. trachomatis and stained with annexin V
and PI before analysis with flow cytometry. After infection, we saw an increased number of early
apoptotic (annexin V+ PI-) ¢cDCls and ¢cDC2s (Figure 3.1A and B), suggesting that C.
trachomatis induces apoptosis in DCs. There was also an increased number of annexin V+ PI+
DCs that could either be late apoptotic (with membrane integrity already compromised) or dead
by other mechanisms (Figure 3.1C and D).

Aside from apoptosis, perturbations such as a rise in cytosolic Ca?" levels may also result
in the appearance of phosphatidylserine on the outer leaflet of the plasma membrane (165). As
such, we validated our observations of annexin V+ PI- early apoptotic cells using TUNEL
staining, which can detect DNA strand breaks occurring during apoptosis (166). We observed an
increased number of TUNEL positive cDCl1s and cDC2s upon C. trachomatis infection (Figure

3.2), indicating that C. trachomatis does induce apoptosis in DCs.
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Figure 3.1: C. trachomatis infection results in a greater number of apoptotic DCs by
Annexin V and PI staining. Splenic cells were isolated from C57BL/6 mice and co-cultured
with C. trachomatis. After eighteen hours, samples were stained with FITC-Annexin V and
propidium iodide (PI). (A) The number of early apoptotic cDC1s (Annexin V+ PI-) and (B)
cDC2s. (C) The number of dead cDC1s (Annexin V+ PI+) and (D) ¢cDC2s. n =3 and data
representative of three independent experiments. *P < 0.05, **P < 0.01, analyzed with unpaired ¢
test. Data are represented as mean = SD.
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Figure 3.2: TUNEL staining reveals an increase in DC apoptosis upon C. trachomatis
infection. Splenic cells were isolated from C57BL/6 mice and co-cultured with C. trachomatis.
After eighteen hours, TUNEL staining was used to label apoptotic cells and samples were
analyzed with flow cytometry. (A) The number of TUNEL+ ¢DCls and (B) ¢cDC2s. n=3 and
data representative of three independent experiments. **P < (.01, analyzed with unpaired ¢ test.
Data are represented as mean + SD.
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DC death is Bakl/Bax- and Casp3/7- dependent

We then investigated if blocking apoptosis could rescue C. trachomatis-induced DC
death. To do this, we infected splenocytes with C. trachomatis in the presence of Z-DEVD-FMK,
a caspase-3 inhibitor (that also shows activity against other caspases like caspase-7, and -8) or Z-
VAD-FMK, a pan-caspase inhibitor (167, 168). Since the caspase inhibitors have an effect on
cell viability at steady state, we normalized the number of live DCs in infected samples to that of
uninfected samples treated with the same inhibitor. We found that there was a partial rescue of C.
trachomatis-induced cell death in cDC1s and cDC2s when caspase-3 was inhibited by Z-DEVD-
FMK. Meanwhile, when all caspases were inhibited with the addition of Z-VAD-FMK, c¢DCls
showed a partial rescue in C. trachomatis-induced cell death while cDC2s showed a trending but
not significant increase in viability compared to DMSO vehicle control (Figure 3.3).

As caspase inhibitors are not entirely specific and may have off-target effects, we decided
to use knockout mouse models to study the role of apoptosis in DCs upon C. trachomatis
infection. Apoptosis can be prevented by deleting pro-apoptotic genes Bakl and Bax (169) or the
executioner caspases Casp3 and Casp7 (156). It is difficult to work with mouse models of
apoptosis-resistance, since the majority of Bakl/Bax and Casp3/7 double knockouts die
perinatally (156, 158). To obtain apoptosis-resistant splenic DCs, we made use of chimeric
immune editing (CHIME) (170) to generate bone marrow chimeric mice with apoptosis-resistant
hematopoietic cells. Based on our data generated using Z-DEVD-FMK as well as previous
studies showing that C. trachomatis can promote host cell apoptosis via the mitochondrial
pathway and caspase-3 (130, 131), we started out by investigating the role of BAK1 and caspase-
3. Bakl or Casp3 in bone marrow stem cells were knocked out by CRISPR/Cas9 and transferred

into lethally irradiated WT mice. Eight weeks after transfer, splenocytes from bone marrow
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Figure 3.3: Caspase inhibition partially rescues C. trachomatis-induced DC death. Splenic
cells were isolated from C57BL/6 mice and co-cultured with C. trachomatis at a MOI of 2, with
the addition of 45uM Z-DEVD-FMK (caspase-3 inhibitor), Z-VAD-FMK (pan-caspase
inhibitor), or DMSO vehicle control. After eighteen hours, samples were analyzed with flow
cytometry. (A) The number of live cDC1s and (B) ¢cDC2s normalized to uninfected controls with
the same treatment. n =3 and data are representative of two independent experiments. *P < 0.05,
**P <0.01, analyzed with one-way ANOVA and Dunnett’s multiple comparisons test. Data are
represented as mean + SD.
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chimeras were harvested and infected with C. trachomatis (Figure 3.4A). We found that BAK1

or caspase-3 deficiency had no effect on the viability of DCs upon C. trachomatis infection
(Figure 3.4B and C), even though this knockout system does work in DCs (170) and we
confirmed that this remained the case in our hands (Figure 3.5). However, this is perhaps not too
surprising given the overlap in function of BAK1 and BAX as well as caspase-3 and caspase-7.
Hence, we next created bone marrow chimeras with Bakl/Bax or Casp3/7 knocked out in
hematopoietic cells. We found that Bakl/Bax or Casp3/7 knockout DCs showed increased
viability upon infection compared to the WT control (Figure 3.6), although infection still caused
a decrease in viability compared to uninfected samples from the same mouse. Taken together, our
results suggest that DCs undergo apoptosis upon C. trachomatis infection via the mitochondrial

pathway.
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Figure 3.4: Knocking out Casp3 or Bakl does not prevent C. trachomatis-induced DC
death. Bone marrow chimeras with hematopoietic cells that have Bak! or Casp3 knocked out via
CRISPR/Cas9 were created using CHIME. Eight weeks later, splenocytes were harvested and
infected with C. trachomatis at a MOI of 1. (A) Schematic of bone marrow chimera generation
(created with BioRender.com). (B-C) Eighteen hours post-infection, the number of vex+ (B)
cDCls and (C) ¢cDC2s that remained viable was determined by flow cytometry and normalized
to uninfected samples from the same mouse. n = 3 and data are representative of three
independent experiments, analyzed with one-way ANOVA and Dunnett’s multiple comparisons
test. Data are represented as mean = SD.
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Figure 3.5: Genes are successfully knocked out in DCs from bone marrow chimeras
generated by CHIME. Bone marrow chimeras with hematopoietic cells that have Cd205 (a
non-essential cell surface protein expressed on cDCl1s (85)) or Casp3 knocked out via
CRISPR/Cas9 were created using CHIME. Eight weeks later, splenocytes were harvested and
expression of CD205 and caspase-3 analyzed. (A) CD205 expression on cDC1s measured by
flow cytometry. (B) Splenocytes were sorted into Vex+ and Vex- populations and lysed. Caspase-
3 protein levels was then measured by Western blot. Data are representative of at least two
independent experiments.
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Figure 3.6: C. trachomatis-induced death is alleviated in Casp3/7 or Bakl/Bax double
knockout DCs. Bone marrow chimeras with hematopoietic cells that have Baki/Bax or Casp3/7
knocked out via CRISPR/Cas9 were created using CHIME. Eight weeks later, splenocytes were
harvested and infected with C. trachomatis at a MOI of 1. Eighteen hours post-infection, the
number of vex+ (A) cDCls and (B) ¢cDC2s that remained viable was determined by flow
cytometry and normalized to uninfected samples from the same mouse. n = 3 and data are
representative of two independent experiments. *P < 0.05, **P < 0.01, analyzed with one-way
ANOVA and Dunnett’s multiple comparisons test. Data are represented as mean = SD.
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IL-1B release, but not cell death, upon C. trachomatis infection is dependent on Casp1/4

We observed an increase in the number of early apoptotic DCs upon C. trachomatis
infection. However, there was also an increase in the number of cells that could either be late
apoptotic or dead via other cell death pathways (Figure 3.1C and D), and this cannot be
distinguished by annexin V/PI staining. DCs can undergo pyroptosis, an inflammatory mode of
cell death, upon detection of an intracellular pathogen, and C. trachomatis has been shown to be
capable of stimulating pyroptosis in macrophages (121, 139). Hence, it is possible that pyroptosis
was also partly responsible for the C. trachomatis-induced DC death we observed, which may
explain why there was only a partial rescue of DC death in Bak!/Bax and Casp3/7 knockout
DCs.

To determine the role of pyroptosis, we infected cDCls and cDC2s with C. trachomatis
and measured IL-1f production — a hallmark of pyroptosis — in the supernatant by ELISA. Both
infected cDCl1s and ¢cDC2s showed an increased production of IL-1[3 compared to uninfected
controls (Figure 3.7). Caspases-1 and -4 are important effectors of pyroptosis (171). To further
study the role of pyroptosis, we harvested and infected splenocytes from Casp1/4 double
knockout mice. Interestingly, Casp1/4 deficiency had no effect on the viability of infected cells
(Figure 3.8) but prevented IL-1f production upon infection (Figure 3.9). To ensure a fair
comparison between the effects of Bakl/Bax, Casp3/7 and Casp1/4 deficiency, we created
Casp1/4 double knockout DCs using CHIME. Casp1/4 knockout in DCs obtained from bone
marrow chimeric mice similarly did not show rescue of cell viability upon C. trachomatis

infection (data not shown).
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Figure 3.7: IL-1B is produced by DCs upon C. trachomatis infection. CD11c+ dendritic cells
were isolated from the spleens of C57BL/6 mice, sorted into subsets, and infected with C.
trachomatis at a MOI of 5. Eighteen hours post-infection, culture media was collected and IL-1(3
production by (A) cDCl1s and (B) cDC2s were measured with ELISA. n = 4. Data were pooled
from 3 independent experiments and analyzed with paired t-test. *P < 0.05, **P <0.01. Bar
graphs represent mean + SD.
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Figure 3.8: Knocking out Casp1/4 does not prevent C. trachomatis-induced DC death.
CDll1c+ splenic dendritic cells were isolated from WT and Casp1/4 KO mice and infected with
C. trachomatis at a MOI of 5. Eighteen hours post-infection, cell viability (normalized to
uninfected controls) of (A) ¢cDCls and (B) cDC2s was determined by flow cytometry. n = 3 and
data are representative of two independent experiments, analyzed with unpaired ¢ test. Data are
represented as mean + SD.
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Figure 3.9: IL-1P release stimulated by C. trachomatis is dependent on Casp1/4. CD11c+
splenic dendritic cells were isolated from WT and Caspl/4 KO mice and infected with C.
trachomatis at a MOI of 5. Eighteen hours post-infection, IL-1 production was measured with
ELISA. n =3 and data are representative of two independent experiments. ****P < (.0001,
analyzed with two-way ANOVA and Sidak’s multiple comparisons test. Data are represented as
mean + SD.
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It may be possible that cells that would have undergone pyroptosis were driven to other
pathways of cell death in the absence of caspases-1 and -4. C. trachomatis infection can be
detected by AIM2 in macrophages (121, 139), which activates caspase-1 in cells upon bacterial
infection but is also known to drive caspase-3-dependent apoptosis in caspase-1-deficient cells
(172). Hence, we infected splenocytes from 4im2 knockout mice to determine if AIM2 plays a
role in C. trachomatis-induced DC death. No difference was observed between the viability of
infected WT and 4im2 knockout DCs (Figure 3.10). We still cannot completely rule out the
possibility that pyroptosis might play a role in C. trachomatis-induced DC death, but these data
do suggest that while IL-1p is produced upon infection through the activation of caspases-1 and -
4, pyroptosis may not be an essential mode of cell death since blocking pyroptosis does not

rescue DC viability.
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Figure 3.10: AIM2 is not required for C. trachomatis induced DC death. Splenic cells were
isolated from WT and 4im2 KO mice and co-cultured with C. trachomatis. Eighteen hours post-
infection, the number of (A) cDCls and (B) cDC2s that remained viable was determined by flow
cytometry and normalized to uninfected samples from the same mouse. n = 3 and data are
representative of three independent experiments, analyzed with unpaired 7 test. Data are

represented as mean + SD.
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RNA sequencing of DCs from mice infected with C. frachomatis reveals upregulation of
apoptosis

To further investigate the mechanisms of DC death upon infection, we conducted RNA
sequencing to identify differences between infected and uninfected DCs in vivo. C57BL/6 mice
were infected intravenously with C. frachomatis, and eighteen hours post-infection the spleens of
infected mice and uninfected controls were harvested and processed into single cell suspensions.
Equivalent numbers of cDCl1s and cDC2s were double sorted and subjected to RNA sequencing
to analyze their transcriptomes. We found distinct differences in the populations. Principal
component analysis (Figure 3.11) revealed that DCs broadly clustered based on infection state
(PC1, 59.47% of variation) and subset (PC2, 29.66% of variation). We then assessed differential
gene expression between infected and uninfected cDC1s and ¢cDC2s. We found that a number of
pro-apoptotic genes (173-181) were significantly up-regulated in infected cDCls (Figure 3.12)
and cDC2s (Figure 3.13), while pro-survival genes (182-190) were down-regulated.
Interestingly, many of the genes upregulated upon infection are also involved in interferon-
induced anti-viral responses (173-179). C. trachomatis, being an intracellular bacterial pathogen,
may stimulate similar innate immune pathways. Pathway analysis using Ingenuity Pathway
Analysis (IPA) was conducted. As expected, many of the pathways significantly upregulated in
infected cDCls (Figure 3.14A) and cDC2s (Figure 3.14B) involved DC maturation and pathogen
recognition, especially of intracellular pathogens. Notably, cell death pathways were also
upregulated upon infection. Lastly, Gene Set Enrichment Analysis (GSEA) gave similar results
to pathway analysis (Table 3.1 and 3.2) and revealed that cDCls (Figure3.15A) and cDC2s

(Figure 3.15B) from infected mice had an enrichment of genes involved in apoptosis compared
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to uninfected counterparts, further supporting our observations of C. trachomatis-induced

apoptosis.
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Figure 3.11: RNA sequencing of DCs from infected mice show clustering by infection state
and DC subset. C57BL/6 mice were infected with C. trachomatis intravenously. Eighteen hours
post-infection, splenic DCs were sorted into subsets and gene expression analyzed with RNA
sequencing. Figure shows principal component analysis of samples based on all genes.
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Figure 3.12: Pro-apoptotic genes are upregulated and pro-survival genes downregulated in
¢DC1s from infected mice. Volcano plot of transcriptomes of uninfected vs infected cDCls.
Genes upregulated in uninfected DCs are on the right and genes upregulated in infected DCs on
the left. n = 3, and data were analyzed using ¢ test with Benjamini-Hochberg FDR correction.
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Figure 3.13: Pro-apoptotic genes are upregulated and pro-survival genes downregulated in
c¢DC2s from infected mice. Volcano plot of transcriptomes of uninfected vs infected cDC2s.

Genes upregulated in uninfected DCs are on the right and genes upregulated in infected DCs on
the left. n = 3, and data were analyzed using ¢ test with Benjamini-Hochberg FDR correction.
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Figure 3.14: Pathway analysis of DCs reveal upregulation of immune- and cell death-
related pathways upon C. trachomatis infection. Top 10 pathways upregulated in infected (A)
cDCls and (B) ¢cDC2s identified by IPA on genes differentially expressed upon infection based
on fold change and p-value. n = 3, and data were analyzed using 7 test with Benjamini-Hochberg
FDR correction.
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Figure 3.15: Genes involved in apoptosis are enriched in DCs from infected mice. Gene set
enrichment analysis (GSEA) of (A) ¢cDCls and (B) cDC2s for the apoptosis pathway. Red
denotes positive correlation with infected cells, while blue denotes negative correlation.
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Table 3.1: List of gene sets enriched via GSEA in splenic ¢cDC1s

Pathway Normalized Enrichment FDR q-value
Score (NES)

Type II interferon signaling 1.74 0.141
Dysregulated miRNA targeting in insulin 1.66 0.137
PI3K/AKT signaling

Oxidative damage response 1.63 0.120
Apoptosis 1.62 0.097
TGFp signaling pathway 1.61 0.099
IL-9 signaling pathway 1.56 0.099
Signal transduction of S1P receptor 1.56 0.106
EBV LMP1 signaling 1.54 0.104
p53 signaling 1.53 0.116
IL-1 signaling pathway 1.46 0.178
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Table 3.2: List of gene sets enriched via GSEA in splenic ¢DC2s

Pathway

Type II interferon signaling

Biogenic amine synthesis

Apoptosis

Inflammatory response pathway
Cytokines and inflammatory response
EBV LMP1 signaling

IL-7 signaling pathway

IL-9 signaling pathway

Fibrin complement receptor 3 signaling
pathway

p53 signaling

Normalized Enrichment
Score (NES)
2.01

1.62

1.59

1.52

1.50

1.50

1.48

1.48

1.44

1.42
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FDR qg-value

0.029
0.091
0.076
0.126
0.110
0.107
0.129
0.122
0.184

0.195



DISCUSSION

In the previous chapter, we showed that C. trachomatis uptake induces DC death, while
in this chapter, we explored the possible mechanisms of cell death. It is not unheard of for
bacterial and viral infections to cause DC death. Pathogens may actively produce factors to
induce cell death as a way of evading the immune system, or DCs may undergo cell death to
trigger inflammation and limit pathogen replication within the cell. Cell death may be in the form
of apoptosis or more inflammatory modes of cell death such as pyroptosis. Epstein-Barr virus,
for instance, can induce caspase-dependent apoptosis via the mitochondrial pathway (129) to
prevent host immune response, while HIV infection renders DCs more sensitive to death stimuli
by the upregulation of pro-apoptotic proteins, including BAK and BAX (128). Meanwhile, the
intracellular bacteria Legionella pneumophila stimulates caspase-1-dependent DC pyroptosis via
the NOD-like receptor NAIPS that recognizes bacteria flagellin, as well as caspase-3-dependent
apoptosis by the activation of BAK and BAX (148). Pyroptosis and caspase-3-mediated
apoptosis is also known to occur during infection with Francisella tularensis, another
intracellular bacterium, when host AIM2 recognizes double-stranded DNA in the cytosol (172).
C. trachomatis itself is known to induce both apoptosis and pyroptosis in various epithelial cells
and macrophages (121, 130, 131, 139). Most previous studies of Chlamydia infection of human
monocyte-derived or mouse BMDCs did not find any induction of DC death (90, 92, 113, 132-
134), although there have been studies showing that Chlamydia may induce cell death in
BMDCs in a NLRP3-inflammasome dependent manner (123).

In our study using splenic DCs, we found that C. trachomatis induces DC death.
However, we cannot attribute this cell death to the NLRP3-inflammasome since caspase-1, the
effector caspase downstream of NLRP3 signaling, is not required for DC death caused by C.

trachomatis. Although knocking out caspases-1 and -4 had no impact on C. trachomatis-induced
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DC death, IL-1p, typically a hallmark of pyroptosis, is produced upon C. trachomatis infection
in a CASP1/4-dependent manner. DCs may be driven to alternative pathways of cell death when
pyroptosis is prevented. The AIM2 inflammasome was an attractive candidate to investigate
since it has been found to drive apoptosis upon Francisella tularensis infection in caspase-1-
deficient cells even though it normally drives pyroptosis in WT cells (172). In addition, AIM2 is
known to be activated by C. trachomatis in macrophages (139). However, based on our results
from experiments using 4im2 knockout DCs, we ruled out the involvement of AIM2 in C.
trachomatis-induced DC death, although there are many other possibilities left to be explored.
Alternatively, Zanoni ef al. and others have found that DCs can produce IL-1p without dying
under certain conditions (191, 192). It is possible that the IL-1[ production we observed is one
such instance.

Bak1/Bax and Casp3/7 knockout DCs, unlike Casp1/4 knockouts, experience less cell
death upon C. trachomatis infection. Rescue of cell death was not complete, which is perhaps not
too surprising given the redundancies in cell death pathways. For instance, while caspase-3 is the
main executioner caspase for apoptosis, we have shown that caspase-7 can compensate for
caspase-3 deficiency in C. trachomatis-induced DC death. As such, both Casp3 and Casp7 have
to be knocked out to see any decrease in cell death upon infection. Aside from caspase-7,
caspases-2 and -6 have been found to drive apoptosis in caspase-3-deficient cells (193), and
these two caspases may be responsible for the cell death we observed in Casp3/7 knockout DCs.
Nonetheless, together with data from annexin V/PI staining and RNA sequencing, our results
suggest that DC death likely involves caspase-dependent apoptosis via the mitochondrial

pathway.
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Besides the upregulation of apoptosis and cell death pathways upon C. trachomatis
infection in vivo, we found using RNA sequencing that many pathways involved in immune
responses against intracellular pathogens were also upregulated. Results from pathway analysis
and GSEA suggest that C. trachomatis is recognized by cytosolic PRRs in DCs and that in turn
triggers interferon (IFN) signaling, a characteristic immune response against intracellular
pathogens. Studies have showed that C. trachomatis can induce interferon production through a
variety of cytosolic PRRs like STING (121, 122) and NOD1 (194). Our lab has also found that
C. trachomatis infection triggers the MAVS signaling pathway, resulting in IFN production
(Sennott et al., unpublished). These PRRs can directly induce apoptosis independent of
interferon production (195-197). In addition, interferon signaling in cells can induce the
expression of proteins that lead to apoptosis via both the extrinsic pathway (such as through the
upregulation of activity of death receptors (198)) and the intrinsic pathway (such as by degrading
mRNAs of anti-apoptotic proteins (199, 200)). Many of the pro-apoptotic genes upregulated in
our DCs from infected mice are involved in interferon-dependent cell autonomous immunity
(173-179). This hints at the possibility that DC death may be initiated by the detection of an
infection within the cell rather than a C. trachomatis effector that directs DC apoptosis, although
further work will have to be done to determine if this is indeed the case. Using Ifingr knockout
mice, we have found IFNy (type II interferon) signaling to be dispensable in C. trachomatis-
induced DC death. DCs lacking the IFNy receptor and thus unable to sense IFNy experienced the
same decrease in viability upon infection as WT DCs (data not shown). Given that type I
interferons (like IFNP) are stimulated by C. trachomatis, it would be interesting to repeat the
experiment with /fnar knockout cells to determine the role of type I interferons in the DC death

we observed.
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In summary, we showed that apoptosis is likely a major pathway for the DC death caused
by C. trachomatis we observed in the previous chapter. IL-1f is produced upon infection, but we
have yet to find definitive evidence showing that pyroptosis actually plays a role in C.
trachomatis-induced DC death. Results from RNA sequencing of DCs from infected mice do
offer some insight as to possible pathways that may be involved, but more work will need to be
done to validate the results and determine how exactly DC death is induced. An important
question left to be answered is what the implications of C. trachomatis-induced DC death may
be. In the next chapter, we will address this question by investigating the effect of C. trachomatis

on the ability of DCs to prime T cells.
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MATERIALS AND METHODS

Growth and isolation of bacteria

Chlamydia trachomatis serovar L2 (434/Bu; ATCC) were propagated in McCoy cell monolayers
as described previously (151, 152). Aliquots of purified elementary bodies were stored at —80°C
in 250mM sucrose-phosphate-glutamate (SPG) buffer and thawed immediately prior to use.

Where indicated, heat-killing was achieved by incubating C. trachomatis for 20 minutes at 65°C.

Mice

C57BL/6J, B6.SJL-Ptprc? Pepc®/Boy] (CD45.1), B6J.129(Cg)-es2tm!-1(CAG-cas9*Mmw/J "B6_ 129P2-
Aim206UCSG449)Bye T and B6N.129S2-Casp1™!FV/] mice were purchased from The Jackson
Laboratory (Bar Harbor, ME). All mice were housed in the Harvard Medical School Center for
Animal Resources and Comparative Medicine, and all experiments were approved by Harvard’s

Institutional Animal Care and Use Committee.

Dendritic cell isolation and infection

Spleens were harvested from mice and single cell suspensions created using gentleMACS
Dissociator (Miltenyi Biotec) as per the manufacturer’s instructions. Red blood cells were lysed
with tris-ammonium-chloride and splenocytes were infected with C. trachomatis at the indicated
MOIs and cultured in RPMI (Invitrogen) supplemented with 10% FBS, L-glutamine, HEPES,
50 mM 2-mercaptoethanol, and 20ng/mL murine GMCSF (Peprotech). Where indicated,
dendritic cells were isolated from splenocytes using CD11c MicroBeads UltraPure (Miltenyi

Biotec) following the manufacturer’s protocol.
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Infection of mice and preparation of tissue

Mice were injected intravenously via the tail vein with 107 inclusion-forming units (IFU) of C.
trachomatis in 200 pl SPG buffer, or SPG buffer alone. At specific times post-infection, spleens
were harvested and single-cell suspensions were prepared by grinding the tissue between frosted

microscope slides.

Flow cytometry

All antibodies were purchased from BioLegend unless otherwise noted. After isolation, cells
were pre-incubated with anti-mouse CD16/CD32 (2.4G2) and stained with fluorochrome-
conjugated antibodies against mouse CD11c¢ (clone N418), MHC class I-A® (clone AF6-120.1),
CD11b (clone M1/70), CD8a (clone 53-6.7), F4/80 (clone BM8), CD4 (clone GK1.5), CD3
(clone 17A2), CD45.1 (clone A20), CD45.2 (clone 104), TCRb (clone H57-597), CD49b (clone
HMa?2), IgM (clone RMM-1), CD2 (clone RM2-5), CD117 (clone S18020A), TER-119 (clone
TER-119), Gr-1 (clone RBC-8C5), CD3e (clone 145-2C11), CDS5 (clone 53-7.3), B220 (clone
RA3-6B2), and a Live/Dead fixable aqua dead cell stain kit (Invitrogen) or Zombie NIR fixable
viability kit (BioLegend). For detection of apoptotic cells using Annexin V, cells were washed
twice after antibody staining and incubated with Annexin V (BioLegend) and washed, followed
by propidium iodide (BioLegend) just before flow analysis. For TUNEL staining, cells were
washed twice after antibody staining and TUNEL staining conducted using TUNEL Assay Kit —
FITC (Abcam) as per the manufacturer’s protocol. The absolute cell number was determined
using AccuCheck counting beads (Invitrogen). Data were collected on a LSR II or Symphony

A1/AS5 (BD Biosciences) and analyzed using FlowJo (Tree Star, Ashland, OR).
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RNA sequencing and analysis

Cells were sorted and processed for RNA sequencing according to the Immgen protocol for ultra-
low-input RNA-seq analysis as previously described (201). Briefly, spleens from mice were
harvested and processed into single cell suspensions. RNA sequencing was conducted on
biological triplicates of 1000 cDC1s and 1000 cDC2s that were double-sorted by FACS Aria into
SuL TCL buffer (Qiagen) containing 1% 2-mercaptoethanol (Sigma). Smart-Seq?2 library
preparation, sequencing (202, 203), and transcript quantification (204) were then performed as
previously described. Reads were analyzed using Multiplot Studio (Broad Institute), Ingenuity
Pathway Analysis (QIAGEN), and RStudio (PBC, MA). Gene set enrichment analysis (205, 206)
was performed using default settings with software version 4.3.2 and canonical pathways gene

sets from WikiPathways database.

ELISA

For detection of IL-1f secretion by dendritic cells, IL-1 3 ELISA was conducted using an IL-1
beta Mouse Uncoated ELISA Kit (Invitrogen) following manufacturer’s instructions. HRP
activity was detected by adding tetramethylbenzidine peroxidase substrate, and quantification
was performed by spectrophotometric measurement of absorbance at 450 and 570nm after

reactions were stopped by 1M sulfuric acid.

Guide RNA design and cloning
Plasmids for CHIME were generated as previously described (170). Briefly, sgRNA nucleotides
were designed using the Broad CRISPR algorithm. Bak!l: 5’-GCCCACAGCCTATTTAAGAG-3’;

Bax: 5’-GCTGATGGCAACTTCAACTG-3’; Caspl: 5’-TCAACTTGAGCTCCAACCCT-3’;
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Casp3: 5’-CATGCAGAAAGACCATACAT-3’; Casp4: 5’-TGAAGACTTAGGCTACGATG-3’;
Casp7: 5’-GGACGGTTACTTCAAAACCC-3’; Cd205: 5°- GTCACGAAACTCCATAATGG-3".
sgRNA nucleotides were cloned into plasmid vector PXPR 053 (Addgene) using BsmBI (New
England Biosciences) or PXPR 219 (kindly provided by Arlene Sharpe) using BsmBI followed

by BfuAl (New England Biosciences) restriction digest.

Generation of lentivirus

Lentiviral constructs were generated by transfecting 293T cells (ATCC) grown in DMEM
(Corning) supplemented with 10% FBS with pMD2.G (Addgene #12259), psPAX2 (Addgene
#12269), and the edited PXPR 219 plasmid. Seventy-two hours post-transfection, lentivirus in
media were harvested and concentrated using ultracentrifugation. Viral titer was determined by

transducing 293T cells and analyzing the percentage of Vex+ cells by flow cytometry.

Creation of bone marrow chimeric mice

Bone marrow chimeras were generated as previously described (170). Briefly, tibias, femurs,
hips, and spines were harvested from Cas9-expressing CD45.2"" mice and LSK (lineage- Sca-1+
Kit+) cells were isolated by CD117 Microbeads kit (Miltenyi Biotec) followed by FACS sorting.
LSK were spin transduced with lentiviral constructs on a Retronectin-coated plate (TakaraBio)

and transferred intravenously into lethally irradiated Cas9-expressing CD45.2" recipients.

Western blot

Cells were lysed in Laemmli buffer (Bio-Rad) with 5% 2-mercaptoethanol. Samples were loaded

onto Mini-PROTEAN TGX precast gel (Bio-Rad) and transferred to Odyssey Nitrocellulose
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Membrane (Li-cor) after gel electrophoresis. Blocking and antibody staining was done in 0.5x
Odyssey (PBS) blocking buffer (Li-cor) and 0.1% Tween in PBS. Membrane was incubated with
rabbit anti-mouse caspase-3 (9662, Cell Signaling Technology) and mouse anti-mouse [3-actin
(clone 2F1-1, Biolegend), followed by goat anti-rabbit 680LT and goat anti-mouse 800CW (Li-

cor). Western blot signal was visualized using Odyssey CLx and Image Studio (Li-cor).

Statistical analysis

Statistical analysis was performed using Prism (Graphpad) unless otherwise stated, and the
specific tests used are stated in figure legends. Differences were considered statistically
significant if the P value was less than 0.05. *P < 0.05, **P < 0.01, *** P <0.001; ****P <

0.0001. Data are represented as mean = SD.
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Chapter 4: C. trachomatis infection impairs the ability of dendritic cells to prime T cells



Attributions

Portions of this chapter are included in a manuscript in preparation.
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assisted with DC sorting.
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ABSTRACT

The lack of effective adaptive immunity against Chlamydia trachomatis leads to chronic
or repeated infection and serious disease sequelae. Dendritic cells (DCs) are professional antigen
presenting cells that are crucial for the activation of T cells during C. trachomatis infection.
cDCls and cDC2s are the two main DC subsets responsible for T cell priming, but little is
known about how C. trachomatis affects their ability to prime T cells. In the previous chapters,
we found that C. trachomatis reduced the viability of cDC1s and cDC2s both in vitro and in vivo.
In this chapter, we aimed to determine the effect of C. trachomatis infection on the T cell
priming ability of DCs. First, we investigated the ability of DC subsets to present C. trachomatis
to antigen-specific T cells. We found that both subsets were able to prime C. trachomatis-specific
CD4+ T cells equally, but cDC1s were more efficient at priming C. trachomatis-specific CD8+ T
cells. Reduction in DC viability by C. trachomatis impaired the ability of infected DCs to
activate T cells upon co-culture, although in the case of CD8+ T cell priming, controlling for
viability was insufficient to fully rescue the defect. RNA sequencing results suggest that co-
inhibitory molecules upregulated on DCs upon infection could play a role in suppressing T cell
activation. Taken together, these results indicate that one mechanism by which C. trachomatis
may evade the adaptive immune system is by impairing the ability of DCs to prime T cells and

inducing the death of DCs that have taken up the organism.
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INTRODUCTION

Chlamydia trachomatis is an obligate intracellular bacterium that infects epithelial cells.
In humans, the immune system is often unable to clear C. trachomatis infection or establish long
term immunological memory. This results in chronic or repeated infections that can lead to
serious disease sequelae (22). In contrast, mice are able to clear infection in a CD4+ T cell
dependent manner (20, 21). However, there is a lack of efficient CD8+ T cell response (27, 44).
CD8+ T cells usually play an important role in protecting against intracellular pathogens like C.
trachomatis by killing the cells they infect, so the lack of efficient CD8+ T cell response is
especially intriguing.

Dendritic cells (DCs) are the most important antigen presenting cells (APCs) in
generating T cell responses during infection (48, 49). In response to an infection, DCs transit
from an immature state to a mature state, where they upregulate co-stimulatory molecules and
produce inflammatory cytokines to stimulate effector T cell responses (95). Meanwhile, in
tolerogenic conditions, DCs can prevent effector T cell formation by the upregulation of co-
inhibitory molecules (96, 97). In this thesis, we focused on the two main subsets of DCs
responsible for antigen presentation: cDCls, and ¢cDC2s (51). These DC subsets have distinct
transcriptional profiles and have varying antigen presentation capacity. Antigens are presented to
T cells as peptides bound to major histocompatibility complex (MHC) class I or class II
molecules. Traditional CD8+ T cells recognize peptide antigens presented on MHC 1. In most
cells, only cytosolic proteins are processed and presented on MHC I (62). Exogenous antigens
taken up by APCs instead enter the phagolysosomal pathway where they are degraded and
loaded onto MHC II for presentation to CD4+ T cells (66). Cross-presentation, where exogenous

antigens are taken up and processed within the MHC I pathway, is thus required to generate
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CD8+ T cell responses to intracellular pathogens, like C. trachomatis, that do not productively
infect DCs or other professional APCs (62). cDCls are traditionally thought to be the major DC
subset responsible for cross-presentation, as mice lacking cDC1s have been shown to be
deficient in priming CD8+ T cells in various infection (83, 84) and tumor models (84).

Should cDC1s be more effective than cDC2s in activating C. trachomatis-specific CD8+
T cells, a differential response between the two DC subsets upon infection — either in terms of
survival or expression of co-inhibitory and co-stimulatory molecules — may contribute to the lack
of an effective CD8+ T cell response generated against C. trachomatis compared to CD4+ T
cells. We found in Chapter 2 that C. trachomatis-uptake induces cell death in DCs, with cDCls
more affected than cDC2s. However, studies investigating whether productive C. trachomatis
infection occurs in DCs (91, 92, 119) or how DCs respond to C. trachomatis (59, 113, 114, 123,
134) have shown mixed results. This is further confounded by the fact that monocyte- or bone
marrow-derived DCs (BMDCs) generated using GMCSF, which have been shown to be distinct
from DCs in vivo and do not form subsets (60, 61), were used in most studies. It is therefore
unknown whether cross-presentation by cDCls is required for the activation of C. trachomatis-
specific CD8+ T cells, or how C. trachomatis-infection affects the ability of the two DC subsets
to prime T cells. In this chapter, we investigated how cDC1s and cDC2s prime T cells in the
context of C. trachomatis infection. We showed that cDC1s are much more efficient at
stimulating C. trachomatis-specific CD8+ T cells than cDC2s. C. trachomatis exposure
decreases the T cell priming ability of DCs via the induction of cell death and possibly
upregulation of co-inhibitory molecules, with the activation of CD8+ T cells more impaired than

CD4+ T cells.
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RESULTS
Both DC subsets present C. trachomatis to antigen-specific CD4+ T cells, but only ¢cDCl1s

present to CD8+ T cells

In the previous chapters, we found that C. trachomatis infection decreases the viability of
cDCls and cDC2s. In this chapter, we aimed to determine whether C. trachomatis affects the
ability of DCs to prime T cells. We first investigated which of the two DC subsets are more
efficient in generating antigen-specific CD8+ and CD4+ T cell responses upon C. trachomatis
infection. We harvested C. trachomatis-specific CD4+ T cells and CD8+ T cells from TCR
transgenic NR1 and NR23.4 mice respectively, and co-cultured them with splenic cDC1s and
cDC2s pulsed with C. trachomatis. Three days later, IFNy production by T cells were measured
by ELISA. We found that both DC subsets were equally efficient in activating CD4+ T cells
(Figure 4.1A), but cDC1s were significantly better at CD8+ T cell activation than cDC2s (Figure
4.1B).

To investigate if this is due to a difference in antigen processing by DCs or interactions
between DCs and T cells, we pulsed cDC1s and cDC2s with either C. trachomatis or CrpAs3-71 —
the peptide recognized by NR23.4 CD8+ T cells — and analyzed IFNy production by CD8+ T
cells after co-culture. We found that while cDC2s were deficient in presenting C. trachomatis
bacteria to CD8+ T cells (Figure 4.2A), they were as capable as cDCls in priming CD8+ T cells
when incubated with CrpA peptide (Figure 4.2B). This indicates that the difference in CD8+ T
cell priming between the two DC subsets is due to a difference in bacteria uptake or processing.
We showed in Chapter 2 that although cDC1s do have a higher uptake of bacteria than cDC2s,

the latter still had a substantial bacterial load. Thus, taken together, our data suggest that cDC1
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cross-presentation upon C. trachomatis uptake is required for antigen presentation to CD8+ T

cells.
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Figure 4.1: Both DC subsets prime C. trachomatis-specific CD4+ T cells, but ¢cDC1s are
superior in CD8+ T cell priming. Splenic DCs were sorted from C57BL/6 mice and incubated
with C. trachomatis. DCs were then washed and co-cultured with C. trachomatis-specific (A)
CD4+ NR1 or (B) CD8+ NR23.4 T cells for three days. Supernatant was collected and IFNy
production was measured using ELISA. n = 4, and data are representative of 3 independent
experiments. ****P < (.0001, analyzed with unpaired ¢ test. Data are represented as mean + SD.
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Figure 4.2: ¢cDC2s are deficient in processing C. trachomatis for presentation to CD8+ T
cells but are able to present peptide. Splenic DCs were sorted from C57BL/6 mice and
incubated with (A) C. trachomatis or (B) CrpA peptide. DCs were then washed and co-cultured
with C. trachomatis-specific CD8+ NR23.4 T cells for three days. Supernatant was then
collected and IFNy production was measured using ELISA. n =4, and data are representative of
3 independent experiments. **P < 0.01, analyzed with unpaired ¢ test. Data are represented as
mean + SD.
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C. trachomatis impairs the ability of DCs to prime T cells, with CD8+ T cell priming

affected even after controlling for DC viability

Given that live C. trachomatis reduces the viability of DCs, we then sought to determine
whether it changes the ability of DCs to prime T cells. We incubated splenic cDC1s and cDC2s
with ovalbumin (OVA) and heat-killed or live C. trachomatis before co-culturing the DCs with
OVA-specific OT-II CD4+ T cells and OT-I CD8+ T cells. For both DC subsets, DCs that had
been incubated with live C. trachomatis were significantly less able to stimulate OT-I and OT-II
cells compared to controls incubated with heat-killed C. trachomatis (Figure 4.3A and 4.3B). In
line with what has been reported in literature, both DC subsets were able to stimulate OT-II cells,
while cDC1s were much more efficient at stimulating IFNy production from OT-I cells. To
determine if reduction in DC viability was the only factor contributing to decreased T cell
priming, we incubated cDC1s and cDC2s with OVA and heat-killed or live C. trachomatis and
co-cultured the same number of live DCs from each sample with OT-II and OT-I cells. After
controlling for the number of live DCs, DCs incubated with live C. trachomatis no longer
showed a defect in OT-II priming compared to heat-killed C. trachomatis (Figure 4.4A).
However, DCs incubated with live C. trachomatis were still much less efficient in priming OT-I
cells compared to heat-killed controls (Figure 4.4B) even though the decrease in priming
efficiency is less drastic than without controlling for DC viability. Aside from inducing DC
death, other mechanisms may thus also play a role in the inhibition of CD8+ T cell priming by C.
trachomatis. Nonetheless, taken together, our data suggest that reducing DC viability is part of
the mechanism by which C. trachomatis infection decreases the ability of DCs to prime T cells,
which may in turn be responsible for the inefficient T cell responses we see during chronic C.

trachomatis infection.
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Figure 4.3: C. trachomatis impairs the ability of DCs to prime OT-I and OT-II cells. Splenic
DCs were isolated with CD11c microbeads and incubated with live or heat-killed C. trachomatis
and OVA. DCs were then sorted into subsets and co-cultured with (A) CD4+ OT-II or (B) CD8+
OT-I cells for three days. Supernatant was then collected and IFNy production was measured
using ELISA. n = 3, and data are representative of 3 independent experiments. *P < 0.05, *** P
<0.001, ****pP <(0.0001, analyzed with two-way ANOVA and Sidak’s multiple comparisons
test. Data are represented as mean + SD.
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Figure 4.4: Controlling for viability does not rescue the OT-I priming defect of C.
trachomatis-infected DCs. Splenic DCs were isolated using CD11c¢ microbeads and incubated
with live or heat-killed C. trachomatis and OVA. DCs were sorted into subsets by FACS and the
same number of live DCs were co-cultured with (A) CD4+ OT-II or (B) CD8+ OT-I cells.
Supernatant was collected after three days and IFNy production was measured using ELISA. n =
3, and data are representative of 3 independent experiments. *P < 0.05, ****P < (0.0001,
analyzed with two-way ANOVA and Sidak’s multiple comparisons test. Data are represented as
mean + SD.
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C. trachomatis changes the expression profile of co-stimulatory and co-inhibitory genes in

DCs both in vive and in vitro

Our results from DC-T cell co-culture showed that that cell death is not the only
mechanism by which C. trachomatis infection diminishes the ability of DCs to prime T cells,
especially in the case of CD8+ T cells. Our lab has previously shown that C. trachomatis can
restrict CD8+ T cell response by upregulating PD-L1 on DCs and epithelial cells (114). Hence,
another way in which C. trachomatis can dampen the T cell response is by upregulating co-
inhibitory molecules or downregulating co-stimulatory molecules. In Chapter 3, we conducted
RNA sequencing on splenic DCs isolated from mice infected intravenously with C. trachomatis
and uninfected controls. We thus went back to our RNA sequencing data to determine if C.
trachomatis infection does indeed change the expression of co-stimulatory or co-inhibitory
molecules.

From literature, we generated a list of genes that are known to be co-stimulatory or co-
inhibitory during T cell priming. There was also a third group of genes that could either activate
or inhibit T cell responses depending on the receptors on T cells that they engage (98-100, 207-
209). For instance, CD80 and CD86 are co-stimulatory when recognized by CD28 on T cells but
co-inhibitory when they engage CTLA-4 (102). We looked at the expression of these three
groups of molecules in DCs upon C. trachomatis infection and found that there was no clear
pattern to be observed between the groups. Both up- and downregulation upon infection were
seen in all three groups of genes and for both DC subsets (Figure 4.5). As such, it is hard to
conclude if there is a gene or a group of genes responsible for the impairment in CD8+ T cell
priming we observed. The effect of these changes in gene expression in DCs on T cell priming

likely depends on the expression pattern of co-inhibitory and co-stimulatory receptors on T cells.
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Figure 4.5: RNA sequencing of splenic DCs from infected mice reveals changes in
expression of co-stimulatory and co-inhibitory molecules. C57BL/6 mice were infected with
C. trachomatis intravenously. Eighteen hours post-infection, splenic DCs were sorted into
subsets and gene expression analyzed with RNA sequencing. Heatmap of expression of known
co-stimulatory and co-inhibitory molecules in (A) ¢cDCls and (B) cDC2s based on Log?2 fold
change from uninfected. Blue denotes downregulation in infected cells, while red denotes
upregulation.
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Lastly, since RNA sequencing was done only on DCs from uninfected mice and mice
infected with live C. trachomatis, we conducted RT-qPCR of sorted splenic DCs infected in vitro
with live or heat-killed C. trachomatis to validate our RNA sequencing results and investigate if
there is a difference in DC responses to live and heat-killed bacteria. As a start, we looked at
changes in expression of three co-inhibitory genes — Pdll, Pdl2, and Galectin9— as well as two
co-stimulatory genes — Cd40 (Figure 4.6D) and Cd48 (Figure 4.6E). We found that generally,
live C. trachomatis induced a bigger change in gene expression upon infection compared to heat-
killed C. trachomatis. Consistent with what has been previously reported and what we saw from
our RNA sequencing data, Pd/] was upregulated in DCs infected with live C. trachomatis but
not heat-killed C. trachomatis (Figure 4.6A). Galectin9, another co-inhibitory molecule, was also
more highly expressed in response to live C. trachomatis than heat-killed C. trachomatis (Figure
4.6C). Interestingly, there may be downregulation of Pd/2 upon infection (Figure 4.6B), which
was not observed from our RNA sequencing data but does align with what was previously
reported (114). Meanwhile, there was a trending but not statistically significant increase in Cd40
expression and decrease in Cd48 expression in DCs infected with live C. trachomatis compared
to heat-killed C. trachomatis. More work will have to be done to investigate the changes in
expression of other genes, as well as to determine if these changes in RNA levels translate to
protein expression. Overall, our data suggest that changes in the expression of co-stimulatory and
co-inhibitory expression on DCs is changed by C. trachomatis, but the final effect on T cell
priming is likely an interplay of changes in gene expression in DCs and receptors on the T cells

themselves.
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Figure 4.6: Splenic DCs infected in vitro show changes in expression of co-stimulatory and
co-inhibitory molecules. CD11c+ splenic DCs were isolated from C57BL/6 mice and sorted
into cDCl1s and cDC2s. DC subsets were infected with live or heat-killed C. trachomatis before
RNA was extracted and expression of (A) Pdl1, (B) Pdi2, (C) Galectin9, (D) Cd40, and (E)
Cd48 analyzed by RT-qPCR. Expression level of genes are normalized to B-actin and represented
as Log2 fold change compared to uninfected control. Data are pooled from two independent
experiments with at least two replicates each. *P < 0.05, **P < 0.01, analyzed with unpaired ¢
test. Data are represented as mean = SD.
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DISCUSSION

cDCls and cDC2s are important antigen-presenting cells for stimulating a T cell response
to clear pathogens. C. trachomatis often results in chronic or repeated infections (48, 49), which
is a sign that an effective T cell response is not generated. However, little is known about how C.
trachomatis affects the ability of cDC1s and cDC2s to prime T cells.

We first determined if cDC1s and ¢cDC2s differ in their ability to present C. trachomatis
to antigen-specific T cells. cDCls tend to be the more efficient subset in priming CD8+ T cells in
other infection and tumor models (62, 83, 84), although there have also been exceptions found.
For instance, Lukens ef al. (93) showed that the two lung DC subsets were equally efficient in
presenting antigens from respiratory syncytial virus to CD8+ T cells, which may in part be due to
direct infection of DC subsets by the virus. Steele et al. found that BMDCs can take up and
cross-present both bacteria and infected cells to C. trachomatis-specific CD8+ T cells in a
proteasome-dependent manner (91). However, no such study has been done on cDCl1s and
cDC2s. In particular, it was previously unknown if C. trachomatis can infect cDC2s efficiently
enough to generate cytosolic antigens that can be presented to CD8+ T cells, although our results
from previous chapters suggest that it is unlikely given that C. trachomatis uptake induces DC
death. We found that cross-presentation by cDCl1s was indeed required for the stimulation of a
CD8+ T cell response against C. trachomatis. The transgenic NR23.4 CD8+ T cells we used
recognize a peptide fragment of the immune dominant C. trachomatis protein CrpA, which is a
probable inclusion membrane protein with unknown function (39). Transcription of CrpA has
been found to turn on only in the later stages of infection (sixteen hours post-infection) (210),
and infection in DCs may not be able to progress to that stage. As such, it is still possible that

cDC2s can stimulate CD8+ T cells specific for C. trachomatis proteins expressed at much earlier
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timepoints. C. trachomatis secrete effector proteins into the cytosol of host cells at the start of
infection to facilitate entry, but it would be difficult to study the presentation of these effectors to
CD8+ T cells since T cell clones recognizing them would first have to be identified. Meanwhile,
CT529 or Capl is an inclusion membrane protein that is a CD8+ T cell antigen in BALB/c mice
and is transcribed as early as one hour post-infection (38, 210). It would thus be interesting to
find out if cDC2s can stimulate Cap1-specific CD8+ T cells.

In the previous chapters, we showed that C. trachomatis uptake induces cell death in
cDCls and cDC2s. DCs were able to stimulate C. trachomatis-specific T cells despite C.
trachomatis-induced cell death upon uptake. T cell stimulation may be carried out by the smaller
number of DCs that manage to survive after taking up C. trachomatis. Alternatively, antigen
presentation may be done by DCs that have phagocytosed dead infected cells, as was found in
the case of BMDCs (91). Nonetheless, given the induction of DC death by C. trachomatis, it
stands to reason that infected DCs are also less able to stimulate T cells. Indeed, we found that
DCs pulsed with OVA and live C. trachomatis are less able to stimulate OVA-specific CD4+ and
CD8+ T cells, suggesting that induction of DC death could be a mechanism by which C.
trachomatis evades the adaptive immune system.

We also wanted to know if preventing DC death would rescue the defect in T cell priming.
Unfortunately, the DC-T cell co-culture experiments we conducted with Bakl/Bax and Casp3/7
knockout DCs were inconclusive (data not shown), probably due to a combination of technical
difficulties in getting enough DCs and the fact that there was only a partial prevention of cell death
in knockouts, leading to smaller effect sizes. As an alternative, we co-cultured the same number of
viable heat-killed or live C. trachomatis-infected DCs with T cells to control for the difference in

DC viability. Interestingly, controlling for DC viability rescued the defect in CD4+ T cell but not
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CD8+ T cell priming, even though the defect in CD8+ T cell priming was less drastic than without

controlling for the numbers of live DCs. This suggests that other factors aside from cell death are

also playing a role in preventing CD8+ T cell activation. Fankhauser et al. showed that C.

trachomatis can restrict CD8+ T cell response by upregulating PD-L1 on DCs and epithelial cells

(114). We found from our RNA sequencing data that Pdl/ is but one of many co-inhibitory genes

upregulated. There was also upregulation of co-stimulatory genes, even though some co-

stimulatory genes (Cd48, Tnfsf14) were downregulated. The same was true for a third group of
genes that served both co-inhibitory and co-stimulatory functions depending on the context (such

as CD80 and CD86, which engage both co-stimulatory CD28 and co-inhibitory CTLA-4 on T cells)
and could either enhance or prevent T cell activation (98-100, 207-209). Changes in expression of
co-stimulatory and co-inhibitory molecules are characteristic of DC maturation upon detection of
infection or inflammation. With our current RNA sequencing data, it is difficult to distinguish

between changes in response to general inflammation and changes specifically induced by C.

trachomatis. However, we did find that RNA expression levels of a few genes measured by RT-

qPCR are different between DCs infected with live and heat-killed C. trachomatis in vitro,

suggesting that live C. trachomatis does induce changes in co-stimulatory and co-inhibitory

molecules beyond just DC maturation.

In addition to co-stimulatory and co-inhibitory molecules, DCs can direct T cell activity
through the secretion of pro- or anti-inflammatory cytokines. In particular, IL-10, a cytokine that
is typically immunosuppressive, is known to play a role in preventing optimal T cell response
during Chlamydia infection, with IL-10-deficient BMDCs generating a stronger T cell response
than WT BMDC:s (125). We did not see an increase in RNA levels of IL-10 in DCs upon infection,

but it is possible that there is an increase at the protein level. Further work will have to be done to
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investigate the RNA expression of more genes and validate their protein expression. The RNA
sequencing experiment can also be repeated by sequencing and comparing DCs from mice infected
with live or heat-killed C. trachomatis, or with another pathogen against which effective CD8+ T
cell responses are generated.

The CD8+ T cell response against C. trachomatis infection in mice is much less efficient
than the CD4+ T cell response (20, 21, 27, 44). Our results from this chapter and previous chapters
indicate that the induction of DC death may be a mechanism by which C. trachomatis prevents the
effective generation of T cell responses. We also found from our co-culture experiments that
controlling for DC viability rescues the priming defect of CD4+ T cells upon C. trachomatis
infection but not CD8+ T cells. Taken together, the data suggest that CD8+ T cells may be more
sensitive than CD4+ T cells to the inhibitory effects resulting from C. trachomatis-induced changes
in DC gene expression. The final effect on T cell priming most likely results from an interplay of
DC viability, changes in DC gene expression, as well as receptors expressed on T cells. Further
work is required to investigate the role of co-inhibitory molecules and cytokines in inhibiting T
cell priming, as well as what makes CD8+ T cells more susceptible to them, but our results serve
as a good starting ground for future research on how exactly C. trachomatis impair CD8+ T cell

priming by DCs.
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MATERIALS AND METHODS

Growth and isolation of bacteria

Chlamydia trachomatis serovar L2 (434/Bu; ATCC) was propagated in McCoy cell monolayers
as described previously (151, 152). Aliquots of purified elementary bodies were stored at —80°C
in 250mM sucrose-phosphate-glutamate (SPG) buffer and thawed immediately prior to use.

Where indicated, heat-killing was achieved by incubating C. trachomatis for 20 minutes at 65°C.

Mice

C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME). NR1 (29) and
NR23.4 (40) transgenic mice expressing TCRs specific for C. trachomatis antigens Ctal 3.5z
and CrpAss-71 respectively have been previously described. TCR transgenic OT-I mice that
recognize OVA2s7.264 and OT-II mice that recognize OVA323.339 were kindly provided by Ulrich
von Andrian. All mice were housed in the Harvard Medical School Center for Animal Resources
and Comparative Medicine, and all experiments were approved by Harvard’s Institutional

Animal Care and Use Commiittee.

Dendritic cell isolation and infection

Spleens were harvested from mice and single cell suspensions created using gentleMACS
Dissociator (Miltenyi Biotec) as per manufacturer’s instructions. Red blood cells were lysed with
tris-ammonium-chloride and splenocytes were infected with C. trachomatis at the indicated
MOIs and cultured in RPMI (Invitrogen) supplemented with 10% FBS, L-glutamine, HEPES,

50 mM 2-mercaptoethanol, and 20ng/mL murine GMCSF (Peprotech). Where indicated,
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dendritic cells were isolated from splenocytes using CD11c¢c MicroBeads UltraPure (Miltenyi

Biotec) following the manufacturer’s protocol.

Flow cytometry

All antibodies were purchased from BioLegend unless otherwise noted. After isolation, cells
were pre-incubated with anti-mouse CD16/CD32 (2.4G2) and stained with fluorochrome-
conjugated antibodies against mouse CD11c¢ (clone N418), MHC class I-A® (clone AF6-120.1),
CD11b (clone M1/70), CD8a (clone 53-6.7), F4/80 (clone BM8), CD4 (clone GK1.5), CD3
(clone 17A2), CD45.1 (clone A20), CD45.2 (clone 104), TCRb (clone H57-597), CD49b (clone
HMa?2), IgM (clone RMM-1), CD2 (clone RM2-5), and a Live/Dead fixable aqua dead cell stain
kit (Invitrogen) or Zombie NIR fixable viability kit (BioLegend). The absolute cell number was
determined using AccuCheck counting beads (Invitrogen). Data were collected on a LSR II or

Symphony A1/AS (BD Biosciences) and analyzed using FlowJo (Tree Star, Ashland, OR).

T cell isolation and co-culture

CD4+ T cells were isolated from secondary lymphoid organs of NR1 and OT-II mice, and CD8+
T cells from NR23.4 and OT-II mice. Cells were purified using Dynabeads Untouched Mouse
CD4 Cells kit or CDS Cells kit (Invitrogen). For NR1 and NR23.4 cells, sorted dendritic cells
(5000 cells per well) were incubated with C. trachomatis at a MOI of 50 or 2.5mM CrpA
peptide. Three hours post-infection, dendritic cells were washed twice and co-incubated with the
isolated T cells for 3 days at a ratio of 1:5. For OT-I and OT-II cells, CD11c+ DCs were
incubated with live or heat-killed C. trachomatis at a MOI of 50 and/or ovalbumin (50ug/mL),

sorted into DC subsets, and co-cultured at a ratio 1:10. DC-T cell co-culture was carried out in
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RPMI (Invitrogen) supplemented with 10% FBS, L-glutamine, HEPES, 50 mM 2-
mercaptoethanol, 50 U/ml penicillin, 50 ug/ml streptomycin, non-essential amino acids (Gibco),
ImM sodium pyruvate, and 20ng/mL murine GMCSF (Peprotech). Supernatant was then

collected and IFNy production analyzed with ELISA.

RNA sequencing and analysis

Cells were sorted and processed for RNA sequencing according to the Immgen protocol for ultra-
low-input RN A-seq analysis as previously described (201). Briefly, spleens from mice were
harvested and processed into single cell suspensions. RNA sequencing was conducted on
biological triplicates of 1000 cDC1s and 1000 cDC2s that were double-sorted by FACS Aria.
Smart-Seq?2 library preparation, sequencing (202, 203), and transcript quantification (204) were
then performed as previously described. Reads were analyzed using Multiplot Studio (Broad

Institute) and RStudio (PBC, MA).

ELISA

Standard IFNy ELISA protocols were used to measure T cell activation following co-culture.
Briefly, plates were coated with 1ug/mL of anti-mouse IFNy (clone R46A2, BD) in 0.1M
bicarbonate buffer. Plates were then blocked with PBS containing 1% BSA and washed in PBS
with 0.05% Tween. After incubation with samples, plates were incubated with 0.5ug/mL
biotinylated anti-mouse IFNy (clone XMG1.2, BioLegend) followed by Streptavidin-HRP
conjugate (BD Pharmingen) diluted 1:2500. HRP activity was detected by adding

tetramethylbenzidine peroxidase substrate, and quantification was performed by
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spectrophotometric measurement of absorbance at 450 and 570nm after reactions were stopped

by 1M sulfuric acid.

RT-gPCR

Splenic DCs were isolated from C57BL/6J mice and sorted into cDC1 and ¢cDC2 subsets. DCs
were incubated with either live or heat-killed C. trachomatis at a MOI of 20. Eighteen hours
post-infection, RNA was extracted from cells using phenol/chloroform precipitation and RNeasy
Mini Kit (QIAGEN). Reverse transcription was then carried out using High-Capacity RNA-to-
cDNA Kit (Applied Biosystems) followed by qPCR using Tagman SYBR Green master mix. The
following primers were used:

Pdll: 5°-TGGACAAACAGTGACCACCAA-3’ and 5’-CCCCTCTGTCCGGGAAGT-3’;

Pdi2: 5°>-GGAAGGGATAAGAGCCAGTTTG-3’ and 5’-CCCGGAATCTCTCACTTGGA-3’;
Galectin9: 5>-TGAGGAAGGAGGGTATGTGGT-3’ and 5°-
GAAGCAAAGCTCAAAGGGCAT-3’;

Cd40: 5°-TGTCATCTGTGAAAAGGTGGTC-3’ and 5’-ACTGGAGCAGCGGTGTTATG-3;
Cd48: 5°-CCCAAGCCTTCCATAGAAATCAA-3’ and 5°-
CCAAGTATAGTCAACATGCTGGT-3’;

Actb: 5°-GGCTGTATTCCCCTCCATCG-3’ and 5’~-CCAGTTGGTAACAATGCCATGT-3".

Statistical analysis
Statistical analysis was performed using Prism (Graphpad) unless otherwise stated, and the

specific tests used are stated in figure legends. Differences were considered statistically
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significant if the P value was less than 0.05. *P < 0.05, **P < 0.01, *** P <0.001; ****P <

0.0001. Data are represented as mean = SD.
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Chapter S: Discussion



Chlamydia trachomatis infection is a major public health concern both in the United
States and worldwide. The main problem with C. trachomatis is that many individuals are unable
to develop an effected adaptive immune response against it. Consequently, they are unable to
clear the infection, or may get reinfected after being cured by antibiotic treatment. Chronic or
repeated infections lead to blindness when occurring in the ocular conjunctiva. Meanwhile, in the
genital tract, they can result in problems like pelvic inflammatory disease, ectopic pregnancy, or
infertility. Given the prevalence of C. frachomatis infections and serious disease sequelae, the
development of an effective vaccine against C. trachomatis is thus critical.

In order to rationally design a vaccine, we need to first have a better understanding of
how the adaptive immune system responds to C. trachomatis. In particular, determining how C.
trachomatis evades the adaptive immune system is crucial if we want to create a vaccine that can
overcome the mechanisms of immune evasion C. trachomatis has. This dissertation focuses on
the dendritic cell (DC) response to C. trachomatis, since DCs play an important role in the
generation of T cell responses during infection. I found that C. frachomatis infection induces cell
death — likely via apoptosis — in DCs. This is true for both in vivo and in vitro infection, as well
as both human and mouse DCs. This reduction in viability, coupled with other mechanisms yet to
be fully elucidated, impairs the ability of DCs to prime T cells. Thus, the data presented in this
dissertation suggest that preventing effective T cell priming by DCs may be a strategy C.

trachomatis uses to evade the adaptive immune system.

The role of dendritic cell death during C. trachomatis infection

In Chapters 2 and 3, I discovered that C. trachomatis uptake induces apoptosis in DCs

that is dependent on BAK1 and BAX, as well as caspases-3 and -7. DC death is attenuated when
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heat-killed C. trachomatis is used instead of live C. trachomatis. This suggests that cell death
may be induced by some actively secreted effectors. Alternatively, it may be the process of
infection by live bacteria that is triggering DC death; DCs can detect active invasion by
intracellular pathogens via a range of mechanisms and may subsequently undergo apoptosis to
restrict pathogen replication. Unlike primary DCs used in this dissertation, monocyte- or bone
marrow-derived DCs that have been used in most studies looking at DC response to C.
trachomatis rarely demonstrate a reduction in viability (90-92, 113, 132-135). However, we can
still glean clues about what might be happening from the few studies that found some form of
cell death as well as the numerous studies using other cell types or pathogens.

Both pathogen-initiated and host cell-initiated apoptosis has been observed in many other
pathogens (127-129, 136, 138), as well as in the context of C. trachomatis infection. C.
trachomatis has been shown to induce host cell apoptosis in epithelial cells and fibroblasts (130,
131), but more work will have to be done to investigate if this happens in DCs as well. Apoptosis
in epithelial cells is induced only at later stages of infection (forty to forty-eight hours post-
infection), which is not the case for DCs since cell death was observed by eighteen hours post-
infection. If DC apoptosis is indeed the result of effectors secreted by C. trachomatis, it is likely
not the same set of effectors as that causing epithelial cell death.

Meanwhile, if cell death is initiated by the DCs, the fact that DC death is attenuated with
heat-killed C. trachomatis suggests that the induction of cell death requires the detection of not
just C. trachomatis but of live bacteria actively infecting cells. One way of differentiating
between live and dead bacteria is through the identification of bacterial metabolites. For instance,
C. trachomatis metabolism produces cyclic di-AMP, which is recognized by STING in the

cytosol. This has been found to cause pyroptosis in monocyte-derived DCs (121). However,
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STING activation can also cause apoptosis through the action of BAK1 and BAX (211, 212). It
would be interesting to find out if STING-deficient DCs experience the same degree of C.
trachomatis-induced cell death.

Another way in which DCs may sense the presence of live bacteria is through the
detection of damage caused by C. trachomatis infection. Omosun et al. found that IL-10"-
BMDC:s experience less apoptosis upon infection, and this is correlated with a reduction in the
expression of P2X7R on cell surface (123). P2X7R is a receptor for extracellular ATP. Since ATP
is typically contained within a cell, the presence of extracellular ATP released by damaged or
dying cells is thus a sign of possible infection. P2X7R activation by extracellular ATP leads to an
influx of calcium ions, and this can in turn induce apoptosis by activating caspases-3 and -7 (213,
214). It is unknown if this is the mechanism for cell death observed by Omosun ef al. or if
P2X7R plays a role in C. trachomatis-induced DC death found in this dissertation, but
experiments could be done using P2X7R antagonists to investigate this. In addition to
extracellular ATP, oxidative stress damage is also sign of infection that cells can sense. C.
trachomatis infection is capable of causing oxidative stress in epithelial cells (215), which may
in turn result in mitochondria outer membrane permeabilization and eventual apoptosis (216). C.
trachomatis protects infected epithelial cells from cell death induced by oxidative stress through
the upregulation of ferritin and targeting of NADPH oxidase activity (217, 218), but if the same
protection does not occur in DCs, then oxidative stress could result in DC apoptosis.

Lastly, a common way in which cells respond to intracellular infections is the release of
type I interferons like IFNf. IFNf production is stimulated by C. trachomatis through the
activation of PRRs like STING, cGAS, and TLR3 (120, 122). Furthermore, in the presence of

oxidative stress caused by infection, the release of mitochondria DNA into the cytosol can
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activate the cGAS-STING pathway that drives type I interferon production (219). Type I
interferons induce antimicrobial states in cells and stimulate both innate and adaptive immunity,
but can also act on infected cells to induce cell death (138, 198, 220). Indeed, RNA sequencing
results of DCs (in Chapter 3) from C. trachomatis infected mice show upregulation of interferon
response pathways by DCs, as well as increased expression of a number of interferon-stimulated
genes found to be involved in antiviral responses that can lead to cell death. Further work can be
done using DCs lacking PRRs that can stimulate type I interferon production or lacking the
receptor for type I interferons (IFNAR™) to determine if type I interferons do play a role in
causing DC apoptosis.

Interestingly, despite the importance of type I interferons in controlling intracellular
infections, research investigating the effect of type I interferons during C. trachomatis infections
have yielded conflicting results. Some have found type I interferon signaling to actually
exacerbate infection (221), whereas others found that IFNAR”- mice are more susceptible to
infection, but only in the lower and not upper genital tract (222). This heterogeneity may be
because type I interferons acts on multiple cell types and can induce different responses even in
the same cell type. For instance, type I interferons can increase co-stimulatory molecule
expression on DCs but prolonged type I interferon exposure can cause DCs to upregulate IL-10
and PD-L1, inhibiting T cell activation (223). They also enhance T cell proliferation by acting on
T cells directly but only in the presence of TCR engagement and co-stimulation, and otherwise
serve to inhibit T cell activity. If type I interferons do indeed contribute to DC apoptosis
observed in this dissertation, then another layer of complexity is added to their role in C.
trachomatis infection. As such, differences in the type of tissue studied or any other variables in

experiments could result in the different effects of IFNAR-deficiency observed.
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Most previous studies of Chlamydia infection of human monocyte- or mouse bone
marrow-derived DCs did not find any induction of DC death. It is uncertain what is causing the
discrepancy in cell viability in response to C. trachomatis. However, GMCSF-generated BMDCs
have been shown to be a mix of macrophage- and DC-like cells (60, 61) and macrophages are
known to at least somewhat allow productive Chlamydia replication (146, 147). The lack of C.
trachomatis-induced cell death in monocyte- and bone marrow-derived DCs could thus be a trait
that is more similar to macrophages than DCs. Previous examination of C. trachomatis in
monocyte-and bone marrow-derived DCs has found productive replication in these cells,
alongside a lack of cell death induction (92, 132, 133). Taken together with results from this
dissertation, it is possible that cell death may be a way to restrict C. trachomatis infection within
DCs. Thus, it would be interesting to find out if C. trachomatis can cause productive infection in
apoptosis-resistant DCs.

With the current model of Bakl/Bax and Casp3/7 deletion, rescue of cell death is not
complete, likely due to the redundancies in cell death pathway. Cell viability can probably be
improved if we have a better understanding of the exact mechanism by which C. trachomatis
induces DC death. The deletion of PRRs that sense PAMPs or DAMPs from C. trachomatis
infection or IFNAR may yield better results than deleting genes involved in apoptosis, since
apoptosis is an essential pathway in vivo. Should DC death be induced by effectors actively
produced by C. trachomatis, deletion of C. trachomatis genes is also possible. Although the
development of tools for genetic manipulation of C. trachomatis has lagged behind that of model
bacteria like E. coli, the past decade has seen great advances (reviewed in (224)) that has allowed

for the generation of mutants and the study of individual gene functions. As such, if we know
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how C. trachomatis induces DC death, we can develop more targeted methods of cell death
prevention to better study the implications of C. trachomatis-induced DC death.

It should be noted that even if DC death is not caused by effectors actively produced by
C. trachomatis, it does not necessarily mean that it is not beneficial to the bacteria. C.
trachomatis could be exploiting pathways that the host uses to restrict the replication of
intracellular pathogens for its own benefit. If the very process of infection is sufficient to cause
DC death and reduce T cell activation as a result, then C. trachomatis would not have to evolve
any additional effectors to do so. The DC death we observed here could be a double-edged sword
for both the host and pathogen; there are less viable DCs to generate T cell responses against the
bacteria, but at the same time DCs cannot serve as productive host cells and do not help spread
C. trachomatis systemically.

Consequently, it is difficult to predict whether inhibiting DC death will help to control
infection, or if it will lead to the faster spread of C. trachomatis in the body. In vivo experiments
need to be conducted where DC death is inhibited to determine the effect of C. trachomatis-
induced cell death. Unfortunately, the current model of apoptosis-resistance used in Chapter 3 of
this dissertation will be of limited use since gene deletion is not DC-specific but rather occurs in
all hematopoietic cells. Other immune cells that play important roles in controlling C.
trachomatis infection are also affected, and it would be difficult to attribute changes in C.
trachomatis infection burden to DCs alone. Hence, a DC-specific model of apoptosis resistance
would be highly useful. Now that we know BakI/Bax knockout partially rescues C. trachomatis-
induced DC death, we can create conditional knockouts by crossing Bax"BakI- mice to CD11c-
Cre mice. Meanwhile, if future work discovers genes that are more efficient in preventing C.

trachomatis-induced DC death when deleted than Bakl/Bax, we could instead use the CD11c-
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specific CRISPR vector as shown in Appendix B. This vector would be especially helpful since it
allows for more flexibility in target genes than the traditional method of generating conditional

knockouts by crossing different mouse lines.

The different effects of C. trachomatis infection on CD4+ and CD8+ T cell priming by
dendritic cells

In mice, CD4+ T cells are necessary and sufficient for clearance of C. trachomatis infection.
Meanwhile, the contribution of CD8+ T cells to controlling infection is so small that CD8+ T cells
alone cannot clear infection and CD8+ T cell deficiency can be compensated for by CD4+ T cells
and B cells. In Chapter 4, I investigated the impact C. trachomatis infection has on the ability of
DCs to prime CD4+ and CD8+ T cells, partly in an attempt to shed light on this phenomenon. The
induction of DC death by C. trachomatis may mean that there is less T cell stimulation by DCs
upon infection. As expected, DCs pulsed with OVA and live C. trachomatis are less able to
stimulate OVA-specific CD4+ and CD8+ T cells than DCs incubated with heat-killed C.
trachomatis. cDC1s were more affected than cDC2s by C. trachomatis-induced death, and yet tend
to be the more efficient subset in priming CD8+ T cells in other infection and tumor models (62,
83, 84). In these models, cDC1 deficiency prevents the generation of a CD8+ T cell response. If
this is also true in C. trachomatis infection, then the increased cell death could partially explain
why the CD8+ T cell response is less efficient than CD4+ T cell response. I found that cross-
presentation by cDCls is indeed required for the stimulation of CD8+ T cell response against C.
trachomatis. The strict requirement of cDC1s for CD8+ T cell priming means that the higher death
rate of cDCls, in addition to the fact that cDCls are fewer in numbers than ¢cDC2s in vivo, could

contribute to the defective CD8+ T cell response in mice compared to CD4+ T cells.
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I also showed in Chapter 4 that controlling for DC viability rescues the defect in CD4+ T
cell priming but CD8+ T cell priming is still less efficient in the presence of live C. trachomatis.
Thus, in addition to cell death induction, there are other strategies utilized by C. trachomatis to
prevent the effective activation of CD8+ T cells. Del Balzo et al. previously observed that cross-
presentation might be inhibited by C. trachomatis, since infected BMDCs were less able to
stimulate OVA-specific CD8+ T cells when incubated with OVA (92). The authors did look at a
later time point during infection than was ideal; in their co-culture experiment, BMDCs were
infected for twenty-four hours before incubating with OVA. In the presence of pathogens like C.
trachomatis, DC maturation is stimulated. By twenty-hours post-infection, BMDCs have likely
reached the final stage of DC maturation, where both antigen uptake and cross-presentation is
reduced compared to immature DCs (225). It is thus difficult to distinguish between reduction in
cross-presentation due to DC maturation or that caused by C. trachomatis specifically. However,
the authors also observed a decrease in MHC I expression on the surface of infected BMDCs and
impairment of MHC I recycling, suggesting that C. trachomatis does inhibit CD8+ T cell
priming by BMDCs by targeting antigen presentation on MHC 1.

Whether C. trachomatis induces downregulation of MHC I on cell surface or cross-
presentation in cDCs is less clear. Using splenic cDCl1s and cDC2s, I did not observe the same
clear decrease in MHC I surface expression on infected DCs compared to uninfected DCs.
Nonetheless, MHC I recycling could still be affected. I attempted to investigate OVA cross-
presentation by C. trachomatis-infected DCs using fluorescently labeled antibodies against
SIINFEKL (the peptide fragment recognized by OVA-specific CD8+ T cells) presented on MHC
I. Unfortunately, the number of DCs that cross-presented effectively enough to be detected by

flow cytometry was low, and when coupled with cell death induced by C. trachomatis, the
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numbers were too low to reliably draw conclusions. Further work will need to be done to
investigate this, preferably with optimizations to the assay such as increasing the concentration
of OVA, increasing the purity and numbers of DCs, or reducing the MOL.

In addition to differential responses of cDC1s and ¢cDC2s and inhibition of cross-
presentation, another factor that could contribute to the fact that CD8+ T cells are stimulated less
effectively than CD4+ T cells is the different ways in which CD4+ and CD8+ T cells respond to
activation or inhibitory signals provided by antigen presenting cells. As shown in literature (59,
91, 109, 114, 125) as well as Chapter 4 of this dissertation, C. trachomatis infection leads to
changes in co-signaling molecules and pro- and anti-inflammatory cytokines in both cDC1s and
cDC2s. The effect of co-signaling receptors and cytokines expressed by DCs ultimately depends
on gene expression of the T cells, and it is possible that CD8+ T cells are more sensitive to C.
trachomatis-induced inhibitory signals than CD4+ T cells. Potential mechanisms can include
differences in receptor expression on CD4+ and CD8+ T cells or differences in other signaling
pathways within the T cells. For instance, PD-L1 is upregulated on DCs and epithelial cells upon
C. trachomatis infection and inhibits both CD4+ and CD8+ T cells responses (114). However,
CD8+ T cells are inhibited to a much greater extent than CD4+ T cells, to the point where CD8+
T cells are dispensable for protection against C. trachomatis in wild type mice but help reduce
infection burden in PD-L17- mice. Previous research has found that CD4+ T cells may be less
affected by PD-L1 upregulation than CD8+ T cells because they are more capable of IL-2
production, and IL-2 signaling in T cells can overcome PD-L1-mediated inhibition (226). Similar
mechanisms may apply to other co-signaling receptors and cytokines as well.

Therefore, future work might seek to investigate not just changes in DC gene expression

induced by C. trachomatis that can influence T cell priming, but also changes in the T cells
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themselves. Our lab has previously conduced RNA sequencing on C. trachomatis-specific CD4+
T cells from mice infected with C. trachomatis (201). The same could be done using CD8+ T
cells. In addition, our lab has recently carried out single cell RNA sequencing on antigen-specific
CD4+ and CD8+ T cells isolated from C. trachomatis-infected mice. The data generated from
sequencing experiments will improve our understanding of T cell responses to C. trachomatis
and aid in the investigation of what causes CD8+ T cells to respond less efficiently compared to

CD4+ T cells.

Variation in response to C. frachomatis in different dendritic cell models

The cell death of splenic and uterine cDCs in response to C. trachomatis demonstrated in
this dissertation has not been commonly observed in previous work on monocyte- and bone
marrow-derived DCs generated using GMCSF (90-92, 113, 132-135). This discrepancy can be
attributed to a difference in cell types. While GMCSF generated DCs share enough similarities
with cDCs to be a useful model, they may still be unable to fully recapitulate what happens in
vivo. Interestingly, studies using monocyte- or bone marrow- derived DC models have reported
different effects of C. trachomatis infection on DC viability. Most groups did not find a decrease
in viability but there are a few that did observe either apoptosis or pyroptosis (121, 123). It is not
completely clear what causes this inconsistency. One possible explanation could be that the
protocol for the generation of DCs from monocytes and bone marrow using GMCSF is not
standardized. Some studies use conditioned medium as the source of GMCSF in culture, while
others use recombinant GMCSF. IL-4 is often supplemented to culture in addition to GMCSF,
but this is not always the case. DCs generated after culturing with GMCSF are occasionally

purified by selecting for CD11c+ cells. Each protocol undoubtedly has its own advantages and
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disadvantages, but given that GMCSF culture has been shown to generate a mix of macrophage-
and DC-like cells (60, 61), variations between protocols might mean that a slightly different
mixture of cells is generated in each study. Better standardization could thus improve the
consistency of studies investigating DC responses to C. trachomatis.

The advantage of monocyte- and bone marrow-derived DCs is that they are much easier
to work with than primary DCs. DCs make up only a small percentage of immune cells in both
humans and mice, and generating DCs from precursor cells using GMCSF in culture gives a
much higher yield. With primary DCs, it can sometimes be difficult to obtain sufficient DCs. In
some of the experiments presented in this dissertation, DCs had to be pooled from multiple mice
to get enough material to work with. In addition, monocytes or bone marrow precursor cells can
be stored for prolonged periods of time in liquid nitrogen since they are more resistant to the
freeze-thaw process than primary DCs. Multiple experiments — potentially across a span of
months or even years — can therefore be conducted using precursor cells obtained from the same
mouse or human. In situations where it is less feasible to use primary DCs for experiments, the
benefits of monocyte- and bone marrow-derived DCs can outweigh the fact that they might be
less representative of DCs in vivo.

Despite its advantages, GMCSF-generated DCs do not form DC subsets. This can be an
issue especially when investigating DC responses that are known to be different between cDCls
and cDC2s, such as cross-presentation. As demonstrated in this dissertation, using GMCSF-
generated DCs (which can present C. trachomatis to CD8+ T cells) would not allow us to
determine whether the ability to prime CD8+ T cells upon C. trachomatis infection is restricted
to cDCls. In recent years, protocols have been developed for the culture of monocyte- and bone

marrow- derived DCs that form ¢cDC1 and ¢cDC2 subsets unlike DCs generated using GMCSF.
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Examples include the use of fims-like tyrosine kinase 3 ligand (FIt3L) for mouse BMDC
generation and a combination of FIt3L and thrombopoietin for the generation of human
monocyte-derived DCs (227, 228). The use of Flt3L-generated DCs should perhaps be
considered in addition to GMCSF-generated DCs to allow for the study of DC subsets.
Nevertheless, results obtained using these methods should still be validated with primary DCs or
with in vivo studies wherever possible.

In Chapter 2, I showed that human DCs, similar to murine DCs, experience an increase in
cell death in response to live C. trachomatis. However, unlike murine DCs where cDCls are
more affected by C. trachomatis-induced cell death, human DC subsets have similar death rates
upon infection. I also found that murine cDCl1s have a greater C. trachomatis uptake than
cDC2s, which may contribute to their increased cell death. More work will need to be done to
determine if human cDCls and cDC2s experience a similar degree of cell death because they
have the same uptake rates of C. trachomatis. cDC1s and cDC2s are known to have different cell
surface receptor expression (54, 57). Since the attachment of C. trachomatis EBs to host cell
surface receptors is a crucial step in the initiation of uptake and infection (12, 15, 229), it is
possible that murine but not human ¢DC1s have more receptors for C. trachomatis binding than
cDC2s. If C. trachomatis uptake does turn out to be different between cDC1s and cDC2s in mice
but not humans, it could be worth investigating whether it is because of a differential expression
of cell surface receptors.

One notable difference between human and murine DC subsets is that cDC1s are much
more efficient at cross-presentation than ¢cDC2s in mice, whereas in humans the difference in
cross-presentation capacity is not as clear (54, 86). It is possible that the increased cell death

observed in murine cDC1s may be related to their superior ability to cross-present. This greater
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efficiency in cross-presentation has been shown to be associated with slower endosomal
acidification and export of endosomal materials into the cytosol (74, 75). The former may mean
that C. trachomatis has more time to secrete effectors or replicate within cDC1s in mice, while
the latter may result in transportation of PAMPs into the cytosol at a greater rate. Using GFP-
expressing C. trachomatis conjugated with the pH-sensitive dye pHrodo, I found that endosomal
compartments containing bacteria are acidified in both cDC1s and ¢cDC2s (data not shown).
Future experiments can be repeated with different time points using DCs from both humans and
mice to measure if the rate of acidification is different. Endosomal acidification can happen
within minutes (230) and it may be difficult to use flow cytometry with such a short time scale,
especially since individual DCs will not pick up bacteria at the same time. Other techniques like
live imaging using confocal microscopy may thus be worth exploring.

This dissertation has shown that cDCl1s activate CD8+ T cells more effectively than
cDC2s upon C. trachomatis infection in mice. It is possible that this is not true in humans since
the division of labor in human DCs does not seem to be as clear. It would thus be interesting to
investigate if both DC subsets prime CD4+ and CD8+ T cells with the same efficiency in
humans in the context of C. trachomatis infection. C. trachomatis-specific T cell clones have
been isolated from humans (34, 46), although DC-T cell co-cultures could be trickier due to the
fact that humans, unlike inbred mouse lines, express different MHC I and II variants between
individuals. DCs and T cells may therefore have to be isolated from the same individual to
minimize problems due to MHC mismatch. Mice are able to generate an effective CD4+ but not
CD8+ T cell response against C. trachomatis infection (20, 21), while most humans develop only

a partial immunity at best (22). More work on the interactions between C. trachomatis-infected
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human DCs and T cells will have to be done to find out why this is the case, and if it is related to

the differential response of mouse and human DC subsets to C. trachomatis.

Concluding remarks and future directions

In summary, the data presented in this dissertation show that C. trachomatis induces DC
death and reduces the ability of DCs to prime T cells. CD8+ T cell priming is impaired to a
greater extent than CD4+ T cells, which may be part of the reason why mice have a less efficient
CD8+ T cell response against C. trachomatis. An important next step would be to determine the
mechanism by which C. trachomatis induces DC death, and the implications it has on infection
burden in vivo. Another logical next step would be to investigate what other strategies C.
trachomatis utilize to inhibit CD8+ T cell responses, as well as what makes CD8+ T cells more
susceptible than CD4+ T cells. In addition, while mouse models have been highly useful in
deciphering the immune responses to C. trachomatis, we must keep in mind that there are still
ways in which mice and humans respond differently to infection. As such, data obtained using
mouse models should be validated with human cells, and more experiments need to be done to
determine how C. trachomatis impacts T cell priming by DCs in humans. The experiments in
this dissertation were all conducted using C. trachomatis serovar L2, and thus it would also be
important to validate the results using other serovars.

In this dissertation, I focused on the activation of naive T cells by DCs, since a defect in
the priming of naive T cells would also mean that memory T cell generation is impaired.
However, our lab has found that upon genital tract infection, memory C. trachomatis-specific
CD4+ T cells are activated in the draining lymph node to a greater extent than naive CD4+ T

cells (201), indicating that the activation requirements of naive T cells may be different from that
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of memory T cells. In the context of vaccine development, the effect of C. trachomatis on
memory T cell activation should also be studied, since the very goal of vaccines is to generate
immune memory that can be activated by a natural infection. Indeed, it would not be a useful
vaccine if it generates memory T cells that are unable function effectively during a subsequent
infection because of a lack of efficient stimulation by DCs or inhibition by other mechanisms
such as PD-L1 upregulation. Previous work has shown that adoptively transferred C.
trachomatis-specific CD8+ T cells in mice can protect against infection even if effective CD8+ T
cell responses do not occur during natural infection in mice (40-42). This suggests that if we are
able to circumvent the mechanisms by which C. trachomatis prevents the generation of an
effective adaptive immune response, properly activated T cells may be able to control infections
in humans. Hence, it would be worthwhile to investigate whether C. trachomatis impairs the
ability of DCs to activate memory T cells, as well as how vaccines can be designed to generate
memory T cells that can compensate for the inhibition by C. trachomatis.

There is an urgent need for a vaccine that can prevent C. trachomatis infection, and a
deeper understanding of the adaptive immune response to C. trachomatis is thus required. This
dissertation provides insight into how C. trachomatis evades the adaptive immune response,
which is ultimately important for designing a vaccine that can counter this evasion to generate a

protective immune response upon infection.
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Appendix A: RNA sequencing of uterine DCs



In Chapter 3, we performed RNA sequencing of splenic DCs from mice infected
intravenously with C. trachomatis and found an upregulation of apoptotic pathways in DCs from
infected mice compared to uninfected controls. This supports our in vitro observations of C.
trachomatis infection leading to apoptosis in DCs. We found in Chapter 2 that uterine DCs, just
like splenic DCs, experience C. trachomatis-induced cell death in vitro. To determine if uterine
DCs respond to C. trachomatis in the same way as splenic DCs, we conducted RNA sequencing
of uterine DCs from uninfected and infected mice. C57BL/6 mice were infected transcervically
with C. trachomatis. Eighteen hours post-infection, the uteri of infected mice and uninfected
controls were harvested and processed for flow cytometry. Equivalent numbers of ¢cDC1s and
cDC2s were double sorted and subjected to RNA sequencing to analyze their transcriptomes.

Principal component analysis (Figure A.1) revealed that DCs broadly clustered based on
infection state and subset. However, some samples are widely spread out and there is no clear
separation between the clusters, indicating that there may have been too much variation between
biological replicates. Nonetheless, we proceeded to look at differential gene expression between
infected and uninfected cDC1s and cDC2s. We found that a number of pro-apoptotic genes (173-
177, 179, 181) were significantly up-regulated in infected cDCls (Figure A.2) and cDC2s
(Figure A.3), and these genes were also observed to be upregulated in infected splenic DCs.
Pathway analysis using Ingenuity Pathway Analysis (IPA) was conducted. Just as with splenic
DCs, many of the pathways significantly upregulated in infected uterine cDCls (Figure A.4A)
and cDC2s (Figure A.4B) involved pathogen recognition, interferon signaling, and cell death
pathways. Lastly, Gene Set Enrichment Analysis (GSEA) gave similar results to pathway
analysis (Table A.1 and A.2) and revealed that cDCls (Figure A.5A) and ¢cDC2s (Figure A.5B)

from the uterus of infected mice had an enrichment of genes involved in apoptosis compared to
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uninfected counterparts, further supporting our observations of C. trachomatis-induced
apoptosis.

The similarities between the genes and pathways upregulated in uterine and splenic DCs
upon C. trachomatis infection suggest that uterine DCs do respond generally in the same way as
splenic DCs in vivo. The lack of clear clustering of samples in the PCA plot does call into
question the quality of the data, and the experiment would have to be repeated to confirm what
we have observed here. Part of the problem could be due to the fact that uteri were digested for
30 minutes at 37°C before sorting and sequencing, and this could change the RNA expression
pattern of DCs. A shorter digestion time or a different dissociation method that can take place at
4°C may improve the DC isolation process. A cleaner set of data would also allow us to better
compare splenic and uterine DCs and investigate the differences between DCs from the two
tissues. Overall, our RNA sequencing results of uterine DCs support our observations of C.
trachomatis-induced apoptosis in splenic DCs, although this needs to be repeated and more work

may have to be done to optimize DC isolation.
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Figure A.1 Principal component analysis of uterine DCs from uninfected and infected mice.
C57BL/6 mice were infected with C. trachomatis transcervically. 18 hours post-infection, uterine
DCs were sorted into subsets and gene expression analyzed with RNA sequencing. Figure shows
principal component analysis of samples based on all genes.
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Figure A.2: Pro-apoptotic genes are upregulated in cDC1s from infected mice. Volcano plot
of transcriptomes of uninfected vs infected cDCl1s (p-value against fold change). Genes more
highly expressed in uninfected DCs are on the right and genes upregulated in infected DCs on
the left. n = 3, and data were analyzed using ¢ test with Benjamini-Hochberg FDR correction.
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Figure A.3: Pro-apoptotic genes are upregulated in cDC2s from infected mice. Volcano plot
of transcriptomes of uninfected vs infected cDC2s (p-value against fold change). Genes more
highly expressed in uninfected DCs are on the right and genes upregulated in infected DCs on
the left. n = 3, and data were analyzed using ¢ test with Benjamini-Hochberg FDR correction.
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Figure A.4: Pathway analysis of DCs reveal upregulation of immune- and cell death-related
pathways upon C. trachomatis infection. Top 10 pathways upregulated in infected (A) cDCls
and (B) cDC2s identified by IPA on genes differentially expressed upon infection. n = 3, and data
were analyzed using ¢ test with Benjamini-Hochberg FDR correction.
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Figure A.5: Genes involved in apoptosis are enriched in DCs from infected mice. Gene set
enrichment analysis (GSEA) of (A) ¢cDCls and (B) cDC2s for the apoptosis pathway. Red
denotes positive correlation with infected cells, while blue denotes negative correlation.
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Table A.1: List of gene sets enriched via GSEA in uterine ¢cDC1s

Pathway

Apoptosis

Oxidative damage response

EBV LMP1 signaling

Chemokine signaling pathway

IL9 signaling pathway

Type II interferon signaling

IL2 signaling pathway

p53 signaling

IL17A signaling

Complement activation classical pathway

Normalized Enrichment
Score (NES)
1.85

1.78

1.76

1.75

1.73

1.68

1.63

1.60

1.60

1.58
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FDR qg-value

0.038
0.038
0.038
0.038
0.050
0.093
0.145
0.156
0.153
0.185



Table A.2: List of gene sets enriched via GSEA in uterine ¢cDC2s

Pathway Normalized Enrichment FDR q-value
Score (NES)

Fas pathway and stress induction of HSP 1.96 0.009
regulation

Apoptosis 1.84 0.040
Chemokine signaling pathway 1.84 0.030
TGFp signaling pathway 1.81 0.028
ILS signaling pathway 1.81 0.024
IL2 signaling pathway 1.81 0.022
Oxidative damage response 1.80 0.023
IL1 signaling pathway 1.78 0.032
IL6 signaling pathway 1.73 0.027
Type II interferon signaling 1.70 0.030
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MATERIALS AND METHODS

Growth and isolation of bacteria

Chlamydia trachomatis serovar L2 (434/Bu; ATCC) were propagated in McCoy cell monolayers
as described previously (151, 152). Aliquots of purified elementary bodies were stored at —80°C
in 250mM sucrose-phosphate-glutamate (SPG) buffer and thawed immediately prior to use.

Where indicated, heat-killing was achieved by incubating C. trachomatis for 20 minutes at 65°C.

Mice
C57BL/6J mice were purchased from The Jackson Laboratory (Bar Harbor, ME). All mice were
housed in the Harvard Medical School Center for Animal Resources and Comparative Medicine,

and all experiments were approved by Harvard’s Institutional Animal Care and Use Committee.

Infection of mice and preparation of tissue

For infection of the upper genital tract, mice were treated subcutaneously with 2.5 mg
medroxyprogesterone. Mice were infected transcervically with 5 x 10° inclusion-forming units
(IFUs) of C. trachomatis mixed in 10 pl SPG buffer or were inoculated with 10 pul SPG using an
NSET pipette tip (ParaTechs, Lexington, KY). Uteri were harvested from mice after infection

and processed as described below.

Flow cytometry and cell sorting
All antibodies were purchased from BioLegend unless otherwise noted. After isolation, cells
were pre-incubated with anti-mouse CD16/CD32 (2.4G2) and stained with fluorochrome-

conjugated antibodies against mouse CD11c¢ (clone N418), MHC class I-A® (clone AF6-120.1),
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CD11b (clone M1/70), F4/80 (clone BM8), CD4 (clone GK1.5), TCRD (clone H57-597), CD49b
(clone HMa2), IgM (clone RMM-1), CD2 (clone RM2-5), , and a Live/Dead fixable aqua dead

cell stain kit (Invitrogen).

RNA sequencing and analysis

Cells were sorted and processed for RNA sequencing according to the Immgen protocol for ultra-
low-input RNA-seq analysis as previously described (201). Briefly, uteri were harvested from
mice and cut open into smaller pieces with scissors, incubated with DMEM containing 10% FBS
and 0.2% Type XI Collagenase for 30 minutes at 37°C, and washed in PBS with 0.1% BSA.
Tissue pieces were then shaken vigorously in PBS with BSA prior to filtration through a 40um
cell strainer to obtain single cell suspensions. Lymphocytes were enriched using Lympholyte-M
Cell Separation Media (Cedarlane Labs). RNA sequencing was conducted on biological
triplicates of 1000 cDCl1s and 1000 cDC2s that were double-sorted by FACS Aria into SuL. TCL
buffer (Qiagen) containing 1% 2-mercaptoethanol (Sigma). Smart-Seq2 library preparation,
sequencing (202, 203), and transcript quantification (204) were then performed as previously
described. Reads were analyzed using Multiplot Studio (Broad Institute), Ingenuity Pathway
Analysis (QIAGEN), and RStudio (PBC, MA). Gene set enrichment analysis (205, 206) was
performed using default settings with software version 4.3.2 and canonical pathways gene sets

from WikiPathways database.
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Appendix B: Creating a mouse model of DC-specific apoptosis resistance



In Chapter 2, we showed that C. trachomatis causes DC death, and in Chapter 3, we
aimed to elucidate the cell death pathway induced by C. trachomatis. Annexin V/PI and TUNEL
staining of infected DCs suggested that apoptosis occurs upon C. trachomatis infection, and this
prompted us to create bone marrow chimeric mice using chimeric immune editing (CHIME)
(170). These mice had hematopoietic cells with pro-apoptotic genes deleted by CRISPR/Cas9,
which allowed us to study the role of apoptosis in C. trachomatis-induced DC death. In addition
to these mice, we wanted to create a mouse model where CRISPR/Cas9 deletion of genes only
takes place in DCs. Such a DC-specific system could be very useful since it would not just
enable us to investigate the implications of DC apoptosis during C. trachomatis infection in vivo

but can also be used to knockout other genes in DCs for future studies.

In the original CHIME protocol, plasmids containing sgRNA driven by the U6 promoter
(ubiquitous expression) are transduced into Cas9-expressing hematopoietic stem cells. We
decided to test if we could switch out the U6 promoter sequence using a 700bp fragment of the
CDll1c promoter that has been previously shown to drive luciferase expression in CD11c+ cells
(231). Unfortunately, CD11c promoter failed to drive sgRNA expression in DCs (data not
shown). This is perhaps unsurprising given that the transcription process of sgRNA is not the
same that of proteins, as evidenced by the fact that U6 promoter is recognized by RNA
polymerase III (232) while promoters for proteins like CD11c are recognized by RNA

polymerase II (233).

We next decided to use a different strategy and to instead transduce plasmids expressing
U6 promoter-driven sgRNA and CD11c promoter-driven Cas9 into WT hematopoietic stem cells.
The pLenti-GFAP vector created by Wheeler et al. (234), where sgRNA expression is driven by

U6 promoter while GFAP promoter (an astrocyte-specific protein) drives the expression of Cas9,
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is very similar to what we would like to achieve. This vector has the additional advantage of
having EGFP also driven by the GFAP promoter together with Cas9, which allows for quick
validation of promoter efficiency. As such, using this vector as the backbone, we switched out
the GFAP promoter for CD11c promoter (Figure B.1). We then used the new vector (coined
pLenti-CD1lc) to create bone marrow chimeras in place of the original plasmid vector used in
CHIME. To test for the efficiency of gene deletion, we used CD205, a non-essential cell surface

protein expressed on cDCls (85) as a target gene.

Eight weeks after bone marrow transplant, splenocytes were harvested and analyzed with
flow cytometry. We found that the CD11c promoter in our vector does preferentially drive the
expression of GFP in CD11c-expressing cells (Figure B.2). Nonetheless, there is clearly room for
optimization of the specificity and efficiency of CD11c promoter since there was some leakiness
and some cells that did not express CD11c were GFP+. The levels of GFP expression in CD11c+
cells were also lower than ideal. Optimization can be done by adjusting the length and sequence
of the promoter fragment. In addition, improving the transduction efficiency of bone marrow
stem cells may widen the difference in percentage of GFP+ cells between CD11c expressing and
non-expressing cells. The viral titer used for transduction in the original CHIME protocol was
calculated based on transduction of 293T cells, whereas with pLenti-CD11c viral titer was
measured using qPCR. These two methods may give different viral titers and an optimal MOI for

transducing stem cells using pLenti-CD11c will have to be determined.
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Figure B.1: Plasmid map. Adapted from (234). GFAP promoter driving Cas9 and EGFP
expression in the original vector was switched out for a 700bp fragment of the CD11¢ promoter
using Gibson assembly.
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Figure B.2: pLenti-CD11c drives GFP expression in CD11c+ cells. Bone marrow chimeras
with hematopoietic cells that had Casp3 or Cd205 knocked out via CRISPR/Cas9 using the
pLenti-CD11c vector were created using CHIME. Eight weeks later, splenocytes were harvested
and analyzed with flow cytometry. Splenocytes were classified based on their CD11c expression
(CD11chieh, CD11¢intermediaie and CD11c'°%- cells) and the percentage of cells that expressed GFP
was measured. n = 3 and data are representative of two independent experiments. ****P <
0.0001, analyzed with two-way ANOVA and Sidak’s multiple comparisons test. Data are
represented as mean + SD.
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We also found that pLenti-CD11c allowed for the deletion of target genes by measuring
the expression of CD205 on ¢DCls. ¢cDCl1s from mice given bone marrow stem cells transduced
with vector carrying sgRNA for Cd205 had significantly lower CD205 expression than those
with sgRNA for Casp3 or empty vector control (Figure B.3). Within the same mouse, GFP+ (and
therefore Cas9-expressing) cDC1s with vector for Cd205 knockout had a lower percentage of
CD205+ cells compared to GFP- ¢cDCls. This difference is not seen with Casp3 or empty vector
control, suggesting that our plasmid vector does work as intended. However, the knockout is not
complete and more work will have to be done to determine if this level of knockout is enough to
be physiologically relevant. The efficiency of knockout may also be improved by optimizing

promoter and transduction efficiency.

A limitation of pLenti-CD1Ic is that it only allows the deletion of a single gene. This
prevented us from using it to study apoptosis in DCs upon C. trachomatis infection since, as
shown in Chapter 3, we found that two pro-apoptotic genes (Bakl/Bax or Casp3/Casp7) had to
be knocked out at once to have an effect on cell viability. Nonetheless, this plasmid vector can be
used to study the role of single genes in DCs in future experiments, as well as further edited to
allow deletion of two genes instead of one. Overall, with some optimization, this could be a

useful tool to investigate the effects of DC-specific gene knockout both in vitro and in vivo.
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Figure B.3: CD205 is knocked out in DCs by pLenti-CD11c. Bone marrow chimeras with
hematopoietic cells that had Casp3 or Cd205 knocked out via CRISPR/Cas9 using the pLenti-
CD1lic vector were created using CHIME. Eight weeks later, splenocytes were harvested and
CD205 expression of cDCls analyzed with flow cytometry. (A) Histogram of CD205 expression.
(B) Percentage of GFP+ and GFP- ¢cDCls that were CD205+. n = 3 and data are representative
of two independent experiments. ****P < (0.0001, analyzed with two-way ANOVA and Sidak’s
multiple comparisons test. Data are represented as mean + SD.
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MATERIALS AND METHODS

Growth and isolation of bacteria

Chlamydia trachomatis serovar L2 (434/Bu; ATCC) were propagated in McCoy cell monolayers
as described previously (151, 152). Aliquots of purified elementary bodies were stored at —80°C
in 250mM sucrose-phosphate-glutamate (SPG) buffer and thawed immediately prior to use.

Where indicated, heat-killing was achieved by incubating C. trachomatis for 20 minutes at 65°C.

Mice

C57BL/6J, B6.SJL-Ptprc? Pepc®/BoylJ (CD45.1), and B6J.129(Cg)-les2tm!-1(CAG-cas9")Mmw/ | mjce
were purchased from The Jackson Laboratory (Bar Harbor, ME). All mice were housed in the
Harvard Medical School Center for Animal Resources and Comparative Medicine, and all

experiments were approved by Harvard’s Institutional Animal Care and Use Committee.

Dendritic cell isolation and infection
Spleens were harvested from mice and single cell suspensions created using gentleMACS
Dissociator (Miltenyi Biotec) as per manufacturer’s instructions. Red blood cells were lysed with

tris-ammonium-chloride.

Flow cytometry

All antibodies were purchased from BioLegend unless otherwise noted. After isolation, cells
were pre-incubated with anti-mouse CD16/CD32 (2.4G2) and stained with fluorochrome-
conjugated antibodies against mouse CD11c¢ (clone N418), MHC class I-A® (clone AF6-120.1),

CD11b (clone M1/70), CD8a (clone 53-6.7), F4/80 (clone BM8), CD4 (clone GK1.5), CD3
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(clone 17A2), CD45.1 (clone A20), CD45.2 (clone 104), TCRb (clone H57-597), CD49b (clone
HMa?2), IgM (clone RMM-1), CD2 (clone RM2-5), CD117 (clone S18020A), TER-119 (clone
TER-119), Gr-1 (clone RBC-8C5), CD3e (clone 145-2C11), CDS5 (clone 53-7.3), B220 (clone
RA3-6B2), CD205 (clone NLDC-145) and a Live/Dead fixable aqua dead cell stain kit
(Invitrogen) or Zombie NIR fixable viability kit (BioLegend). The absolute cell number was
determined using AccuCheck counting beads (Invitrogen). Data were collected on a LSR II or

Symphony A1/AS (BD Biosciences) and analyzed using FlowJo (Tree Star, Ashland, OR).

Guide RNA design and cloning

A 700bp fragment of CD11c promoter (231) was substituted for the GFAP promoter in the pLenti-
GFAP vector generously provided by Francisco Quintana (234) to create pLenti-CD11c. Briefly,
sgRNA nucleotides were designed using the Broad CRISPR algorithm. Casp3: 5°-
CATGCAGAAAGACCATACAT-3’; Cd205: 5-GTCACGAAACTCCATAATGG-3’. sgRNA
nucleotides were cloned into the plasmid vector using BsmBI (New England Biosciences)

restriction digest.

Generation of lentivirus

Lentiviral constructs were generated by transfecting 293T cells (ATCC) grown in DMEM
(Corning) supplemented with 10% FBS with pMD2.G (Addgene #12259), psPAX2 (Addgene
#12269), and the edited pLenti-CD11c. Seventy-two hours post-transfection, lentivirus in media
were harvested and concentrated using ultracentrifugation. Viral titer was determined by using

the qPCR Lentivirus Titration Kit Applied Biological Materials).
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Creation of bone marrow chimeric mice

Bone marrow chimeras were generated as previously described (170). Briefly, tibias, femurs,
hips, and spines were harvested from C57BL/6J mice and LSK (lineage Sca-17Kit") cells were
isolated by CD117 Microbeads kit (Miltenyi Biotec) followed by FACS sorting. LSK were spin
transduced with lentiviral constructs on a Retronectin-coated plate (TakaraBio) and transferred

intravenously into lethally irradiated Cas9-expressing CD45.2"" recipients.

Statistical analysis

Statistical analysis was performed using Prism (Graphpad) unless otherwise stated, and the
specific tests used are stated in figure legends. Differences were considered statistically
significant if the P value was less than 0.05. *P < 0.05, **P < 0.01, *** P <0.001; ****P <

0.0001. Data are represented as mean = SD.
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