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Abstract

CD8* T cells are key in mediating immune responses to viral infections. Viral infections
can be acute, in which the infection is resolved, or chronic, in which antigen persists in the
body. Several studies have illustrated that CD8* T cells adopt distinct functional states in each
infection type. In acute infections, naive CD8'T cells become activated, undergo vigorous
clonal expansion and differentiate into cytotoxic CD8* T cells (CTLs). CTLs induce apoptosis of
virus-infected cells by releasing cytolytic molecules such as granzymes, defensins and
perforins. Following resolution of the infection, majority of CTLs undergo apoptosis, whereas
5-10% are maintained as memory CD8"* T cells. In chronic infections, activated CD8* T cells
adopt an altered state known as exhaustion. Exhausted CD8* T cells lose effector functions
and show high expression of inhibitory receptors such as PD-1. Several studies have
characterized CD8* T cell exhaustion at late time-points after a persistent infection has
already been established. Recent studies have begun to demonstrate that CD8* T cell
exhaustion may be specified during earlier phases of a developing chronic infection (1), as
early as after the first cell division following T cell activation. However, these studies do not
address the effect of biological sex on early CD8" T cell responses to chronic infection. Sex
differences in infectious diseases susceptibility and outcomes are well-appreciated. However,
the cellular and molecular mechanisms underlying sex differences are understudied. The role
of sex bias in the development of CD8" T cell exhaustion and in the molecular programs
underlying CD8* T cell responses to acute and chronic viral infections remains undefined. This
study, therefore, set out to investigate early and sex-based differences in the transcriptional

profiles of CD8" T cells that underlie their responses to acute versus chronic viral infection.



The mouse model of acute and chronic lymphocytic choriomeningitis virus infection
was used to comparatively analyze single antigen-specific CD8" T cell transcriptional
signatures during acute versus chronic infection at multiple time-points post-infection. Next
sequencing (NGS) was coupled with bioinformatics-based approaches to analyze our single-
cell RNA sequencing (scRNA-seq) data. Our results reveal an early transcriptional divergence
of CD8* T cells responding to acute versus chronic viral infection. We show that there are sex-
specific differences in the transcription profiles of single CD8" T cells responding to acute
versus chronic viral infection at an early time-point and at the clonal expansion phase after
primary infection. We demonstrate sex differences in the expression of pro-inflammatory
cytokine expression as well as in the clonal expansion of antigen-specific CD8* T cells between
the two infection types. We further identify potential sex-specific candidate regulators of
CD8* T cell differentiation. These findings suggest that the molecular mechanisms governing
CD8* T cell responses to acute versus chronic viral infection are differentially regulated
between males and females, which can occur during early phases of infection. Overall, the
findings in this thesis uncover novel insights into how and when sex differences in CD8* T cell
immunity to acute and chronic viral infection arises and provides the foundation for future

sex-based mechanistic studies of CD8* T cell differentiation.
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1 Introduction

1.1 CD8*T cell Development

CD8* T cells play a crucial role in cell-mediated immunity by recognizing and eliminating
tumor cells or cells infected with intracellular pathogens such bacteria and virus. The
development of CD8* T cells is a complex process that involves various stages of
differentiation and selection. CD8* T cells develop from common lymphoid progenitor stem
cells of the red bone marrow. Under the influence of chemotactic agents and thymic factors
such as thymotaxin, thymosin and thymopoietin, progenitor T cells leave the bone marrow
for the thymus where they undergo maturation. During thymic maturation, T cells progress
through distinct stages characterized by expression of antigen receptor genes, CD4 and CD8
co-receptor molecules, and distinct location in the thymus. The earliest immigrants to the
thymus do not express T cell Receptors (TCRs), CD4 or CD8 molecules. Thymocytes, which are
developing T cells in the thymus, initially populate the outer cortex. Here, they undergo
proliferation, rearrangement of TCR genes and surface expression of TCR, CD3, CD4 and CD8
molecules. Within the cortex, precursor T cells in undergo selection processes that further
drive their maturation. Positive selection occurs in the thymic cortex, where thymic epithelial
cells present self-peptides on major histocompatibility complex class | (MHC-I) molecules to
T cell precursors. At the same time, bone marrow derived dendritic cells and bone marrow
derived macrophages in the thymus present self-peptides on major histocompatibility
complex class Il (MHC-II) molecules to T cell precursors. The interaction of immature
thymocytes with cortical epithelial cells and antigen presenting cells (APCs) transduces a

survival and differentiation signal, protecting against cell death. Thymocytes with TCRs that
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weakly bind to self-peptide-self-MHC molecules survive. Conversely, precursor T cells with
TCRs that are unable to engage the peptide-MHC ligand on fail to receive a survival signal and
die (2,3).

Thymocytes that survive positive selection have TCRs with varying affinities for self-
antigen presented by self-MHC molecule. Most negative selection occurs in the thymic
medulla and is mediated by thymic dendritic cells and medullary thymic epithelial cells
(mTECs). mTECs transcribe genes that are normally expressed in peripheral tissues(3).
Specialized APCs having class | and class || MHC molecules present self-antigens derived from

widely expressed protein antigens including proteins restricted to specific tissues(2).

Negative selection occurs when the TCR of a thymocyte recognizes a peptide-MHC
ligand with high affinity, signalling the cell for apoptosis. This process eliminates potentially
self-reactive thymocytes and generates a repertoire of peripheral T cells that is tolerant to
self-antigens(4), thus preventing autoimmunity. Negative selection can occur before or after

positive selection and in thymocytes at all stages of development (3).

Following positive selection, developing thymocytes in the medulla mature into either
CD4* or CD8* T cells. Interaction with a peptide-MHC class | ligand positively selects for MHC
class-I-restricted, CD8* T cells, whereas recognition of a peptide-MHC class Il ligand signals for
the development of MHC class-ll-restricted, CD4*, helper T cells (3). After screening and
maturation in the spleen, CD8* T cells leave the thymus and enter circulation as resting cells
in the GO stage of the cell cycle. Naive CD8* T cells recirculate between the blood and lymph

system, residing in secondary lymphoid organs/tissues such as the spleen and lymph nodes.

1.2 CD8* T cell Activation
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CD8* T cell activation is an intricate process involving various steps such as, antigen
presentation, co-stimulation, signal transduction, and regulation. Activation is initiated when
CD8* T cells identify antigens presented by MHC-I molecules on the surface of APCs, tumor
cells or cells infected by virus or intracellular bacteria. After interacting with infected or tumor
cells, CD8* T cells navigate across the surface, converting mechanical energy into signals that
activate their TCR complex. Once activated, CD8* T cells establish immunological synapses (IS)
with tumor or infected cells, where their TCR and CD8 co-receptor interact with the presented

peptide and the MHC-a subunit, respectively, to confirm the tumor or infected cell’s nature.

Figure 1. Immunological synapse assembly. The IS features the central supramolecular
activation cluster (cSMAC) characterized by the presence of TCRs and TCR-associated proteins
such as the co-stimulatory receptor CD28, the peripheral SMAC (pSMAC) enriched in the
integrin LFA-1 and the distal SMAC (dSMAC) enriched in TCR-CD28 microclusters that move
centripetally driven by F-actin. Image was created in Biorender.

Formation of the immunological synapse (IS) necessitates two essential components:
the interaction between T-cell receptor and peptide-major histocompatibility complex, along
with the accumulation of co-receptors, adhesion molecules, and signaling and cytoskeletal
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elements at the contact area between the T cell and APC. Once fully formed, the IS exhibits a
distinctive "bull's eye" structure characterized by concentric domains called supramolecular
activation clusters (SMACs). These SMACs differ in their molecular composition and function.
The central SMAC (cSMAC) is primarily enriched in TCRs and TCR-associated proteins, and it
is surrounded by the peripheral SMAC (pSMAC), which is enriched in integrins like lymphocyte
function-associated antigen (LFA-1) and cytoskeleton-associated proteins. Surrounding the
pPSMAC is the distal SMAC (dSMAC), which is enriched in F-actin as well as molecules that are
excluded from the center of the IS (5) (refer to Figure 1). Before the killing mechanism is
triggered, a co-stimulatory signal from the CD28 co-receptor is necessary. CD28 receptors on
CD8* T cells interact with CD80/B7.1 or CD86/B7.2, which are highly expressed on APCs,
macrophages and activated B cells. This secondary signal prevents CD8* T cells from
responding to self-antigens, thus minimizing the risk of tissue damage and autoimmunity (6).

Assembly of the CD8* TCR complex and CD28 co-stimulation initiate a cascade of
intracellular events that result in the transcription of genes driving the cell cycle. The cell
enters the G1 phase of the cell cycle, increases transcription of the il-2 gene and the a chain
of the high affinity IL-2 receptor (CD25). Consequently, il-2 mRNA transcription increases, and
its stabilization amplifies IL-2 production by about 100-fold in the activated T cell. IL-2, a
cytokine and potent T cell mitogen, plays a critical role in regulating CD8* T cell proliferation
and differentiation during the expansion phase. In vivo mice studies have demonstrated that
blocking IL-2 signalling can lead to reduced CD8* T cell proliferation. While TCR stimulation
alone can induce CD8" T cell proliferation, the absence of IL-2 signaling results in suboptimal
expansion and slower progression through the cell cycle(7).

While the initial division of Ag-specific CD8* T cells following priming can be IL-2

independent, sustained exposure to IL-2 is crucial for prolonged expansion of CD8* T cells.
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Deprivation of IL-2 leads to decreased cell viability, loss of CD25 expression, and reduced
cellular protein content, including key regulators of the cell cycle such as cyclin D2, cyclin D3,
cyclin A, cyclin B1, cyclin B2, CDK4, CDK6, CDK1, p15, and p21. In vivo mice studies have shown
that presence of IL-2 in culture reduces the minimum threshold of TCR signaling required to
initiate cell cycle entry(7). About 48 hours after activation, the naive T cell enlarges into a blast
cell followed by repeated rounds of cell division. The secretion of IL-2 and subsequent binding

to CD25 induces the activated naive T cell to proliferate and differentiate (6).

1.3 CDS8* T cell Differentiation

Distinct CD8* T cell subsets with specialized functions are crucial for a robust immune
response. Recent studies employing single-cell adoptive transfer and 'genetic barcoding'
approaches have unveiled the remarkable ability of a single-CD8* T cell to generate diverse
progeny with distinct functions(8) (9). How a single activated T lymphocyte yields different
fated progenies including effector and memory, and the time at which those differentiation
pathways diverge, has remained controversial in the field. Proposed models of CD8* T cell
differentiation have investigated the influence of TCR signal-strength, environmental cues,

and transcriptional changes on T cell differentiation.

One model, known as the separate pre-cursor model, proposes that naive T cells
possess inherent programming acquired during their development in the thymus. This
programming guides their differentiation into specific states upon activation. However,
limited empirical evidence currently supports this model (10). On the contrary, single cell
profiling studies employing ‘genetic barcoding’ approaches unveiled that a single CD8* T cell

is multipotent, and a wide range of diversity could develop out of a single precursor cell,
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including different types of effector and memory T cells under different infection conditions

including L. monocytogenes and influenza A and tumor challenge.

An alternative possibility is the linear differentiation path model, which proposes that
an activated naive CD8* T cell and progeny progress along a linear differentiation path, initially
becoming effector cells, and a subset of those cells later acquiring the memory fate (11,12).
According to this decreasing-potential model, effector T cells acquire diverse differentiation
states based on the collective signals they encounter throughout an infection. Repetitive
exposure to antigenic stimulation, along with additional signals like IL-2 and interleukin-12(IL-
12), enhances effector T cell proliferation and terminal differentiation. While these cells retain
their effector functions and cytolytic capacity, they lose certain properties characteristic of
memory cells, including enhanced longevity, proliferative potential, and expression of
interleukin-7 receptora (IL-7Ra). This linear progression model offers a framework for the
generation of a diverse spectrum of effector T cells at various differentiation states, based on
the cumulative history of signals encountered during infection. This model can be viewed as
one of late divergence in that diversification into distinct T cell fates occurs in later stages of
the immune response(10).

The signal-strength model proposes that the strength of TCR and cytokine signals
received during initial priming specifies whether the progeny of an activated naive T cell
adopts a terminal effector or memory cell fate. The generation of heterogeneous populations
of effector cells is influenced by the overall strength of three key signals encountered during
the early priming of T cells: antigen (signal 1), co-stimulation (signal 2), and pro-inflammatory
cytokines (signal 3). When these signals combine, a robust and potent signal can promote
extensive clonal expansion and play a crucial role in selecting T cells capable of forming long-

lasting memory cells. However, an excessive magnitude of this strong signal can also induce
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terminal differentiation of effector T cells. This model diverges from the decreasing-potential
hypothesis as it allows for the early specification of different cell fates in a more varied
manner, depending on the intensity of the received signals, rather than following a linear,
stepwise progression driven solely by successive rounds of stimulation(10).

The asymmetric cell division model is another early divergence model which proposes
that terminal effector and memory T cell fates can be can arise from a single precursor T cell,
and can be identified as early as the first cell division(13). The daughter cell that inherits the
immunological synapse between a T cell and an APC, receives stronger TCR and co-stimulatory
signals. This enhanced signaling is attributed to close proximity to the APC and additional
signals mediated by pro-inflammatory cytokines like IL-12 and IFN-y (10).

During Listeria monocytogenes infection in mice, daughter cells proximal to the
immunological synapse ('proximal daughter cells') and distal to the immunological synapse
('distal daughter cells') adopt different fates, owing to asymmetric cell division. The most
proximal daughter cells more closely resembled short-lived effector CD8* T cells, while most
distal daughter cells more closely resembled central memory CD8* T cells (TCM) (14). Recent
studies have revealed that exhausted-like CD8* T cells can be identified as early as the first
cell division chronic LCMV infection in mice(1,15).

Furthermore, early fate divergence in lymphocytes could be due to unequal inheritance
of certain cell fate determinants by daughter cells following cell divisions. These include
interferon-y receptor (IFN-yR), IL-2Ra and the transcription factors such as T-box transcription
factor TBX21(T-bet), interferon regulatory factor 4 (IRF4) and T cell Factor 1 (TCF-1) (16).

The above models are not mutually exclusive and can be integrated in the understanding of

CD8* T cell differentiation.
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1.4 Role of CD8* T cells in viral infections

An effective response to viral infection requires the differentiation of a naive CD8* T cell
into a heterogeneous pool of CD8* T cell subsets with distinct functions. Viral infections may
be acute, in which the infection is resolved, or chronic, where viral antigens persist in the
body, thus the infection is not cleared. Several studies have illustrated that CD8* T cells adopt

distinct functional states in each infection type(17,18).

1.4.1 CD8" T cell response in acute infection

During acute viral infections, naive CD8* T cells in secondary lymphoid organs are
activated when their TCRs recognize foreign viral antigens presented by class | MHC molecules
on APCs like macrophages and dendritic cells (DCs). In addition to TCR stimulation, the
activation of naive CD8* T cells requires co-stimulation via CD28 signaling and production of
pro-inflammatory cytokine (18). Once activated, CD8" T cells undergo vigorous clonal
expansion and differentiate into short-lived effector CD8* T cells, also known as terminal
effectors or cytotoxic T lymphocytes (CTLs). These effector cells induce apoptosis of virus-
infected cells by releasing cytolytic molecules like granzymes, defensins and perforins.
Perforins create pores in the membrane of the target cell allowing granzymes to enter the
infected cell. Granzymes cleave proteins inside the cell, effectively shutting down production

of viral proteins and ultimately resulting in apoptosis of the target cell (19).

In addition to eliminating virus-infected cells by releasing cytolytic molecules, CTLs
secrete cytokines, interferon-y (IFN-y) and Tumor Necrosis Factor a (TNF-a). These cytokines
not only restrict viral replication in infected cells but also induce anti-viral responses in

neighbouring cells. Typically, antiviral CD8* T cells produce cytokines in a hierarchical manner,
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with the majority producing IFN-y, and a subset of those producing TNF-a (20). IFN-y signalling
via the IFN-y receptor (IFNyR) directly inhibits viral replication and enhances the expression
of MHC class | proteins on infected cells. Increased MHC Class | expression on infected cells
amplifies the likelihood of recognition as target cells for cytotoxic attack(21). TNF-a exerts its
effects through the predominant TNF-a receptor 2(TNFR2), which is expressed on immune
cells, including CD8" T cells. The interaction between TNF-a and TNFR2 provides early
costimulatory signals during CD8* T cell activation. Furthermore, TNF-a signalling induces the
expression of granzyme B in CD8* T cells, when a co-stimulation signal from with CD28/CD86
interactions is provided simultaneously, thereby reinforcing the cytotoxic activity (20). Once
the pathogen is cleared, there is a contraction phase where most (about 90-95%) of effector
CD8* T cells undergo apoptosis, while a small population (5-10%) survives and transitions into
memory T cells. Memory CD8* T cells are sustained long-term via homeostatic proliferation

and respond more vigorously than naive cells upon re-infection.
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Figure 2. CD8* T cell response kinetics during an acute viral infection. Image was created in
Biorender
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Memory CD8* T cells include circulating effector (Tem) and central (Tcm) memory cells
and non-circulating tissue resident memory (Trv) CD8* T cells. CD8* T cell differentiation from
naive into effector and memory subsets is critical for effective clearance of the pathogen and
establishment of long-lasting immunity against re-infection(19). This differentiation process
involves various changes at the transcriptional, epigenetic and metabolic level (22). While
the cytotoxic functions of CD8* T cells are crucial in eliminating viruses, excessive killing of
host cells can lead to immunopathological damage, and sometimes death (23). Effector and
memory CD8* T cell subsets can be distinguished based on differential expression of specific
cell surface markers and key transcription factors. Certain transcription factors play a
significant role in determining whether CD8* T lymphocytes differentiate into either an
effector or memory CD8* T cells. Memory precursor effector cells (MPECs), can be identified
based on their high expression levels of surface markers such as CD127, IL-7Ra, CD27, CD28,
CD62L, CXCR3 and their decreased expression of killer cell lectin-like receptor G1 (KLRG1). By
contrast, short-lived effector CD8 T cells display high expression of KLRG1 and low expression
of IL-7Ra (24).

In-depth research in the past decade has identified key transcription factors that
regulate the differentiation of effector and memory T cells. A fascinating emerging concept
suggests that pairs of transcription factors operate in opposing ways to determine whether
CD8* T lymphocytes adopt a terminal-effector or memory fate. For example, high levels of
transcription factor T-bet foster the differentiation of effector CD8" T cells toward the
terminally differentiated state characterized by high expression of KLRG1. On the other hand,
the transcription factor Eomesodermin (Eomes), which is highly homologous to T-bet,

particularly in the DNA-binding domain, appears to induce the development of memory CD8*
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T cells rather than KLRG1" effector CD8" T cells(25). Intricate mechanisms underlie the
differentiation of CD8* T cells into either effector or memory T cell subsets, and may be
dependent on whether the pathogen is cleared as seen in acute infections, or persists, as is

the case in chronic infections.

1.4.2 CD8" T cell response in chronic infection

Initial stages of CD8* T cell expansion are similar in acute and chronic viral infections.
However, in chronic infections such as HIV and HCV, CD8* T cells lose their effector functions
and become exhausted. In 1993, Moskophidis et al., described exhaustion as the deletion of
antigen-specific CTLs during LCMV infection (26). Building on this, others later showed that
CTLs recognizing certain viral epitopes were deleted while other epitope responses persisted
in the host with diminished antiviral function (27,28). Together, these works demonstrated
that a polyclonal T cell repertoire could give rise to different cell fates, thereby suggesting
that different manifestations of CD8* T cell exhaustion could exist. The lymphocytic
choriomeningitis virus (LCMV) model system provided well-established and controlled
approaches to understanding T cell exhaustion. The system has been extensively used in

biological research and is associated with fundamental discoveries in viral immunology.

1.4.2.1 CD8*T cell exhaustion

Fundamental qualities of T cell exhaustion were established in the LCMV model of
chronic viral infection (26—28). CD8* T cell exhaustion is a gradual process that develops over
the first three weeks of a chronic infection(29). In early stages, exhausted CD8* T cells lose

effector cytokine production starting with IL-2 followed by TNF-a and IFN-y(30). Additionally,
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the cytotoxic capacity of these cells is impaired, as they show reduced killing activity in vivo
but can kill target cells in vitro(31). Loss of effector functions is subsequently accompanied
by high expression of inhibitory surface receptors such as programmed cell death 1 (PD-1),
Lymphocyte-activation gene 3 (lag3), T cell immunoglobulin and mucin-domain containing-3
(Tim-3), CD244 and CD160. Additionally, exhausted CD8" T cells are characterized by
dysregulated metabolism, poor memory recall response and impaired homeostatic
proliferation(32—34). Altogether, loss of proliferative and cytotoxic functions, allow for long-
term persistence of antigen in chronic infections(35). In acute infections, inhibitory receptors
(IR) are expressed by effector CD8* T cells where they function to attenuate excessive T cell
activation to limit immunopathology or autoimmunity, followed by a decrease once the
infection is resolved. After pathogen clearance, IR expression decreases and subsequent
resting memory CD8* T cells often have low IR expression. However, in chronic infections and
cancer, exhausted CD8* T cells consistently express multiple IRs simultaneously, at high levels

after initial activation (32).
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Figure 3. Canonical characteristics of CD8* T cell exhaustion. Image was created in Biorender.
By comparing functional and exhausted T cells through microarray analysis, Barber et
al. were the first to show that PD-1 is upregulated during the short-lived effector response in
acute infection, but remained elevated in exhausted T cells from chronic LCMV(36). They also
provided evidence that blocking PD-1 binding to its ligands PD-L1 and PD-L2 could improve T
cell function. Specifically, antibody blockade of the ligand increased T cell proliferation,
increased frequency of IFN-y producing cells as well and enhanced viral control(36).

Several other studies established PD-1 as a ubiquitous marker of T cell exhaustion and
provided key insights into the regulation of PD-1 in several human chronic viral infections
including HIV, HCV and HBV(33,37,38). In particular, PD-1 was upregulated on HIV-specific
CD8* and CD4* T cells, and levels of PD-1 expression correlated with markers of HIV disease
progression such as plasma viral load. (25,39,40). HCV studies showed that PD-1 was
expressed early on most HCV-specific T cell responses, and that PD-1 expression dissipated in

resolvers but not in chronic HCV settings. This was observed in both peripheral and
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intrahepatic CD8" T cell compartments.(41,42). Flow cytometry experiments using high
affinity antibodies for PD-1 discovered that expression of PD-1 is not uniform across the pool
of CD8* T cells in chronic infection. There exists a sub-population of cells that expresses only
intermediate levels(43). This pool of intermediately exhausted cells (PD-1int) were distinct
from terminally exhausted cells (PD-1high) in that they responded better to anti-PDL1
treatment by expanding and re-acquiring effector functions(43).

The pool of exhausted CD8* T cells in LCMV infections is heterogeneous, consisting of
subsets with distinct functional properties and developmental potential. For instance, up to
seven different inhibitory receptors are expressed in various combinations on exhausted CD8*
T cells. Higher diversity and density of inhibitory receptors on the cell surface correlates with
severity of exhaustion in LCMV infections. Progenitor or precursor Tex cells are characterized
by intermediate expression of PD-1 while terminally exhausted CD8* T cells are defined by
heightened expression of inhibitory receptors such as PD-1, LAG-3, TIM-3, TIGIT, 2B4 and
CD160 (1,32). Additionally, the cognate ligands for many of these IRs are upregulated on APCs,
tumor cells, and other cells during chronic infections and cancer(32). The differentiation
between terminally exhausted and precursor exhausted T cells based on their specific
inhibitory receptor profiles provides valuable insights into the progressive stages of T cell
exhaustion. However, better biomarkers for CD8*T cell exhaustion are needed, beyond the
presence of inhibitory receptors due to their complex heterogeneity in expression. Moreover,
the mechanism of the induction of exhaustion remains understudied, along with the possible
roles of the inhibitory receptors in maintaining, promoting, or defining the exhausted
phenotype.

Characteristic features of exhausted T cells were mainly identified using bulk

transcriptional measurements. Advanced mass cytometry and single-cell transcriptomics
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have enabled better elucidation of the exhausted T cell pool in chronic infections(44—46). In
2007, Wherry et al. published the first systems-level analysis of exhausted T cells in chronic
LCMV which revealed distinct transcriptional differences between effector and memory cells
from acute infection and exhausted cells from chronic infection with LCMV (29). In 2022, by
using LCMV model of CD8* T cell differentiation in combination with single-cell transcriptional
and epigenetic analyses to investigate the developmental trajectories of effector CD8* T cells
(Teff), memory CD8* T cells (Tmem) and exhausted CD8* T cells (Tex) cells, the same group
identified shared and distinct transcriptional and epigenetic programs underlying these
cellular identities. For instance, they identified a Tex subset expressing Natural Killer (NK)
receptors in both chronic and acute LCMV infections, which they designated Exh-KLR.
Although these Exh-KLR CD8* T cell subsets in LCMV-Arm (Acute) and LCMV-Cl13(chronic)
infection shared similar biological circuits, including a requirement for Zeb2, these subsets
were otherwise largely distinct cell types(47).

Exhausted T cells had a unique transcriptional signature beyond high PD-1 expression
and could be distinguished from other signatures of impaired T cell function like anergy
(29,47). Distinct transcriptional features associated with CD8" T cell exhaustion can be
identified at the peak of infection(47) and as early the first-cell division following activation
(1). Some regulatory factors are differentially expressed in exhausted CD8* T cells include
inhibitory & surface receptors (pdcd1, ctla4, lag3), molecules associated with homing and
migration (Ccl5, Cxcr3), survival and proliferation (Bc/2, Casp3) as well as metabolism (Acas2],
Pdhal1)(29,47). Exhausted T cells also express key transcription factors such as Blimp-1 and
NFAT (29,31).

Exhausted CD8* T cells exhibit heterogeneity and can be categorized into at least three

distinct states. The progenitor or precursor state is characterized by elevated expression of
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TCF-1, SLAMF6, and CXCR5, intermediate expression of PD-1 while showing low levels T-bet
and Eomes. The second intermediate or transitory phase is marked by high levels of T-bet,
CX3CR1, TIM3, intermediate expression of PD-1 and reduced levels of Eomes. Lastly, in
addition to the heightened expression inhibitory receptors such as PD-1, LAG-3, TIM-3, TIGIT,
2B4 and CD160, terminally exhausted CD8* T cells are defined by high levels of Eomes and
diminished levels of T-bet (1,32).

Transcriptional profiling of CD8* T cells with high and low antigen stimulation revealed
TOX as a major transcription factor required for the acquisition of an exhausted phenotype in
CD8* T cells following chronic antigenic stimulation (48). TOX is induced by calcineurin and
NFAT2 and operates in a feed-forward loop in which it becomes calcineurin-independent and
sustained in terminally differentiated Tex cells(49). Further, Alfei et al., showed that TOX is
indispensable in generation of the exhausted phenotype affecting expression of IFN-y and T
cell homing. Genetic ablation of TOX restores effector secretion of INF-y and TNF-a (50).
Moreover, network analysis of exhaustion-associated transcriptional changes pointed
towards altered pathways and proposed additional regulators of exhaustion such as the
transcription factors T-bet, Eomes, and Helios(51). The heterogeneity of exhausted T cells,
categorized into progenitor, intermediate, and terminally exhausted states, highlights the
complexity of this phenomenon. The identification of key transcription factors, such as TOX,
and the exploration of transcriptional and epigenetic programs provide valuable insights
understanding the induction and maintenance mechanisms underlying the CD8* T cell

exhaustion.
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1.5 Sex-based differences in viral infections

Sex is a biological variable that influences disease incidences and outcomes (52,53). Sex
can be described as female, male, or intersex based on a composite of sex chromosomes (e.g.,
46XXor 46XY), gonads (e.g., ovaries or testes), and gonadal hormones (e.g., estrogens or
androgens)(53). Males are typically more susceptible to infections by various pathogens as
evidenced by higher prevalence rates of leishmaniasis and tuberculosisreported in males
compared to females (54). Similarly, in viral infections including HIV, Influenza Virus (avian
H7N9), MERS-COV and Hepatitis B, males exhibit incidence rates compared to their female
counterparts. Additionally, males infected with hepatitis C virus and HIV exhibit higher viral
loads than their female counterparts (55,56), suggesting that females can limit pathogen
growth more effectively. On the other hand, at comparable viral loads, symptoms of infection
are often significantly worse in females compared with males. This can be seen in influenza
infections during which females experience more severe disease than males (57). As
discussed in (58), sex differences are observed in pathogen load, incidence, prevalence and

severity of disease in humans following viral infection.

Table 1. Sex Differences in severity of viral infections

Male Bias Female Bias

Coxsackievirus Influenza Viruses
Ebolavirus HIV
Hantaviruses

Hepatitis B virus

MERS-CoV

SARS-CoV

SARS-CoV 2
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Table 1 above outlines sex differences in severity of viral infections referring to
hospitalization or disease state progression as reported by (58). Severe symptoms can be
attributed to stronger innate and adaptive immune responses observed in females (59).
Stronger immune responses confer better protection against infections and increase vaccine
efficacy. However, enhanced immune responses in females can be pathological and are a
risk factor for the development of autoimmune diseases. Higher prevalence of rheumatoid
arthritis, multiple sclerosis and systemic lupus erythematosus (SLE) have been reported in

females than males, with SLE being the most sex-disparate (60).

1.6 Sex-based differences in CD8* T cell responses

Sexual dimorphism in infectious disease outcomes can be attributed to differences in
the immune response during infection, including the CD8* T cell response. For example, using
microarray analysis Patel et al.,, showed that female CD8'T cells exhibit enhanced
upregulation of antiviral and pro-inflammatory genes after in vitro stimulation with PMA-
ionomycin (57). This observation may explain why females are less vulnerable to intracellular
pathogens yet respond with more inflammation. A recent study involving murine infections
with vaccinia virus and Listeria monocytogenes demonstrated that male and female CD8* T
cells respond differently to intracellular pathogens. Female CD8* T cells were shown to have
an inherent propensity to undergo effector cell differentiation post-infection with both
pathogens while male CD8" T cells were more likely to become memory precursor effector
cells (61), suggesting that females have an enhanced ability to clear intracellular pathogens in

this study.

The mechanisms that underlie differences in CD8* T cell responses between the sexes
are complex and can involve immunological, hormonal, and (epi-) genetic factors. These
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factors may be cell-intrinsic or influenced by environmental differences between males and
females.
Cell-intrinsic factors may include variations in gene expression and epigenetic modifications
between the male and female CD8* T cells. Additionally, signaling pathways that affect the
activation, differentiation, and function of CD8" T cells may be regulated in a sex-specific
manner.

Alterations in gene expressions between males and females can be attributed to genes
linked to sex chromosomes. In humans, sex chromosomes are heterologous in males (XY) and
homologous in females (XX). Many genes on the X chromosome regulate immune function
and play an important role in modulating sex-differences during infection(52). The human X
chromosome contains over 1,100 annotated genes that include a significant number of
immune related genes, such as interleukin 2 (IL-2) receptor-y chain, IL-3 receptor-a chain, IL-
13 receptor-a chains, Toll-like receptor 7 (TLR7), TLR8, GATAL, IL-1 receptor-associated kinase
1 (IRAK1), CD40 ligand and FOXP3. These genes code for proteins ranging from PRRs (for
example, TLR7 and TLR8) to cytokine receptors (for example, IL2RG and IL13RA2) and
transcriptional factors (for example, FOXP3) (52,62). X-linked genes are determinants of sex-
specific immune responses. Females have two X chromosomes (XX) while males have one
(XY). Therefore, to equalize gene expression between sexes, females undergo a process called
X chromosome inactivation (XCl). During XCl, one copy of a gene is silenced to ensure only a
single copy functions in each sex. A copy on either X chromosome is randomly chosen to be
transcriptionally silenced. The X-inactive specific transcript (XIST) gene initiates XCI.
Approximately 15% of X genes in humans and 3% in mice escape X inactivation and are found
in higher copy number in females than males (52). In this regard, immune-associated genes

that map to the X chromosome are of keen interest because they can affect the nature and
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intensity of immune responses between the sexes, depending on whether they escape XClI.
Reactivation of the usually silent second X chromosome in females promotes sex differences
in the immune system. As an example, C-X-C chemokine receptor type 3 (CXCR3) is an
important immune-related gene that maps to the X chromosome (57). CXCR3 is expressed by
activated CD4* T cells, CD8* T cells, macrophages, dendritic cells, and other immune cells(57).
This inducible chemokine receptor is critical for migration of effector CD8* T cells into
tissues(63). Studies have shown that CXCR3 escapes XCl in T cells when activated in vitro as
well as during in vivo infection with L. Mexicana (64). Given that CXCR3 is involved in CD8* T
cell migration, differentiation, and activation, the increased protein expression observed
following escape of X-chromosome inactivation could potentially result in enhanced immune
response in females leading to significant biological consequences in infectious disease. Other
immune related X-linked genes that escape XCl can result in heightened immune responses
in females. The Y chromosome also contains numerous regulatory response genes that can
influence susceptibility of males to viral infections(52).

Innate responses that influence CD8* T cell differentiation can contribute to sex-based
differences in CD8* T cell responses. For example, detection of nucleic acids by pattern
recognition receptors (PRRs) differs between the sexes(52). TLR7 gene is encoded on the X
chromosome and can escape X inactivation leading to higher TLR7 expression in females
compared to males (65). Increased TLR7 signalling on APCs such as plasmacytoid dendritic
cells (pDCs) can enhance recognition of ssRNA viral antigens leading to stronger secondary
CD8* T cell activation in females. Innate immune responses are critical co-stimulatory signals
for CD8* T cells in the response to viral infection and can contribute to sex-based differences

in CD8* T cell responses.
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Hormone mediated effects between males and females can also affect CD8* T cell
differentiation and function(59,66). Sex hormones can act directly on CD8* T cells through
receptor signalling or indirectly by shaping the tissue niches they reside in. Lymphocytes and
myeloid cells express estrogens receptors (ER), androgen receptors (AR), and progesterone
receptors (PR). Sex steroid receptors act as nuclear transcription factors through different
ligand-dependent or ligand-independent mechanisms. Sex hormones can act both locally and
systemically, exerting a variety of immunological effects on adaptive immunity and CD8" T
cells in particular.

Estrogen can affect the maturation, differentiation, and function of T cells. Studies
have shown that human and murine CD8* T cells express both ERa and Erp, the two ER
subtypes for classical oestrogen signalling (66,67). In rodents, estradiol (E2) signaling through
Era and not ERB was shown to be necessary for effective differentiation of CD8* T cells(68).
Additionally, in vitro co-culture studies involving antigen-specific T cells and 17B-estradiol
showed that E2 treatment differentially affects anti-tumor effector functions of female and
male CD8* T cells. Female, but not male CD8* T cells, exhibit increased production of effector
molecules. Specifically, female CD8* T cells showed significant increase in IFNy and granzyme
B production as the hormone dosage increased (69). Levels of estrogen, for example, 173-
estradiol (E2), are variable during the menstrual cycle, high during pregnancy and low after
menopause in females (52). Hormonal changes during the menstrual cycle, act directly or
indirectly to regulate CD8* T cells cytotoxic activity during viral infections. A recent human
study investigating the effects of sex hormones on CD8* T cells in female genital tract showed
that estradiol directly suppressed cytotoxic activity, in particular the production of perforin
and granzymes by the endometrial (EM) CD8* T cells. Interestingly, incubation of polarized

endometrial epithelial cells with progesterone (P) increased TGFB secretion (70). TGFB has
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previously been implicated as a potent cytokine capable of suppressing T cell effector function
by downregulating granzyme, perforin, and interferon encoding genes(71). These findings
demonstrate that E2 acts directly on CD8* T cell to suppress cytotoxic activity while P acts
indirectly through induction of TGFB production.

On the other hand, androgens including dihydrotestosterone (DHT) and testosterone
have been shown to generally supress immune activity(52). For example, exposure to
testosterone in vivo can dampen innate immune responses such as NK cell activity and TLR
signalling in macrophages(52). AR expression has been identified on the majority of innate
and adaptive immune cells suggesting that androgens directly modulate the function and
development of immune cells. CD8* T cells express the classical cytoplasmic AR and other
membrane-bound androgen receptors (mAR) such as the zinc transporter ZIP9 (69).
Androgen signalling can affect T cell maturation, proliferation, differentiation and cytokine
production in mice and adult males, directly or indirectly. However, the effects of androgen
signalling on T cells are context dependent, and driven by cellular and molecular mechanisms.
For example, a recent bladder cancer study using multiple in vivo genetic models, high-
dimensional flow cytometry, coupled with sex-disaggregated single-cell transcriptomic
analysis of tumor-infiltrating CD8*T cells (CD8*TILs) showed that androgen directly regulates
differentiation of activated CD8* T cells. In particular, androgen signaling steers male CD8*
TILs towards exhaustion in a T cell-intrinsic manner such that that loss of AR in CD8* T cells
alone, improved CD8* T cell effector functions, rendering male mice equally protected against
cancer as female mice (72).

Sex-based differences in CD8* T cell responses play a crucial role in influencing disease

outcomes and immune responses to various pathogens. Further research is warranted to
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unravel the intricate mechanisms the immunological, hormonal, and (epi-) genetic factors

underlying these differences.

1.7 The Lymphocytic Choriomeningitis Virus (LCMV) model

The LCMV system for viral infections has been utilized extensively in immunology
studies yielding significant discoveries of T cell differentiation, function, and exhaustion. An
understanding of T cell exhaustion and successful immune checkpoint blockade (ICB) therapy
to restore T cell function was first described using the Clone 13 variant of LCMV selected from
the Armstrong 53b parental strain. LCMV is a prototypic virus of the family Arenavidae. The
LCMV genome consists of two negative-sense single-stranded RNA segments, designated L
and S. Both segments contain two viral genes in an ambisense coding strategy, with some
genes encoded in sense and others in antisense (73,74). The two segments, termed L (7.2 kb)
and S (3.4 kb) are separated by a unique hairpin structure. The L segment contains the viral
RNA dependent RNA polymerase (L) and a small RING finger protein (Z). The S segment
contains the nucleoprotein (NP) and glycoprotein polyprotein precursor (GP0O) that is cleaved
post-translationally into SSP (signal peptide), GP1 and GP2. (73,75). Tetramers of GP-1 and
GP-2 make up the spikes on the virion envelope. GP-1 mediates virus interaction with host
cell surface receptor affecting entry into cells(74).

LCMV is a valuable model for a broad range of in-depth infection and immune response
studies. Several well-characterized viral strains that differ in their replicative capacity, host
range (cell tropism, mouse strain and age), and experimental routes of infection (intracranial
versus intraperitoneal (i.p.) or intravenous (i.v.) in mice which may be used to elicit different
infection outcomes of study (76). For example, inbred mouse strains including C57BL/6,

BALB/c, SWR/J, A/J, 129, C3H, and all but one collaborative cross (CC) mouse strain exhibit
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immunosuppressed T cell responses, high PD-1, and viral titers leading to persistent infection
following intravenous injection with LCMV-CL13. In contrast, FVB/N, NZB, PL/J, SL/J, and CC
NZO mice challenged intravenously with LCMV-CL13 have a robust T cell response, high viral
titres, PD-1, and Lag3 markers on T cells(77). The LCMV-ARM strain was isolated from a
monkey undergoing a LCMV infection (73). Inoculation of LCMV-Arm in its natural host Mus
musculus leads to an acute infection, with virus eliminated within 7-10 days after infection.
LCMV-CL13 is a genetic variant of the parent LCMV-Arm virus that was isolated from the
spleen of carrier mice which sustained a persistent LCMV infection since birth, due to
suppression of LCMV-specific CTL responses (78).

The genome of LCMV-CL13 is distinct from its parental strain by five out of the out of
10,600 nucleotides, which cause two amino acid variations. Amino acid residue 260 on the
glycoprotein encoded on the S segment is mutated from phenylalanine to leucine and amino
acid 1079 of the RNA polymerase encoded on the L segment is mutated from lysine to
glutamine (79,80). Research has demonstrated that either of the mutations in the viral
polymerase or glycoprotein genes can account for the biological phenotype of the persistent
infection(78). a-Dystroglycan (a-DG) is the cellular receptor for LCMV expressed on various
cells including immune cells such as dendritic cells and macrophages. a-DG is a peripheral
protein that can complex with B-DG, a trans-membrane protein, upon activation(81). a-DG
on immune cells can interact with various extracellular matrix (ECM) components such as
laminin and collagen associated with the stroma of lymphoid tissues via processes that involve
integrin signalling. The cell-matrix interactions play a direct role in the positioning and/or
migration of leukocytes within lymphoid tissues(82). The mutation in the GP of LCMV-CL13
was shown to increase the affinity of GP for a-DG up to 100-fold and increase LCMV-CL13

binding over LCMV-ARM binding(81,83—-85). The mutation of amino acid 1079 of the RNA
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polymerase of LCMV-CL13 increases the replication rate of the chronic strain and increases
early viremia(86).

The marginal zone (MZ) and white pulp (WP) of the spleen have increased expression
of aDG that binds laminin, and higher numbers macrophages and DCs (82,84). Fluorescent
microscopy of LCMV-infected spleens demonstrated the co-localization of LCMV-CL13 with
the MZ and WP of the spleen, while LCMV-Arm virus was restricted to primarily to the red
pulp (RP) of the spleen during LCMV-ARM infection. Mutations in the GP complex of LCMV
CL13 cause the virus strain to acquire a higher affinity for binding a-DG, and as a consequence
has a different cellular tropism than LCMV-Arm, the parental strain(83,85). The higher affinity
of LCMV CL13 for a-DG confers higher infectivity, particularly in infecting CD11c+ splenic DCs,
the interdigitating DCs in T cell areas, and nests of cells near the MZ, that primarily express a-
DG (87,88). In vivo mouse studies demonstrated that receptor—virus interaction on DCs is an
essential step in the initiation of virus-induced immunosuppression and persistent
infection(87). LCMV-CL13 and other persistent LCMV strains have also been shown to have
higher infectivity of pDCs (86). In contrast, LCMV-ARM primarily infects F4/80+ macrophages
and some DCs, but to a lesser extent than LCMV-CL13(87). Notably, the mutations in LCMV-
CL13 confer greater infectivity of fibroblastic reticular cells (FRCs) compared to LCMV-
Arm(89). FRCs are part of a complex microstructure within lymphoid organs that support and
organize the migration, recruitment and activation of lymphocytes(89,90). Infection of the
intricate conduit network dampens early CD8* T cell responses to prevent T-cell mediated
immunopathology contributing to viral persistence in the spleen(89).

For my project, | used the LCMV model to comparatively analyze antigen-specific CD8+
T cell differentiation during acute (LCMV-Arm) vs. chronic (LCMV-CL13) infection. | use the

LCMV-Clonel3 (chronic) and LCMV-Armstrong 53b (acute) (LCMV-Arm) strains, as they were
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readily available for propagation from our collaborator. Additionally, C57BL/6 mice were
selected to explore CTL responses to LCMV-CL13 and LCMV-Arm because of their well
published established genetic and immunologic profiles in the context of LCMV studies.

The TCRs of the transgenic cells (P14 CD8* T cells) used in this model recognize the gp33-41
peptide, a shared epitope expressed by both LCMV-Arm and LCMV-CL13. The experimental
model system involves the adoptive cell transfer of CD45.1* P14 CD8* T cells into recipient
CD45.2 C57BL/6 mice. CD45.1/2 are congenic markers that are used to detect donor and
recipient cells. P14 donor cells are homozygous for the CD45.1 allele and this feature

distinguishes them from recipient (CD45.2) cells.

1.8 Application of single-cell RNA seq analysis in studying CD8*T cell
differentiation

CD8* T cell differentiation towards effector, memory or exhausted cell fates is a complex
process that is specified in part, by the expression of transcription factors and other signaling
molecules. Gene expression profiling studies have played a crucial role in enhancing our
comprehension of the molecular mechanisms that guide the differentiation of CD8* T cells.
However, these studies were based on bulk RNA sequencing of T cell populations that
measured the average gene expression across a combined pool of CD8* T cells, masking rare
cell types or subpopulations with distinct gene expression patterns. As a result, it was
impossible to distinguish variations in gene expression between individual effector,
exhausted and memory CD8* T cells (18). Single-cell RNA sequencing (scRNA-seq) technology
has revolutionized our understanding of the heterogeneity and dynamics of CD8" T cell
differentiation. This technology enables the identification of individual cells, and the

guantification of their gene expression profiles, providing unprecedented resolution and

39



sensitivity to detect rare cell types and subpopulations, which was not previously possible
using bulk RNA-sequencing. Additionally, scRNA-seq enables the detailed characterization
and visualization of developmental trajectories in cell differentiation. The unique advantage
of scRNA-seq lies in its ability to capture the asynchronous development of individual CD8* T
cells. Mathematical models or artificial intelligence algorithms can be used to reconstruct the
underlying dynamic process by connecting the different cell states and ordering along a
potential differentiation path.

Several studies have used scRNA-seq to investigate the transcriptional changes that
occur during effector, memory, and exhausted CD8* T cell differentiation(14,15,29,47,91).
This study builds upon Dr. Arsenio’s previous work that employed scRNA-seq analysis to
identify novel early cell fate regulators of CD8" T cell responses to LCMV-Arm in mice.
Unsupervised t-distributed Stochastic Neighborhood Embedding (tSNE) clustering analysis
identified distinct differences in transcription profiles of “effector-like” or “memory-like” cell
fates as early as after the first cell division following in vivo LCMV-Arm. 89 genes were
identified to be novel early regulators of CD8* T cell differentiation. For my project, | applied
similar experimental and scRNA-seq analysis approaches as previously used (14,91) to identify

potential early regulators of exhaustion formation in the context of a chronic LCMV infection.
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2 Thesis Summary

2.1 Rationale

While several studies characterize exhaustion after this state has developed, it remains
less clear how and when exhaustion is specified. It is known that diverse cellular fates
(effector and memory) can be generated from a single antigen specific CD8* T cell. Cell fate
diversification can occur as early as after the first cell division after in vivo acute-resolving
infection. However, it remains less defined if exhaustion may develop during early phases of
a developing chronic infection, and what the underlying molecular programs are which may
specify antigen-specific CD8* T cell exhaustion development in a chronic infection compared
their counterparts at early times after an acute-resolving infection. Moreover, it is well-
appreciated that sex differences in immune responses, including T cell responses to infection
and cancer can occur, however it remains uncharacterized how biological sex affects CD8" T
cell responses and their underlying transcriptional profiles during a developing acute versus
chronic infection. We use the LCMV mouse model to analyze early antigen-specific CD8* T cell
transcriptional profiles during acute vs. chronic infection and investigate any sex-based
differences. By examining both early CD8" T cell responses and sex-based differences, this
work addresses a gap in our understanding of early transcriptional signatures of exhaustion

that may be differentially regulated between males and females.
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2.2 Overall goal and Hypothesis

The overall goal of this project is to define the early molecular profiles of how CD8* T cells
may differentiate into an exhausted state compared to effector and memory cell fates and

to characterize any sex differences.

Hypothesis: Determinants of exhaustion may occur during early phases of a developing
chronic infection and there are sex-specific differences in CD8* T cell responses to acute and

chronic infection.

2.3 Specific Objectives

There are four specific objectives:

1. Generate transcription profiles of mature CD8* T cells (effectors (day 7)), exhausted
(day 28) and memory (day 40) responding to acute and chronic LCMV infection by
single-cell RNA sequencing.

2. Generate transcription profiles of early differentiating CD8* T cells (first division, day

4-post infection) in acute and chronic infection by single-cell RNA sequencing.

3. Identify potential early regulators of CD8* T cell exhaustion using computational
analysis.

4, Characterize sex-based CD8* T cell responses during a developing acute and chronic
infection
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3 Materials and Methods

3.1 Mice

All animal work was approved by the Animal Care Committee (ACC) of the University of
Manitoba, Winnipeg. All mice were bred and housed in specific pathogen-free conditions. CD45.1
C57BL/6N mice were crossed with CD45.2 P14 (Jackson Laboratory) to generate CD45.1 P14
transgenic mice. Donor mice (CD45.1 P14 homozygous) were male or female, 6-8 weeks old.
Recipient (CD45.2 C57BL/6) mice were male or female, 6—-8 weeks old, males or females were

housed in the same cage.

3.2 Adoptive cell transfer and viral infection

For analysis of cells undergoing early cellular divisions, P14 CD8* T cells were first labeled with
carboxyfluorescein diacetate succinimidyl ester (CFSE). 1 x 10 cells per mouse were transferred
intravenously (i.v) into recipient mice. 24 hours later, mice were infected intraperitoneally (i.p)
with 2 x 10° plaque-forming units (pfu) of LCMV-Arm per mouse or intravenously with 1.14 x 108
pfu of LCMV-CL13 per mouse. At 18-, 24-, 36- and 48-hours post-infection (hpi), spleens were
harvested and analysis of CFSE-labelled by flow cytometry. For analysis of cells at 4 days post-

infection (dpi), 20 000 CD45.1* P14 CD8* T cells were transferred into CD45.1* recipient mice.

For analysis of cells at 7,14,21,28 and 42 dpi, 5 x 103 CD45.1* P14 CD8*T cells were transferred
into CD45.1* recipient mice that were infected 24 hours later with LCMV-Arm or LCMV-CL13.

Blood and splenocytes were analyzed at days 4, 7,14,21,28 and 42 dpi.
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3.3 Flow cytometry and antibodies

Cells were stained with the following antibodies used at 1:200 dilution: CD8a (53-6.7), CD45.1
(A20), CD45.2, Va2, CD25 (PC61), CD62L (MEL-14), CD44 (IM7), IFNy (XMG1.2), TNFo (MP6-XT22),
KLRG1 (2F1), -IL-7R (A7R34), CD27 (LG.7F9), T-bet (4B10), all from Biolegend. Intracellular
antigens were stained using the Foxp3 Transcription Factor Staining Buffer Set (eBioscience)
according to manufacturer’s instructions. For intracellular staining of IFN-y and TNF-a, isolated
CD8* T cells were cultured ex vivo for 6 h at 37 °C with a cell Stimulation Cocktail (500X) of 0.5
ug/ml phorbol 12-myristate 13-acetate and 5 pg/ml ionomycin (PMA/ionomycin) (ThermoFisher
Scientific) in the presence of 10 ug/ml brefeldin A ((Sigma-Aldrich)Sigma). After 6h incubation,
cells were stained with surface antibodies, fixed in 4% paraformaldehyde (Electron Microscopy
Services) and then permeabilized with PBS (Mediatech) containing 1% FBS (Life Technologies),
1% saponin (Sigma-Aldrich), and 0.1% sodium azide (Sigma-Aldrich). The cells were stained with
antibodies against IFN-y and TNF-a at 1:100 dilution factor. All samples were analyzed on an
Accuri C6, FACSAria Il (BD Biosciences) or CytoFLEX (Beckman Coulter). Analysis was performed

with FlowJo software (TreeStar).

3.4 Cell Sorting

Splenocytes were isolated from recipient mice at 4-, 7-, 28- and 40-days post LCMV-Arm or LCMV-
CL13. CD8* T cells were purified using the negative selection CD8* T cell Isolation Kit (Miltenyi
Biotec). P14 CD45.1* CD8* T cells were sorted on the FACSAria Il (BD Biosciences) for downstream

cDNA library generation and scRNA-Seq.
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3.5 Single-cell RNA-sequencing

6.0 x 103 to 1 x 10* P14 CD8* T cells sorted by flow cytometry were loaded onto the Chromium
Next GEM Chip G (10x Genomics) according to the manufacturer’s instructions. Cell lysis, single-
cell barcoding, and gel-emulsion (GEM) generation were performed in the Chromium Controller
(10x Genomics). GEM reverse transcription was performed on the ABI 7500 Thermal Cycler
(ThermoFischer Scientific) according to the manufacturer’s instructions. Full-length cDNA from
the GEM-RT reaction was purified using silane magnetic beads (10x Genomics). Barcoded, full-
length cDNA was amplified via PCR on the Veriti 96 Well Thermal Cycler. lllumina Single Cell 3’
complementary DNA (cDNA) libraries were generated according to the manufacturer’s
instructions (10x Genomics). Quality control measures of the single-cell cDNA libraries were
performed on the 2100 Bioanalyzer (Agilent Technologies) and Qubit 4.0 Fluorometer (Thermo
Fisher Scientific). Single-cell cDNA libraries were sequenced (50000 paired-end reads, single-
indexing) on the NovaSeq 6000 at Genome Quebec. Our collaborators (Dr. O. Wilkins and S.
Robertson, Department of Biological Sciences, University of Manitoba) performed ScRNAseq
analysis. SCRNA-seq data from 29000 murine CD8* T cells were processed in Cell Ranger and
Seurat 4.0 for quality control (QC). Filtering criteria was as follows: for each sample, we retained
cells in which at least 100 genes were detected in at least 10 cells. Cells had less than 5%

mitochondrial reads and no more than 6000 genes.
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3.6 In Vitro CD8* T cell Assays

In Vitro effector and Memory CD8* T cell differentiation Model

For in vitro effector and memory CD8* T cell differentiation, single CD8* T cell suspensions were
prepared from spleens of female P14 mice by lysing with red blood cell lysis buffer and
resuspending the lysed cells in 1 ml HBSS+5% FBS. TCR transgenic CD8'T cells were isolated using
the CD8'T cell isolation kit Il (Miltenyi Biotec). 300,000 CD8* T cells per well were cultured with
immobilized anti-CD3 and anti-CD28 (Bio X Cell) for 1 hour. Cells were then washed and
resuspended in media containing IL-2 and IL-15 ((10 U/ml) (PeproTech), along with T cell media

for 72 hours.
In Vitro CD8* T cell Exhaustion Model

For in vitro exhausted CD8* T cell differentiation, inhibitory receptor induction was performed as
described by (92,93), with slight modification of 5 days of culture. Naive P14 cells from the spleen
of a female mouse were isolated using the negative selection CD8*T cell isolation kit (Miltenyi
Biotec). Dendritic cells were derived from the spleen of a separate female transgenic mouse and
isolated by magnetic separation with CD11c MicroBeads (Miltenyi Biotec). DCs were pulsed with
gp33 (0.1 uM) for 1h. After the 1h incubation time, P14 CD8* T cells and DCs were resuspended
in a 1:1 ratio (300,000 DCs: 300,000 CD8* T cells) per well, in T cell media containing IL-2 or IL-15
(10 U/ml) and gp 33 of LCMV (0.1 uM). At Day 1, flow cytometry was performed to assess CD8*

T cell activation status by staining for CD8, CD44 and CD62L.
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At days 2 and 4 of co-culture, P14 cells were washed, resuspended and cultured in T cell media
complemented with gp33 peptide (0.1 uM) in combination with IL-2 (R&D) or IL-15 (R&D) at 10

U/mL. At Day 5, cells were harvested for flow cytometry and qRT-PCR experiments.

3.7 gRT-PCR

n u

RNA isolation: Total RNA was extracted from “effector-like”, “memory-like” and “exhausted-like”
CD8* T cells differentiated in vitro using TRIzol reagent, following the manufacturer's protocol.
The quality and quantity of the extracted RNA were assessed using a NanoDrop
spectrophotometer.

c¢DNA synthesis: Reverse transcription was performed using SuperScript VILO cDNA Synthesis Kit
(ThermoFisher Scientific) that included a reaction master mix and an enzyme blend containing
SuperScript Il Reverse Transcriptase(RT). | used 0.25ug RNA of each sample as input for each
reaction. The cDNA synthesis settings were 25°C for 10 min, 42°C for 60 min, followed by 85°C
for 5min and final temperature of 4°C. The resulting cDNA was stored at -20°C until use.
gRT-PCR: Quantitative real-time PCR (qRT-PCR) was performed using the TagMan Fast Advanced
Master Mix and TagMan Gene Expression Assays on Quant Studio 3 Real-Time PCR System. The
TagMan assays used were specific for the genes of interest that were identified by single-cell RNA
sequencing analysis. The PCR cycling conditions were 50°C for 2 min, 95°C for 10 min, followed
by 40 cycles of 95°C for 1 s and 60°C for 20 s.

Data analysis: The relative expression levels of the target genes were calculated using the

comparative Ct method with B-actin as the reference gene. The data were analyzed using
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Microsoft Excel software and presented as mean * standard deviation. Two independent

experiments were performed with three technical replicates of each sample.

3.8 Plaque assays

Vero E6 cells were seeded in 6-well plates and grown to 70-80% confluency in DMEM
supplemented with 10% FBS, 2 mM L-glutamine, 100 U/ml penicillin, and 100 upg/ml
streptomycin. The cells were then infected with 1:2 dilutions of sera isolated from infected mice
at Day 5, 12 and 28 post LCMV-Arm and LCMV-CL13 infection. The virus was allowed to adsorb
to the cells for 1 hour at 37°C with gentle rocking in the incubator every 15 minutes. The inoculum
was then removed, and the cells were washed with PBS. The cells were overlaid with 2mL of 1%
agarose dissolved in Milli-Q water + EMEM media containing 14% FBS, 2% L-Glutamine and 2%
streptomycin at a 1:1 ratio of agarose:media. The plates were then incubated at 37°C, 5% CO2
for 6 days. At 6 dpi, the cells were fixed with 9.375% paraformaldehyde in PBS for 1h at room
temperature. After the 1 h incubation, the overlay was removed, then the fixed cells were stained
with 1% crystal violet solution for 10 minutes at room temperature. Crystal violet stock solution
was prepared using 2mL ethanol, 8mL dH20 and 0.1g Crystal Violet.

The plates were then washed with water and allowed to air dry. The plaques were counted, and
the viral titers were calculated using the following formula: viral titer = (number of plaques
counted x dilution factor x 1/volume of inoculum). The viral titers for LCMV-Arm and LCMV-CL13

were determined at day 5, 12, and 28 post-infections.
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4 Chapter 4 — Validation of the LCMV model system
4.1 Rationale

The LCMV model system has been extensively utilized to investigate various aspects of CD8*
T cell biology, including effector functions, memory differentiation and exhaustion. This
model has proven valuable in studying the antigen-specific T cell response to both acute and
chronic viral infections (14,76,91,94). The Arsenio lab established the LCMV model system at
the University of Manitoba. To generate a colony of donor CD45.1 P14 mice for this model
system, we crossed CD45.2 P14 transgenic (Tg) homozygous mice (Jackson Laboratories) with
CD45.1 C57BL/6 mice (Jackson Laboratories) to obtain CD45.1 homozygous P14 (Tg/Tg)
homozygous progeny. Mouse genotypes are determined using established genotyping
protocols in our lab involving genomic DNA isolation from mouse ear clippings and PCR
amplification then HpyCH4 restriction enzyme digests to confirm the presence and
homozygosity of the CD45.1 allele, and gRT-PCR analysis to confirm the P14 transgene
homozygosity. Dr. David Safronetz at the National Microbiology Laboratory provided LCMV-
Arm and LCMV-CL13 strains. LCMV-Arm and LCMV-CL13 strains were propagated in BHK21
cells to optimal high viral titres for in vivo studies.

As it was the first time to establish this mouse LCMV model of infection at the University of
Manitoba, we first validated the LCMV model system for in vivo studies of CD8" T cell
differentiation. To confirm the reliability and reproducibility of our model prior to generating
cDNA libraries, we analyzed the CD8* T cell response after in vivo infection with LCMV-Arm
and LCMV-CL13 strains. We compared the CD8* T cell kinetics and phenotypes generated in

our study with those previously published by (14,15,29,91).
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Additionally, | performed plaque assays to confirm replication of both strains at early time
points, followed by LCMV-Arm clearance and LCMV-CL13 persistence in the infected mice at

later time-points.
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Figure 4: LCMV Experimental Model System. This figure depicts the experimental model
system utilized for in vivo LCMV studies and includes the following key components: donor
and recipient mice genotypes, LCMV viral strains and the different time-points of antigen-
specific CD8* T cell analysis post-infection.

4.2 Validation of in vivo viral replication

Research has previously shown that during an acute LCMV infection in adult mice, the viral
load reaches maximum levels at around day seven, after which there is a peak in CTL activity
between days 7 and 9, facilitating optimal viral clearance. By 14 dpi, most of the virus has

been cleared (95).
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In this study, the infection of mice with LCMV was confirmed by measuring viral titers in sera
at 5, 14 and 50 dpi. The 5-dpi time-point corresponds to the acute phase of the infection and
represents the peak of LCMV replication. This time-point allows for the measurement of virus
that has successfully infected and replicated in the host, providing insight into the magnitude
of the immune response required to control the infection.

During the acute phase, the immune system is activated and initiates a response against the
virus. CD8" T cell responses reach their peak at 7 dpi, shortly after the peak of viral
replication(95). Viral titers in the sera were further measured at 14 dpi. Day 14 represents an
intermediate time-point in the course of the infection, which corresponds to the contraction
phase of the CTL response. At this stage, most of the virus has been cleared by responding
CD8* T cells, but can persist in blood and some tissues, such as the spleen, at lower levels of
replication. Day 50 represents a later stage when memory CD8" T cells and terminally
exhausted CD8* T cells can be detected in circulation during LCMV-Arm and LCMV-CL13
infections, respectively. Measuring virus titres at day 14 and day 50 allows us to assess

clearance of LCMV-Arm and persistence of LCMV-CL13 in the mice.
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Figure 5. Levels of replicating virus at Day 5, Day 14 and Day 50 post-infection in sera of male
P14 mice infected with either LCMV-Arm (shaded) or LCMV-CL13. Data is representative of at
least 3 independent experiments.

As seen in Figure 5, the presence of plaques at day 5 post infection demonstrated successful
viral replication of both LCMV-Arm and LCMV-CL13 in the recipient mice. Absence of
plagues at Day 14 and Day 50 in LCMV-Arm infections, confirmed successful clearance of the
acute strain, following the peak of the CD8* T cell response. Conversely, the presence of
LCMV-CL13 in the sera at day 14 and 50 confirm persistence of the chronic infection in the

mice.

4.3 CD8* T cell response Kinetics

To validate the kinetics of the CD8* T cell response in vivo, | conducted adoptive cell
transfer experiments as previously described and implemented by Arsenio et al.,(91). P14
CD45.1*CD8* T cells were obtained from spleens of naive female donor mice and transferred
into male recipients. | confirmed the naive status of the P14 cells by assessing CD62L"MCD44'"°
expression and verified the CD45.1 TCR homozygosity by measuring CD45.1+Va2+ (>96%
positive). A total of 5000 P14 CD8"* T cells were transferred into each mouse. One day

following adoptive cell transfer, | infected recipient mice with LCMV-Arm at 2 x
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10° PFU/mouse IP or LCMV-CI13 at 1.14 x 10° PFU/mouse IV. | performed flow cytometry and
functional characterization assays at various times post-infection (7, 15, 21, 28, 42 dpi), to
analyze the CD8* T cell response in the spleen and blood. My assessments included the
absolute cell numbers of responding CD8* T cells as well as the expression of surface markers
(CD44, CD62L, PD-1, TIM-3, LAG-3, CD127/IL-7Ra and KLRG1). Additionally, | analyzed the
expression of transcription factors (TBET, EOMES), cytokines (IFN-y and TNF-a) and the

cytolytic molecule Granzyme B, to define the CD8* T cell phenotypes.
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Figure 6. Kinetics of activated gp33+ specific P14 CD8+ T cells in the blood during in vivo LCMV-
Arm and LCMV-CL13. Data is representative of at least 4 independent experiments (n=4 per
infection type).

| observed activation and robust clonal expansion of naive CD8*T cells upon infection
with LCMV-Arm or LCMV CL13. The peak of CD8* T cell expansion was evident at day 7-8, as
measured in the spleen (refer to Figure 3). These findings are consistent with previous studies
utilizing this model, which have also demonstrated antigen-specific CD8* T cell expansion,

with an evident peak at 7-9 dpi (14,19,47,51).
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Figure 7. Frequency of antigen specific (gp33+) P14 CD8+ T cells expanding at 7 dpi in response
to LCMV-Arm and LCMV-CL13 infection. Detection of antigen specific P14 CD8"* T cell subsets
in the spleen is determined by CD45.1+ expression. Antigen specific P14 CD8* T cells shown
are gated on CD44hi CD45.1+ CD8* T cells. Data is representative of at least four independent
experiments.

At 7 dpi, | observed higher frequencies of antigen-specific CD8* T cells in the spleen of
mice infected with LCMV-Arm compared to those infected with LCMV-CL13 (refer to Figure
7). Following the peak of expansion, CD8* T cells underwent a contraction phase during which
the majority of effector CD8* T cells were cleared from circulation. This contraction phase was

observed in both acute and chronic viral infections between 8-14 dpi as expected (refer to

Figure 3).
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4.4 Memory Formation in LCMV-Arm
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Figure 8. Frequency of antigen-specific (gp33+) memory CD8+T cells in the blood of LCMV-
Arm infected recipient mice at 40 dpi. Shown are central memory CD62Lhi and effector
memory CD62lo CD8* T cells, gated on CD45.1* CD44hi parental cells. Data is representative
of at least two independent experiments.

In LCMV-Arm infection, memory CD8* T cells were formed and maintained as their
presence could be detected in circulation at 40 dpi (refer to Figure 6 and Error! Reference s
ource not found.). | confirmed the presence of circulating central memory CD8* T cells (Tcm)
characterized by CD62L" expression, as well as effector memory CD8* T cells (Tem) with low

CD62L expression at 40 dpi, in the blood (refer to Error! Reference source not found.)

55



Day 3 post-rechallenge Day 6 post-rechallenge

10" 3 10
o® 64.9 10° 0.043
E £
1073 10
10" Th
3 =
107 10° g i
'1? ,[n
2] 2 1
103 10 =/
— ] 1
“ 10 3 10
fa 10° ] — 100
J rv::ll!r' Ty I:lr-r‘ v'Ir""T.ﬂ‘ Iy 1ﬁr-m‘ S S— "m"‘l S———
' - . 2 4
cDS 0 10 10 0 10” 10 10 10°

Figure 9. Frequency of antigen-specific (gp33+) memory CD8+T cells responding to a
secondary LCMV infection, 3 and 6 days post re-challenge. Detection of antigen-specific
memory P14 CD8+ T cell subsets in the spleen determined by CD45.1 expression. Antigen
specific P14 memory CD8+ T cell sets shown are gated on CD44hi CD45.1+ CD8+ T cells. Data
is representative of at least four independent experiments (n=4).

Upon re-exposure to the initial antigen, memory CD8" T cells exhibit a stronger
immune response compared to the primary immune response. This phenomenon is known
as the memory recall response. In this model, | observed a robust CD8* T cell recall response,
reaching its peak at 3 days post-rechallenge (refer to Figure 6 and Figure 9). This finding
indicates that the antigen-specific memory CD8* T cells generated in our model are functional
and capable of mounting an effective immune response upon re-exposure to the same

antigen.

4.5 CD8*T cell exhaustion in LCMV-CL13

4.5.1 PD-1 expression

To confirm the presence of exhausted CD8* T cells, | performed flow cytometry to compare

the CD8* T cell phenotypes derived from LCMV-CL13 versus LCMV-Arm at 15 dpi.
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Figure 10. PD-1 expression of activated gp33+ specific P14 CD8+ T cells responding to in vivo
LCMV-Arm and LCMV-CL13 infections at Day 15 post infection. Detection of exhausted
antigen-specific P14 CD8* T cell subsets in the spleen determined PD-1 expression. Exhausted
P14 CD45.1* CD8* T cell sets shown are gated on PD-1hiCD44hiCD45.1* CD8* T cells. Data is
representative of at least two independent experiments.

PR B et e USROS K ——
2
w0 10 10 w  ? 10} 10 10° 10° 10’

At this time-point, | observed that CD8* T cells responding to chronic LCMV infection
exhibited higher PD-1 expression than their counterparts in acute LCMV infection (refer to
Figure 10). This finding aligns with my expectation, as PD-1 is a well-known maker a marker
for monitoring T cell exhaustion in viral infections(29,38,96).Specifically, in LCMV-CL13
infection, approximately 30% of CD8* T cells demonstrated high levels of PD-1 expression,
whereas only 10% of CD8" T cells exhibited high levels of PD-1 expression in LCMV-Arm
infection. Since PD-1 is indicative of CD8" T cell exhaustion, these results suggest that CD8* T
cells in the chronic LCMV infection are exhausted compared to those responding to acute

LCMV infection.
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4.5.1.1 Heterogenous exhausted CD8* T cell subsets

PD-1, T-bet, and Eomes can be used to classify CD8+ T cells into distinct exhausted subsets
(219,97).

T-bet

w1

10"

'PD-1

Figure 11. Frequency of exhausted P14 CD8+ T cell subsets determined by PD-1 expression
with T-bet (left) and Eomes (right) in the spleen at 28 days post LCMV-CL13 infection.
Detection of exhausted antigen-specific P14 CD8+ T cell subsets in the spleen determined by
PD-1 expression. Exhausted P14 CD45.1+ CD8+ T cell sets shown are gated on PD-
1hiCD44hiCD45.1+ CD8+T cells. Data is representative of at least two independent
experiments.

In line with previous studies (29,51), | also observed heterogeneity within the PD-1* CD8* T

cell population, evidenced by distinct subsets characterized by differential expression of T-

bet and Eomes as shown in Figure 11.

4.5.2 Decreased production of pro-inflammatory cytokines

A characteristic feature of exhausted CD8* T cells is their diminished ability to produce

intracellular cytokines compared to functional effector CD8* T cells (34,35).
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Figure 12. Frequency of antigen specific P14 CD8+T cells producing TNF-a(left) and IFN-
y(right) in response to in vivo LCMV-Arm and LCMV-CL13 infections at 15 dpi. Detection of
antigen specific P14 CD8+ T cell subsets in the spleen are determined by CD8+ CD45.1+
expression. Cytokine producing T cells shown are gated on TNF-ahi and IFN-yhi CD45.1+
CD8+ T cells. Data is representative of at least two independent experiments.

As depicted in Figure 12 above, | observed notable differences in the frequency of CD8*
T cells expressing pro-inflammatory cytokines, IFN-y and TNF-a, between acute and chronic
LCMV infections at 15 dpi. Specifically, the frequency of CD8* T cells producing TNF-a in
response to LCMV-Arm was 28% compared to a lower frequency of 15% in response to LCMV-
CL13. Similarly, the frequency of CD8* T cells producing IFN-y in response to LCMV-Arm was
30% compared to 10% in response to LCMV-CL13. Decreased cytokine production in chronic

LCMV at 15 dpi is an indication of functional exhaustion.
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4.6 Validation of effector, memory and exhausted CD8*T cells

To ensure the reliability of my findings, | assessed the expression of a subset of genes
with known roles in effector-, memory- and exhausted-CD8" T cell differentiation during
LCMV infection. | generated cDNA libraries of naive and activated antigen-specific CD8* T cells
isolated later after infection as described in the Materials and Methods section. We examined
the scRNA-seq dataset for the expression of effector, memory and exhausted associated
genes at Day 7 (effector), Day 28 (exhausted) and Day 40(memory). This analysis confirmed
that the gene expression patterns we observed in the CD8* T cell subsets aligned with

previous reports(19,29,47).
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Figure 13. Violin plots illustrating the expression of selected CD8* T cell effector, memory, and
exhausted associated genes.

Figure 13 shows violin plots illustrating the expression patterns of selected genes associated
with CD8" T cell effector, memory, and exhausted phenotypes. The expression of specific
terminal effector-associated genes, such as Batf and Thx21, was absent in naive cells and
gradually increased as the cells approached the terminal effector phase, 7 dpi. Furthermore,
the expression of exhausted-associated genes, including Pdcd1, Tox1, Bach2 and lag-3, were

highest in the exhausted T cell subpopulation (d28CL13)( refer to Figure 13). Conversely,
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memory-associated genes including Tcf7 and Eomes displayed high expression levels in naive
cells, but decreased during effector-phase and were robustly re-expressed in memory cells
(refer to Figure 13). These findings demonstrate that the expression of well-known CD8* T cell
effector-associated, exhausted-associated and memory-associated genes can be detected at
the single-cell level using our methods and aligns with previous studies (19,29,47), providing

further validation to our findings.

5 Early CD8" T cell responses

5.1 Rationale

Early CD8* T cell responses to LCMV-Arm and LCMV-CL13 including activation and
interaction with APCS such as DCs and macrophages, are critical parameters in determining
the outcome of infection. Early CTL responses may play a role in initiating robust adaptive
immune responses that clear LCMV-Arm. On the contrary, these early CTL responses may be
less effective in mounting strong and hinder the ability of the immune system to clear LCMV-
CL13. Although much of the CTL responses to LCMV-Arm and LCMV- CL13 have been
elucidated at later stages of infection, there is a gap in the understanding of early CD8* T cell
responses. A thorough comprehension of the cellular interactions involved in early CTL
responses can give insight into how some viral infections can become chronic while others
are resolved. In line my hypothesis that CD8* T cell exhaustion may develop in the early phases
of a developing infection, | analyzed CD8* T cell response characteristics at early time points

(18h, 36h, 48h and 4 days) post LCMV-Arm and LCMV-CL13.
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5.2 Early Cell Division Profiles

In this study, | performed CFSE proliferation assays to analyze CD8* T cells undergoing
early cellular divisions in response to either LCMV-Arm or LCMV-CL13 infections. CFSE
proliferation assays are a commonly used technique in immunology to measure the
proliferation of lymphocytes in response to various stimuli such as pathogens, vaccines, and
immunotherapies. The assay is based on the incorporation of CFSE into daughter cells, which
fluoresces at a specific wavelength when excited by light. As the cells divide, the fluorescence
intensity decreases due to the dilution of CFSE among the daughter cells. The decrease in
fluorescence intensity serves as a measure of cell proliferation(98).

To identify cells undergoing cellular divisions at early time points, | first labelled CD8*
P14 T cells with CFSE prior to transfer. | validated CFSE fluorescent intensities of naive CD8+
T cells using flow cytometry prior to transfer. | transferred a total of 1 x 10° cells CFSE-labeled
antigen-specific CD8* T cells per mouse into recipient mice. One day following cell transfer, |
infected with LCMV-Arm at 2 x 10° PFU/mouse IP or LCMV-CI13 at 1.14 x 10 PFU/mouse as
previously described in (91). For controls, naive (CD44'°CD62L") CFSE-labelled CD8* P14 T cells
were adoptively transferred into uninfected mice and isolated at 36 and 48h post-cell
transfers. The fluorescence intensity of the cells was measured at 18, 36, and 48 hours after
LCMV-CL13 infection and 48 h after LCMV-Arm infection, in line with previous studies by

(14,91).
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Figure 14. CFSE proliferation profile of activated antigen specific (gp33+) P14 CD8+ T cells
responding to in vivo LCMV-CL13 at early time-points. Antigen-specific cells were isolated at
18 hpi (pink), 36 hpi (blue), and 48 hpi (red). Shown in gray are inactivated, CFSE-labeled naive
P14 CD8*T cells prior to cell transfer. Data is representative of at least three independent
experiments.

Results were presented in a histogram showing the distribution of fluorescence
intensities of the cells, indicating the extent of cell divisions (refer to Figure 14). Majority of
the naive CFSE-labelled CD8* T cells (shaded grey) exhibited high fluorescence intensities,
indicating they had not undergone cell divisions. This confirms that the naive CD8* T cells were
not activated before the infection. In contrast, activated CD8* T cells showed lower
fluorescence intensities, indicating that they underwent cell divisions following LCMV-Arm
and LCMV-CL13 infections.

The CFSE proliferation assays revealed interesting differences in the proliferation
profiles of CD8* T cells responding early to LCMV-Arm versus LCMV-CL13. Notably, CD8* T
cells responding to LCMV-CL13 were dividing earlier (36 hpi) than those in the LCMV-Arm
infection (48 hpi) Figure 14. | don’t see LCMV-Arm in Figure 11?The early cellular divisions
observed at 48h post-LCMV-Arm infection are consistent with observations made in previous

scRNAseq analyses studies (14,91).
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Figure 15. CFSE proliferation profile of activated gp33+ specific P14 CD8'T cells responding to
in vivo LCMV-Arm and LCMV-CL13 infections at 48 hpi.

Interestingly, CD8* T cells responding to LCMV-CL13 were not undergoing cellular
divisions at 48hpi (refer to Figure 15), as evidenced by lack of multiple-peaks on the
histogram, at that time-point. This finding suggests a distinct kinetic pattern of CD8* T cell
response to LCMV-CL13 compared to LCMV-Arm, in that division events occur earlier in the
chronic infection.

Collectively, these findings provide preliminary insight into the early dynamics of
responding CD8" T cells and their proliferation patterns in response to LCMV-Arm versus

LCMV-CL13.

5.2.1 Viral load at early time-points
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Figure 16. Levels of replicating virus 36 hpiin sera of male P14 mice infected with either LCMV-
Arm (shaded) or LCMV-CL13.

To assess whether the variations in infection doses and routes influenced the viral
antigen load and subsequently CD8* T cell proliferation, | performed plague assays at
designated early time-points. | evaluated the presence of replicating virus at 36 hours
following LCMV-CL13 infection and 48 hours after LCMV-Arm infection, as described in the
methods section. Results showed no statistically significant differences in levels of replicating

virus in the sera, between the two time points (refer to Figure 16).

5.3 Early Transcriptional Profiles

To further explore the hypothesis that CD8* T cell exhaustion may be specified during
early stages of a developing infection, we conducted a comprehensive analysis of the
transcriptional profiles of antigen-specific CD8* T cells responding at specific time-points post-
infection. These included: during the early phase (Day 4), at the peak of infection (Day 7) and
at later time points (Day 28-LCMV-CL13 and Day 40-LCMV-Arm) after LCMV-Arm or LCMV-
CL13 infection. At day 28 post LCMV-CL13, | was able to isolate and detect functionally
exhausted CD8* T cells from total splenocytes and blood. At Day-40 post LCMV-Arm infection,

| was able to isolate and identify central memory CD8* T cells from total splenocytes and
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blood. My main objective was to determine whether there were differences in the
transcriptional signatures of CD8" T cells generated in acute versus chronic LCMV infection
using our model, specifically during the early phases of infection. | hypothesized that distinct
CD8* transcriptional profiles in the early stages of LCMV-CL13 could be predictive of CD8* T
cell exhaustion. This projection is in line with a recent observation that precursors of
exhausted CD8* T cells can be identified as early as after the first cell division (1).

To do this, | adoptively transferred 20,000 (for day 4 harvest) and 5000 CD8+*CD45.1*
P14 T cells for later time-points (Day 7, Day 28 and Day 40), from female P14 donor mice into
separate age-matched CD45.1* male recipients. 24 hours later, | infected recipient mice with
LCMV-Arm or LCMV-CL13, as outlined in the Materials and Methods section. | harvested
splenocytes at the designated time points after infection. Donor P14 CD8* T cells were FACS-
isolated followed by generation of single-cell cDNA libraries using the 10x Genomics
Chromium platform. Of note, | was unable to sort sufficient cell numbers of CD8* T cells
undergoing early cellular divisions following infection. Thus, | focused on day 4 as the earliest
time-point for scRNA-seq analysis. The target cell recovery for sc-cDNA library generation
ranged 6000 — 10000 single CD8" T cells. Quality control measures of the single-cell cDNA
libraries were performed on the 2100 Bioanalyzer (Agilent Technologies) and Qubit 4.0
Fluorometer (Thermo Fisher Scientific). Single-cell cDNA libraries were sequenced (50000
paired-end reads, single-indexing) on the NovaSeq 6000 at Genome Quebec. The resulting
RNA-seq data was pre-processed to remove low-quality cells and to filter out lowly expressed
genes. The data set consisted of approximately 29000 cells. We performed t-SNE (t-
Distributed Stochastic Neighbor Embedding) analysis using R Seurat v4.3.0, enabling the
visualization of gene expression profiles of all the individual cells collected at the different

time points on a two-dimensional plot.
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Figure 17. tSNE showing transcription profiles of CD8*T cells responding at day 4, day 7, day
28 and day 40 post infection.

Figure 17 displays the t-SNE plot, where each dot represents a single cell, and the color
of the doe corresponds to its assigned cluster. Distinct clustering of cells into the following
groups is observed: naive (red), d4-LCMV-Arm (light green), d4-Cl13 (dark green), d7-LCMV-
Arm (light blue), d7-CL13 (dark blue), d28-CL13 (orange) and d40-LCMV-Arm (Purple). This t-
SNE plot provides a global visualization of the transcriptional profiles of CD8" T cells
responding to acute versus chronic infection, facilitating the identification of distinct cell
populations at different time points. The t-SNE analysis of the scRNA-seq data highlights
interesting findings regarding the gene expression profiles of CD8* T cells. Notably, cells from
different time points cluster separately, indicating that their gene expression profiles undergo
changes over time. For instance, cells collected at Day 0 (naive) cluster together in one area
of the plot, while cells collected at Day 28-CL13 and Day 40-LCMV-Arm cluster in a separate
area. This data suggests that genes expressed in the naive cells differs from those expressed
in cells responding at Day 28(CL13) and Day 40(LCMV-Arm). Interestingly, we observed similar
gene expression profiles of responding CD8* T cells from d7 LCMV-Arm (lighter blue) and d7

clone 13 (darker blue), as reflected in their overlapping clusters. This suggests that there may
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be shared molecular mechanisms underlying the response of the antigen-specific CD8* T cells
to both chronic and acute LCMV infections at the peak of infection.

Importantly, our analysis also revealed distinct transcriptional profiles of CD8* T cells
responding to LCMV-Arm versus LCMV-CL13 at Day 4. As seen on the t-SNE plot, d4 Armstrong
(lighter green) clusters separately from d4 Clone 13(darker green). This suggests that the
transcriptional divergence of CD8* T cells responding to acute versus chronic LCMV occurs
early in the infection process. CD8* T cells responding to LCMV-Arm versus LCMV-CL13 may
be progressing along different differentiation paths at 4 dpi, which could contribute to the
distinct outcomes observed in the acute versus chronic LCMV infections. The distinct
clustering of CD8* T cells responding to LCMV-Arm versus LCMV-CI13 at 4 dpi, as observed in
the t-SNE analysis, aligns with previous findings reported in recent studies (15,45,94). This
consistency in clustering patterns reinforces the notion that CD8* T cells responding to LCMV-
CL13 and LCMV-Arm infections exhibit unique transcriptional profiles during early phases of

the infection.

5.3.1 Distinct biological pathways at 4 dpi

To further investigate early CD8* T cell responses between the two infection types,
we analyzed the differentially expressed genes (DEGs) between the two Day 4 clusters of

CD8* T cells responding to LCMV-Arm versus LCMV-CL13.
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Figure 18. Gene Ontology analysis showing biological pathways in acute vs. chronic LCMV
infection at Day 4 post-infection

Gene ontology analysis identified the enriched biological pathways associated with
each infection type (refer to Figure 18). In LCMV-Arm infection, there is an upregulation of
genes involved in translation machinery and RNA processing. This finding suggests that at this
early time point (Day 4), CD8* T cells in LCMV-Arm infection may be engaged in robust protein
synthesis and RNA processing, likely to support effector functions such as production of
cytolytic enzymes and pro-inflammatory cytokines. On the other hand, at Day 4 post LCMV-
CL13 infection, CD8* T cells shows a shift towards mitochondrial respiration, integrin signaling,
migration and chromosome modifications. This suggests that CD8" T cells responding to
LCMV-CL13 at Day 4 exhibit a different metabolic profile, potentially reflecting early signs of

altered migratory capacity and cellular exhaustion.
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Taken together, the different biological pathways enriched in each infection type at
Day 4 provide valuable insights into the early molecular events that shape the subsequent
CTL responses and potentially contribute to the establishment of distinct CD8* T cell fates and

functional outcomes in acute versus chronic LCMV.

5.3.1.1 Integrin signalling upregulated in Day 4 LCMV-CL13

Integrin associated genes upregulated at Day 4 post LCMV-CL13 infection
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Figure 19. Genes associated with integrin signalling upregulated at day 4 post LCMV-CL13

Further analysis of DEGs between CD8* T cells responding to LCMV-CL13 versus LCMV-
Arm at 4 dpi revealed that genes encoding integrins, such as, itgb1, itgb7, itga4 and Cd47,
were highly expressed in CD8* T cells in the LCMV-CL13 infection (refer to Figure 19). Integrins
are cell surface receptors that mediate the adhesion of activated T cells to vasculature and
their extravasation into tissues (51). Additionally, Cd47, also known as Integrin-Associated
Protein (IAP), was significantly upregulated in Day 4 LCMV CL13 (refer to Figure 19). Research
has shown that CD47 can regulate integrin activity by associating in cis with 1, B2 and B3
integrin conformations. CD47—integrin interactions modulate adhesive functions of T cell,

thereby playing a critical role in T cell recruitment and trans-endothelial migration(99).
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The upregulation of integrin-associated genes in CD8* T cells responding to LCMV-CL13
infection at 4 dpi suggests they may have enhanced adhesion properties and migratory
capabilities compared to CD8* T cells in LCMV-Arm infection at the same time-point. The
increased expression of integrin genes in CD8* T cells during LCMV-CL13 infection may
contribute to their recruitment and localization at specific sites of infection in the spleen and
enhance their interactions with APCs such as DCs. Altogether, these findings highlight the
potential importance of integrin signaling in the early responses of CD8* T cells to LCMV-CL13

infection.

6 Sex-based differences in CD8'T cell responses to
viral infection

6.1 Rationale

Sex-based differences in immune responses have been widely reported in various
infectious diseases and autoimmune disorders. In the context of viral infections like HIV and
HCV, the role of sex in influencing disease susceptibility and outcomes has received increasing
attention. CD8* T cells play a crucial role in controlling viral infections by recognizing and
eliminating virus-infected cells. Investigating sex-based differences in CD8" T cell responses
to viral infection can provide valuable insights into the mechanisms that underlie sex
disparities in susceptibility and disease outcomes of viral infections.

The second key objective of this study was to characterize sex-based differences of CD8T cell
responses to LCMV infection. To achieve this, a sex-based approach was incorporated into
the established LCMV model system. This involved adoptive cell transfer experiments of

female donor cells-to-female recipients (F-F) and male donor cells-to male recipients (M-M).
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Adoptively transferring female or male or a combination donor transgenic CD8*T cells into
male recipients(F-M) has been the standard approach for this model system in the field
(14,15,47,91), precluding the ability to perform sex-disaggregated analysis, thus the
investigation of how biological sex influences CD8* T cell responses in acute versus chronic
infection remains unknown.

Sex-based LCMV Experimental Model

Male donor CD8* T cells — Male recipients ,‘, : LCMV Armstrong (Acute Infection)

Viral infection (Day 1)

Isolation of mouse spleen and
lymph nodes e

CD8* T cell Isolation ﬁ

. LCMV Clone 13  (Chronic Infection)
Female donor CD8* T cells — Female recipients

FACS Sorting CD8+CD45.1+ cells

analyze cell surface markers

Production of cytokines e.g

TNF-alpha, IFN-gamma single cell cONA libr:
— ' (10XGenomics)

- P
I“yg SCRNA seq analysis
.

=

Flow Cytometry | a ﬁ

ary generation

Figure 20. Sex-based LCMV Experimental Model. This figure depicts the experimental model
system utilized for in vivo sex-based LCMV studies. The diagram includes the following key
components: donor and recipient mice genotypes, LCMV viral strains and significant time-
points post-infection.
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6.2 Sex-based differences in CD8* T cell expansion during acute and
chronic viral infection

In this analysis, | first looked at the production of pro-inflammatory cytokines and the

CD8* T cell expansion at the peak of infection (Day 7) after acute and chronic LCMV infection.
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Figure 21. Frequency of female and male CD8+CD45.1+ T cell expansion at Day 7 post LCMV-
Arm and LCMV CL13 infection. Detection of antigen-specific P14 CD8* T cell subsets in the
spleen determined by CD45.1 expression. Antigen specific P14 CD45.1* CD8* T cell sets
shown are gated on CD44hi CD45.1* CD8* T cells. Data is representative of at least two
independent experiments (n=4-5). Student’s unpaired t-test, p<0.05* is significant, p<0.01
** is very significant, p>0.05 is ns, not significant.

In the LCMV-CL13 infection, male CD8* T cells exhibited greater expansion than their
female counterparts at 7 dpi. A similar trend of greater expansion in male CD8* T cells was
observed in the LCMV-Arm infection at the same time-point (refer to Figure 21). These results
highlight sex-based differences in the CD8* T cell expansion following chronic LCMV infection,
with males exhibiting a more robust response. The observed trend in the LCMV-Arm infection
further supports this notion, although further investigation may be required to determine the

statistical significance.

73



6.3 Sex-based differences in intracellular cytokine profiles of
responding CD8* T cells during acute and chronic viral infection
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Figure 22. Frequency of female and male P14 CD45.1+ CD8+ T cells producing TNF-a in
response to in vivo LCMV-Arm and LCMV-CL13 at Day 7. Detection of antigen-specific P14
CD8'T cell subsets in the spleen is determined by CD8 CD45.1 expression. Cytokine producing
T cells shown are gated on TNF-ahi CD45.1* CD8* T cells. Data is representative of at least two
independent experiments (n=4-5).

As seen in Figure 22, | observed a notable difference in the frequencies of TNF-a
expressing CD8* T cells between males and females. Specifically, we observed a higher
frequency of female CD8* T cells expressing TNF-a compared to males, at the peak of LCMV-
Arm infection (Day 7). However, the sex-based difference in TNF-a expression was not
observed in the LCMV-CL13 infection. TNF-a is an important pro-inflammatory cytokine that
plays a role in the inflammatory response and cell-mediated cytotoxicity. CD8* T cells and
other immune cells, express known TNF-a receptors, TNFR1 and TNFR2. TNF signalling can
influence differentiation and functional properties of CD8* T cells, mediating downstream CTL
responses (100). The increased frequencies of TNF-a expressing CD8* T cells in females during
LCMV-Arm suggest that female CD8" T cells may have a greater capacity to produce TNF-a

upon activation than their male counterparts, thereby eliciting a more robust pro-
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inflammatory. However, the downstream effects of TNF-a signalling in CD8" T cells are
complex and involve interactions with other immune cells, cytokines and signalling pathways.
Further research is needed to fully understand the implications of the observed sex-based
differences in TNF-a expression by CD8* T cells during acute LCMV-infection, including the

downstream effects on CTL responses and viral control.

6.4 Sex-based differences in single CD8* T cell gene expression
profiles during acute and chronic LCMV infection
As we found early differences in the transcriptional profiles of responding CD8* T cells
in acute versus chronic infection Figure 17, we next sought to investigate whether biological
sex influences this disparity. To accomplish this, | performed sex-based LCMV experiments as
depicted in Figure 20. | generated single-cell- cDNA libraries of female and male CD8* T cells

at 4 and 7 dpi with both LCMV-Arm and LCMV-CL13.
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Figure 23. tSNE projection of single-cell RNA-seq profiles from female and male P14 CD8* T
cells responding to LCMV-ARM and LCMV-CL13 at 4 and 7 dpi, colored by cluster.
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The t-SNE analysis of scRNA-seq data revealed distinct clustering of female and male
CD8* T cells at naive time-point, day 4 and day 7. Female and male cells collected at Day O
(Female Naive in yellow and male naive in green) were in proximity to one another, yet
clustered separately. This finding suggests that the transcription profiles of naive female and
male CD8* T cells are similar in gene expression when compared activated cells, but differ
between sexes. At 7 dpi, which corresponds to peak of infection, male and female CD8* T cells
responding to LCMV-Arm versus LCMV-CL13 clustered separately. In the acute infection,
female d7-LCMV-Arm (orange) cluster separately from male d7-LCMV-Arm (light blue). During
chronic LCMV, female d7-LCMV-CL13 (red) are distinct from male-d7-CL13 (purple) (refer to
Figure 23).

Interestingly, the transcription profiles of male CD8* T cells responding to LCMV-Arm
and LCMV-CL13 at 7dpi overlap. As seen on the t-SNE projection, the male-d7-CL13 (purple)
cluster overlaps with the male d7-LCMV-Arm (light blue) cluster. On the other hand, there is
a distinct separation between transcription profiles of female CD8" T cells responding to
LCMV-Arm (female d7-LCMV-Arm in orange) and LCMV-CL13 (female d7-LCMV-CL13 in red)
at 7dpi. The overlap between male CD8* T cell profiles in acute and chronic LCMV infections
indicates that the male CD8* T cell responses may be similar in both infection types. On the
contrary, the clear separation of female CD8"* T cell profiles between acute and chronic LCMV
infections indicate a unique response pattern to each infection type in the female mice.

To further interrogate the distinct clustering of female and male CD8* T cells
responding at peak of infection, we analyzed the DEGs between male and female CD8* T cells

at 7 days post both LCMV-Arm and LCMV-CL13 infections. Gene ontology analysis of the DEGs
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identified different biological pathways enriched in female and male CD8* T cells based on the
infection type.
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Figure 24. Gene Ontology analysis showing biological pathways in male and female CD8+ T
cells responding to LCMV-Arm at Day 7 post-infection. In red are the biological pathways
upregulated in female vs male, while blue represents the biological pathways upregulated in
male vs female CD8+ T cells.
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Top 10 Up-Regulated GO Terms, FF.d7.¢13 vs MM.d7.c13
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Figure 25. Gene Ontology analysis showing biological pathways in male and female CD8* T
cells responding to LCMV-CL13 at Day 7 post-infection. In red are the biological pathways
upregulated in female vs male, while blue represents the biological pathways upregulated in
male vs female CD8* T cells.

At Day 7, there is an upregulation of genes involved in different biological pathways in
female versus male CD8* T cells and these vary based on the infection type (refer to Figure 24
and Figure 25). In response to LCMV-Arm, female CD8* T cells shows a shift towards proton
motive force-driven mitochondrial ATP synthesis, negative regulation of chromosome

organization and regulation of plasma membrane repair. In contrast, male CD8" T cells
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responding to LCMV-Arm at day 7 show upregulation of genes involved in cytoplasmic

translation, translation at pre-synapse and translation at post-synapse. In response to LCMV-

CL13, female CD8" T cells shows a shift towards protein stabilization, proton motive force-

driven mitochondrial ATP synthesis, and endoplasmic reticulum to Golgi vesicle-mediated

transport. In contrast, male CD8* T cells responding to LCMV-Arm at day 7 show upregulation

of genes involved in cytoplasmic translation, translation at pre-synapse and translation at

post-synapse.

These results highlight that the mechanisms modulating CD8*T cell responses to

chronic and acute LCMV infections, including gene expression, signalling pathways and

interactions with other immune cells are differentially regulated between males and females.

6.4.1 Early sex-based differences in CD8'T cell responses
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Figure 26. tSNE projection of single-cell RNA-seq profiles from female and male P14 CD8*T

cells responding to LCMV-ARM and LCMV-CL13 at Day 4, colored by cluster.

To capture CD8* T cell responses during the initial stages of infection, we examined

the transcriptional profiles of female and male P14 CD8* T cells responding at Day 4 to both
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LCMV-Arm and LCMV-CL13. As seen on the t-SNE projection(refer to Figure 26), female and
male P14 CD8* T cells at 4 dpi revealed distinct clustering patterns, based on the infection
type as follows: Female d4 LCMV-Arm (light blue), Male d4 LCMV-ARM (light brown) Female
d4-LCM-CL13(pink) and male d4-LCMV-CL13(green). We found that female cells responding
to LCMV-C13 at Day 4 (pink) cluster separately from male CD8* T cells responding to LCMV-
C13 at Day 4 (green). This finding suggests that there are differences in the molecular

mechanisms underlying CD8* T cell response to LCMV-CL13 between the males and females.

Interestingly, the gene expression profiles of female P14 CD8* T cells responding to
LCMV-Arm (light blue) showed some overlap with male responding to LCMV-Arm (light
brown) at Day 4. This finding indicates that there may be shared molecular mechanisms

underlying CD8*T cell responses to LCMV-ARM in male and female P14 CD8* T cells.

To further interrogate the distinct clustering of female and male CD8" T cells
responding at 4 dpi in both infection types, we analyzed DEGs between male and female CD8*
T cells at 4 dpi. Gene ontology analysis identified different biological pathways enriched in

female and male CD8* T cells based on the infection type.
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Top 10 Up-Regulated GO Terms, FF.d4.Arm vs MM.d4.Arm
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Figure 27. Gene Ontology analysis showing biological pathways in male and female CD8+ T

cells responding to LCMV-Arm at Day 4 post-infection. In red are the biological pathways

upregulated in female vs male, while blue represents the biological pathways upregulated in

male vs female CD8* T cells.
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Top 10 Up-Regulated GO Terms, FF.d4.¢c13 vs MM.d4.¢c13
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Figure 28. Gene Ontology analysis showing biological pathways in male and female CD8+ T
cells responding to LCMV-CL13 at Day 4 post-infection. In red are the biological pathways
upregulated in female vs male, while blue represents the biological pathways upregulated in
male vs female CD8* T cells.

In response to LCMV-Arm (refer to Figure 27), female CD8* T cells shows a shift
towards regulation of plasma membrane repair, antigen processing and presentation of
endogenous peptide antigen via MHC class | and activation of innate immune responses,

cellular responses to interferons and integrin mediated signalling pathways. On the contrary,
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male CD8* T cells responding to LCMV-Arm at day 7 show upregulation of genes involved in
negative regulation of mRNA splicing via spliceosome, chaperone cofactor-dependent protein
refolding, translation at pre-synapse, translation at post-synapse and cellular response to IL-
7. In response to LCMV-CL13 at 4 dpi, female CD8* T cells shows a shift towards positive
regulation of transcription by RNA polymerase Il, negative regulation of transcription by RNA
polymerase Il, mRNA processing, mRNA transport and RNA splicing. In contrast, male CD8" T
cells responding to LCMV-Arm at 4 dpi, show upregulation of genes involved in cytoplasmic
translation, proton motive force-driven mitochondrial ATP synthesis, translation at pre-

synapse and translation at post-synapse (refer to Figure 28).
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Figure 29. Heat map illustrating expression of candidate genes between male and female CD8*
T cells responding at day 4 post LCMV-Arm and LCMV-CL13 infection.

Illustrated in Figure 29 are some examples of DEGs between male and female P14
CD8* T cells responding at Day 4 post LCMV-Arm and LCMV-CL13. These include Gm42418,

Ddx3x, Ctsb, IL2ra, Psap and slc40al among others.
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Altogether, these results demonstrate the important role that sex plays in shaping early
CD8*T cell responses to acute and chronic viral infection and highlights the need for further
research to better understand the molecular mechanisms underlying sex-based differences

in T cell responses to viral infection.

6.5 Sex Differences in Viral load

| further investigated if viral antigen load between male and females at early time-
points (Day 4) or at peak of infection (Day 7) was driving the disparity in the CD8* T cell
response. The level of replicating virus may be substantially different female versus males,
potentially leading to differences in TCR signaling that ultimately influence CD8* T cell
responses. In this study, we administered LCMV-Arm at 2 x 10° PFU/mouse IP and LCMV-CI13
at 1.14 x 10° PFU/mouse IV as these infection doses and routes have been routinely used to

model acute and chronic infections(101,102).
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Figure 30. Levels of replicating virus at Day 7 in sera of female and male P14 mice infected
with either LCMV-CL13. Data is representative of one experiment.

At Day 7 post LCMV-CL13, the viral titres detected from the sera of both male and female
mice were comparable (refer to

Figure 30).

6.6 Sex-Based Differences in Expression of exhaustion-associated
genes.
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Figure 31. Violin plots representing the expression of exhaustion associated genes in male and
female CD8* T cells responding at day 4 and day 7 post LCMV-Arm and LCMV-CL13.

As depicted in Figure 31, the expression of exhausted associated genes Pdcd1, Lag3,
Tox, Tcf7 was greater in female compared to male CD8* T cells responding to LCMV-CL13
infection at day 4, suggesting that female CD8* T cells may be progressing earlier towards

an exhausted state or may have an early molecular program which may predispose them

towards exhaustion.
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7 Validation of candidate gene regulators of early
CD8"T cell responses

7.1 Rationale

Candidate gene regulators identified via scRNA-seq analysis were next validated using
in vitro assays of CD8* T cell differentiation followed by flow cytometry and quantitative real-
time polymerase chain reaction (QRT-PCR) analysis. | chose to validate the following genes:
CD8a, IFN-y, TNF-y, ItgB87 and CXCR3 for the following reasons. ItgB7 and CXCR3 have been
reported to mediate CD8* T lymphocyte activation, differentiation, and function. CXCR3 is an
X-linked gene that encodes a chemokine receptor associated with CD8* T cell migration tissue
homing (63). /tgB87 encodes an integrin associated with cell adhesion during CD8* T cell
activation and trans-endothelial migration(51). IFN-y and TNF-a genes encode their
respective cytokines and were included to confirm the effector functions of the in vitro

differentiated CD8* T cells.
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7.2 In-vitro effector and memory CD8* T cell differentiation model

In Vitro Effector and Memory CD8* T cell Differentiation Model
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Figure 32. In Vitro CD8+ T cell Differentiation Model. This figure depicts the experimental
model system utilized to generate “effector-like and “memory-like” CD8* T cells.

To validate the findings from the in vivo LCMV studies, primary CD8* T cells were
isolated from the spleen of a female donor P14 mice by negative selection, following the
methods described in Methods section. Subsequently, these cells were differentiated in vitro
into effector-like, memory-like and exhausted-like CD8* T cells in vitro, following established
protocols (91-93). Following CD8* T cell isolation, 2 x 10° CD8* T cells per well were cultured
in the presence of either IL-2 or IL-15 (10 U/ml) and plate-bound anti-CD3/anti-CD28
antibodies for 72 hours as previously outlined by (91). IL-2 drives the expansion and
differentiation of effector T cells , while 1I-15 is critical for the generation and maintenance of

CD8" memory T cells (91,103). During this time, the cells undergo activation, proliferation,
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and differentiation into either effector-like or memory-like CD8" T cells. To monitor the
differentiation process, flow cytometry analysis is performed at 24 and 72 hours after
activation. Specific markers are used to detect the different stages of CD8" T cell
differentiation including, CD62L for homing status, CD44 for activation, and pro-inflammatory
cytokine markers such as TNF-a and IFN-y for functional characterization. CD25hiCD62Llo
indicate ‘effector-like’ whereas CD25'°CD52L" denote ‘memory-like’ CD8* T cells as previously

described in (91).
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Figure 33. Frequency of “effector-like” CD8+ T cells 72h post in vitro stimulation and co-
culture with IL-2. “Effector-like” P14 CD8* T cells are gated on the upper-left quadrant.
Detection of “effector-like” CD8* T cells is determined by CD25hi CD62LIo expression. Data is
representative of at least two independent experiments.

As seen in Figure 33, generation of ‘effector-like’ CD8* T cells differentiated in the presence

of IL-2 was confirmed by CD25hiCD62Llo expression as described previously by (91).
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Figure 34. Frequencies of activated CD8+ T cells 72h post in vitro stimulation and co-culture
with IL-2 (right) or IL-15(left). Activated P14 CD8* T cells shown are gated on CD44hi CD45.1*

CD8* T cells. Data is representative of at least two independent experiments.

‘Effector-like’ CD8* T cells expressed higher CD44 levels than ‘memory-like’ CD8* T cells

differentiated in the presence of IL-15 (refer to Figure 34). Given that CD44 is marker for

activation, this finding indicates that the ‘effector-like’ CD8* T cells may be more activated

than their ‘memory-like’ counterparts.
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Figure 35. Frequencies of “effector-like” P14 CD8+ T cells producing IFN-y (left) and TNF-a
(right) 72h post in vitro stimulation and co-culture with IL-2. Cytokine producing T cells
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shown are gated on TNF-ahi and IFN-yhi CD8+ T cells. Data is representative of at least two
independent experiments.

Effector functions were confirmed by detection of CD8* T cells producing either IFN-y or

TNF-a (refer to Figure 35).Figure 35

7.3 In-vitro CD8*T cell exhaustion model

In Vitro CD8* T cell Exhaustion Model

DCs +gp33-41,37°C
incubator,1h

Female P14 DC Isolation
y
* — —
Female P14
5 CD8+ T cell Isolation — : 24h
2
) & IL15

CD8: DC (1:1) co-culture,
gp33-41 peptide

37°C incubator
Pulse with peptide, IL-2 or
IL-15 at Day2 and Day 4

Day 5

2 TNF-a

pD-1 IFN-y CD8
LAG3 TNF-a CD44 ‘ IFN-y
TIM-3 CD62L ‘ CD8a
CD25 CXCR3
ItgB7

Figure 36. In Vitro CD8+ T cell Exhaustion Model. This figure depicts the experimental model
system utilized to generate “exhausted-like” CD8" T cells.

In this study, | utilized an established in vitro model of chronic antigen stimulation of
P14 CD8* T cells, based on previously established (92,93). This model allowed us to investigate
key phenotypic, functional and transcriptional features of exhausted CD8* T in comparison to
in vivo exhausted CD8* T cells. | modified the protocol by culturing the cells for five instead of

usual 8 days to minimize cell death.
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To mimic the development of exhausted CD8*T cells that occurs in the chronic model
of LCMV infection, | co-cultured primary CD8* T cells isolated from the spleen of a female P14
transgenic mouse with dendritic cells derived from the spleen of a different female transgenic
mouse. Antigen specific CD8* T cells and DCs were co-cultured with IL-2 or IL-15 and antigen
(LCMV-gp33 peptide) for 120 hours. Differentiated CD8* T cells were characterized using flow
cytometry as described in section 3.6, to confirm their phenotype and functional properties

before gene expression validation using qRT-PCR.
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Figure 37. Frequencies of exhausted CD8+ T cells 120h post in vitro stimulation with
glycopeptide 33 of LCMV virus and IL-2. Exhausted P14 CD8* T cells shown are gated on PD-
1hi CD8* T cells (left) and PD-1hiLAG-3hi CD8* T cells (right). Data is representative of one
experiment.

Generation of “Exhausted-like” CD8* T cells in our in vitro culture system was confirmed by
PD-1 expression (refer to Figure 37). Heterogeneous “exhausted-like” CD8" T cells were
confirmed by expression of additional inhibitory receptors LAG-3 and TIM-3 as previously

determined by (92).
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Figure 38. Frequencies of “exhausted-like” P14 CD8+ T cells producing IFN-y (left) and TNF-a
(right) 120h post in vitro stimulation with glycopeptide 33 of LCMV virus and co-culture with
IL-2. Cytokine producing T cells shown are gated on TNF-ahi and IFN-yhi CD8+ T cells. Data is
representative one experiment.

Effector functions of “exhausted-like” CD8* T cells were assessed by looking at the
frequencies of CD8* T cells producing either IFN-y or TNF-a. In this in vitro system of exhausted
CD8* T cell differentiation. As expected, | observed the diminished ability to produce pro-
inflammatory cytokines in the ‘exhausted-like’ CD8* T cells (refer to Figure 38).

As seen in Figure 38 and Figure 35, the ‘exhausted-like, CD8* T cells produce considerably
lower TNF-a and IFN-y compared to the ‘effector-like’ CD8* T cells. Taken together, these
results demonstrate a successful generation of ‘exhausted-like’ CD8" T cells in vitro as
evidenced by PD-1 expression and poor effector functions demonstrated by decreased

production of TNF-a ad IFN-y.
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7.4 Validation of candidate gene regulators by gRT-PCR

To validate the expression of selected DEGs in the in vitro differentiated CD8* T cell
populations (i.e. effector vs. memory vs. exhausted), qRT-PCR was performed. cDNA was
generated as described in the Materials and Methods section from “effector-like”, “memory-
like” and ““exhausted-like”” female P14 CD8* T cells differentiated in vitro as described in
Section 3.6. | first analyzed CD8a expression to confirm that the cells were CD8* T cells. TNF-

a and IFN-y gene expression were subsequently analyzed to confirm the effector functions of

the CD8* T cells, specifically their cytokine production.
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Figure 39. Gene expression of TNF-a (left) and IFN-y (right) in “effector-like” and
“exhausted-like” CD8+ T cells generated in vitro. Data is representative of one experiment.

The relative fold change in expression of both TNF-a and IFN-y was highest in the
“effector-like” (IL-2 activated), followed by the “memory-like” (IL-15 activated) CD8* T cells
and lowest in the “exhausted-like” (exh IL-2) and “terminally-exhausted” (exh-IL15) cells
(refer to. Decreased gene expression of TNF-a and IFN-y in “exhausted-like” compared to
“effector-like” and “memory-like” CD8* T cells indicates a potential loss of effector functions
in the exhausted CD8* T cell populations and confirms the successful generation of in vitro

derived exhausted CD8* T cells(refer to Figure 39).
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Next, | investigated two candidate gene regulators of early CD8*T cell responses

following LCMV-CL13, CXCR3 and Itg67.
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Figure 40. Gene expression of ItgB87 and CXCR3 in “effector-like” and “exhausted-like” CD8* T
cells generated in vitro. Data is representative of one experiment.

CXCR3 is expressed by effector-like (act IL-2), memory-like (act-IL15) and exhausted-
like (exh-IL2 and exh-IL15) CD8* T cells. On the other hand, ItgB7 expression is highest in

“memory-like” CD8" T cells (IL-15act) and lowest in “exhausted-like” cells (refer to Figure 40).
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Figure 41. Violin plots illustrating the expression of Itg87 and CXCR3 in female and male CD8*
T cells responding to LCMV-Arm or LCMV-CL13 in vivo at 4,7,28 and 40 dpi.
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Confirmation of the expression of these genes in our in vitro differentiated T cells aligned with

the scRNA-seq results as shown in Figure 41.

8 Discussion

Chronic infections or tumors can cause CD8* T cells to undergo a process called T cell
exhaustion, where they become dysfunctional and lose their ability to fight off the infection
or tumor. This phenomenon has been extensively studied in mice infected with chronic LCMV,
as well as in humans with chronic viral infections such as HIV, hepatitis B, and hepatitis
C(45,97,104). This study investigated the transcriptional programs underlying how CD8*T cells
may differentiate into an exhausted state compared to effector and memory cell fates. We
specifically investigated early CD8* T cell responses to acute and chronic LCMV strains. To
accomplish this, we sequenced cDNA libraries of antigen specific CD8* T cells responding at
different times post-infection. The LCMV model of CD8* T cell differentiation in combination
with single-cell transcriptional analysis revealed key insights in early CD8* T cell responses that
may underlie development towards the exhausted CD8* T phenotype compared to

effector and memory CD8* T cell fates.

This study provides a comprehensive view of the transcriptional programs underlying
early CD8* T cell responses during acute and chronic LCMV infections with the integration of
biological sex comparison, which can be extrapolated to identify molecular mechanisms

regulating CD8* T cell differentiation and potentially be applied to other viral diseases.

8.1 Early CD8'T cell responses to LCMV

8.1.1 Early cellular divisions in LCMV-CL13 vs LCMV-Arm
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Proliferation rates of antigen-specific CD8* T cells were assessed by CFSE dilution
assays at 18, 36, and 48 h following LCMV-Arm or LCMV-CL13 infection. Intriguingly, our
findings revealed a difference in the kinetics of CD8* T cell proliferation between the two
infection models. Specifically, LCMV-CL13 triggered earlier proliferation and cell division
events (36 hours post-infection), whereas LCMV-Arm infection exhibited a delayed response,
(48 hours post-infection) (see Figure 14). The rapid lymphocyte proliferation of CD8* T cells
observed during the early stages of LCMV-CL13 infection piques considerable interest and
suggests the presence of distinct signaling mechanisms in comparison to LCMV-Arm. One
possibility is that viral antigen load may be substantially higher at early time points in LCMV-
Cl13 compared to LCMV-Arm infection, potentially leading to increased TCR signaling. In this
study, | administered LCMV-Arm at 2 x 10° PFU/mouse IP and LCMV-Cl13 at 1.14 x
10° PFU/mouse IV as these infection doses and routes have been routinely used to model
acute and chronic infections (101,102).

Results showed no statistically significant differences in levels of replicating virus in
the sera, between the two time points (refer to Figure 17Error! Reference source not found.). T
his finding suggests that earlier CD8* T cell proliferation events observed in LCMV-CL13
infection cannot be solely attributed to increased TCR signaling, that may result from
enhanced antigen presentation due to higher viral loads. Other factors within the spleen
microenvironment such as preferential infection of FRCs and stromal cells by LCMV-CL13 can
cause enhanced local viral titres impacting T cell activation. Additionally, distinct signaling
pathways between chronic and acute LCMV infections may contribute to the observed
disparities in CD8* T cell proliferation kinetics.

Previous studies have explored the divergent immune responses elicited by LCMV-

CL13 and LCMV-Arm infections during early stages of infection. Studies have demonstrated
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LCMV-CL13 infections result in a higher percentage of infected pDCs and significantly elevated
levels of serum IFNa and IFNB at 24 hours post-infection compared to LCMV-Arm
infections(105,106). Building upon these observations, | hypothesize that differential rates
APC infection, particularly involving pDCs, could explain the distinct kinetics observed in the
early response to LCMV-Arm versus LCMV-CL13. Higher levels of IFNa and IFNB, and other
cytokines produced by pDCs such as IL-12 could be playing a crucial role in driving the earlier
divisions of antigen-specific CD8* T cells observed in response to LCMV-CL13 as compared to

LCMV-Arm.

Alternatively, studies have reported LCMV-Arm and LCMV-CL13 may preferentially
localize to different regions of the spleen. LCMV binds to the aDG receptor expressed on
splenic DCs (85,87). LCMV-CL13 exhibits high affinity binding to aDG and shows a preference
for replication in splenic DCs, ultimately leading to viral replication in the white pulp.
Conversely, LCMV-Arm demonstrates low affinity binding to aDG and displays minimal
replication in splenic DCs (87,107). Similarly, in this study, | presume that the differential
localization patterns and preferential interactions with distinct subsets of splenic DCs
observed between LCMV-CL13 and LCMV-Arm infections could potentially affect the
activation and subsequent proliferation of CD8* T cells. For example, increased replication of
LCMV-CL13 in splenic DCs may explain rapid the CD8* T cell proliferation we observed in the

CTL response to LCMV-CL13 compared to LCMV-Arm.

Taken together, cell tropism, cytokine milieu, and anatomic localization of LCMV-Arm
versus LCMV-CI13 in the spleen could influence CD8* T cell differentiation in the different
infections at early time points. In fact, a recent scRNA-seq study identified a transcriptional

and epigenetic divergence between CD8* T cells that have undergone their first division in
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response to LCMV-CI13 or LCMV-Arm. Interestingly, Quezada et al, showed that Divlicmv-
arm cells exhibited transcriptional but not epigenetic heterogeneity, whereas Divlciis cells
exhibited epigenetic but not transcriptional heterogeneity (15). Although the functional
importance of these transcriptional and epigenetic disparities remains to be fully understood,
it is intriguing to observe the early differences between CD8*T cells responding to LCMV-Arm

versus LCMV-CL13, which are in support of my findings.

A limitation of our study was that | was unable to sort enough CD8* T cells undergoing
early divisions cDNA library generation and scRNA-seq analysis, despite multiple attempts.
Further optimization of the cell sorting protocol will be necessary for future studies at early
time points. One improvement to the protocol could involve transferring higher cell numbers
(3 x 10° CFSE-labeled cells as previously described in (101,102), to potentially improve cell

recovery for downstream analysis.

8.1.2 Early transcriptional differences in CD8'T cells responding to LCMV-Arm
Vs LCMV-CL13

To investigate the transcriptional differences between CD8* T cells responding to
acute versus chronic infection, we analyzed data from multiple time points together (days 4,
7, 28, and 40). T-SNE analysis revealed distinct transcriptional profiles of early-responders
(d4), effector (d7), memory (d40-LCMV-Arm) and exhausted (d28-cl13) CD8'T cells. Notably,
during the initial stages of infection (day 4), a clear separation emerged between CD8* T cells
responding to the LCMV-CL13 versus LCMV-Arm infection. This intriguing transcriptional
divergence observed as early as day 4 aligns closely with my hypothesis that CD8* T cell fates
may be predetermined during the early stages of developing infections, as corroborated by

relevant literature (14,15,91).

99



CD8" T cells responding to acute-resolving vs chronic LCMV infection were
distinguished by the upregulation of different genes and pathways (Figure 18), further
supporting the notion of early specification of cell fates. Similarly, a prior scRNA-seq study
identified a transcriptional divergence between CD8* T cells responding to LCMV-Arm versus
LCMV-CI13 occurring after day 4.5 but before day 7 post-infection(49). A more recent
scRNAseq study identified a transcriptional divergence between CD8* T cells responding to
LCMV-Arm versus LCMV-CI13 in CD8*T cells that have undergone their first division and early
time points (day 5 and Day 6 pi)(15), suggesting that an exhausted state may be specified
early after infection which is consistent with my hypothesis.

To investigate the distinct clustering of CD8* T cells at Day 4, we analyzed the gene
expression patterns of the two Day 4 clusters. GO analyses of genes differentially expressed
by the two Day 4 clusters revealed an enrichment of genes related to mitochondrial
respiration, integrin signaling, migration and chromosome modifications in Day 4 LCMV-CL13.
In Day 4 LCMV-Arm, there is an upregulation of genes involved in translation machinery and
RNA processing (refer to Figure 18). Focusing next on specific genes, | observed that
transcription factors associated with integrin signalling were only highly expressed by Day 4
LCMV-CL13 cells. These included itgb1, itgb7 and itga4. Integrin signaling plays a critical role
in cell adhesion, migration, and immune cell interactions, suggesting that variations in these
processes may contribute to the distinctive CD8* T cell response observed in LCMV-CL13
infection.

Alternatively, as discussed in previous sections, studies have reported LCMV-Arm and
LCMV-CI13 may preferentially localize to different regions of the spleen by binding to
different splenocytes that express aDG (85,87). Similarly, | hypothesize that the differential

tropism of LCMV-Arm and LCMV-CL13 within the spleen, particularly the of preferential
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replication of LCMV-CL13 in the white pulp, may be orchestrating unique patterns of CD8* T
cell activation, yielding the observed variations in transcriptional profiles of CD8* T cells
responding to LCMV-Arm versus LCMV-CL13 at early time-points (day 4). Additionally, innate
immune responses may be driving early CTL responses in LCMV-Arm vs LCMV-CL13. The
infection, activation and function of DCs, macrophages and other APCs during LCMV ARM and
LCMV-CL13 infection are critical parameters in determining the outcome of infection.
Differences in LCMV-Arm and LCMV-CL13 interaction with the innate immune system are
likely to have a significant impact in initiating the adaptive immune responses, including the
CTL responses that clear LCMV-Arm and the mechanisms hinder the ability of the immune
system to clear LCMV-CL13.

Innate responses to LCMV have been detected within the first day of infection. For
example, plasmacytoid DC are preferentially infected by LCMV-CL13 and activated to produce
of IFN-a and IL-12, stimulating CTL responses(105). LCMV-CL13 may elicit distinct patterns of
activation and cytokine production in innate cells such as pDCs, which may contribute to the
impaired CTL responses observed during chronic LCMV infection.

Another possibility to explain differences in early CD8* T cell responses to acute versus
chronic LCMV is that viral antigen load may be substantially higher at Day 4 in LCMV-CL13
compared to LCMV-Arm infection, potentially leading to increased TCR signaling. In this study,
we administered LCMV-Arm at 2 x 10° PFU/mouse IP and LCMV-CI13 at 1.14 x 10 PFU/mouse
IV as these infection doses and routes have been routinely used to model acute and chronic
infections. | have not yet performed plaque assays at Day 4 pi to assess the numbers of
replicating virus, due to unresolvable experimental challenges. While these experiments are
ongoing, | must acknowledge that the level of replicating virus in LCMV-Arm vs LCMV-CL13

may have influenced the observed differences in CD8* T cell responses. Future studies could
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aim to include plaque assays at various early time points to investigate the potential
confounding effects of TCR signalling more comprehensively on CD8* T cell responses during

the early phases of a developing infection.

8.2 Sex-based differences in CD8* T cell responses to viral infection

To address my fourth objective, | investigated sex-based differences in CD8* T cell responses
to LCMV-CL13 versus LCMV-Arm. First, | observed higher TNF-a expression in female CD8" T
cells compared to males in LCMV-Arm compared to LCMV-CL13 at the peak of infection (Day
7). | also observed a trend of higher frequencies of antigen-specific P14 CD8* T cells in males
compared to females, in response to both acute and chronic LCMV.

To further investigate the sex-specific differences between male and female CD8* T
cells responding to acute versus chronic LCMV infection, we analyzed the transcriptional
profiles of naive and responding CD8" T cells. At the peak of infection (Day 7), scRNA-seq
revealed that female and male CD8* T cells separated into distinct clusters based on infection
type (LCMV-Arm versus LCMV-CL13) and sex (male versus female). First, male CD8" T cells
cluster distinctly from their female counterparts both at naive and Day 7 time-points.
Strikingly, female CD8*T cells responding to LCMV-CL13 clustered separately from those
responding to LCMV-Arm suggesting that they may already be proceeding along distinct
differentiation paths. Surprisingly, this distinction was absent in the male CD8* T cell
response, as there was significant overlap between clusters of male CD8* T cells responding
to LCMV-CL13 and LCMV-Arm.

This study uncovered novel findings of early sex-based differences in CD8" T cell
responses acute versus chronic LCMV infection in mice at 4 dpi. Our analysis revealed distinct

clustering patterns, based on the infection type and sex. Female cells responding to LCMV-
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C13 at Day 4 cluster separately from male CD8* T cells responding to LCMV-C13 at the same
time-point. Interestingly, the gene expression profiles of female P14 CD8* T cells responding
to LCMV-Arm showed some overlap with male responding to LCMV-Arm at Day 4. Further
analysis of DEGs between the clustered revealed additional sex-based differences. For
example, itgb7, associated with integrin signalling was more highly expressed by female Day
7 LCMV-CL13 cells compared to female Day 7 LCMV-Arm. By examining the list of
inflammation-related DEGs between females CD8* T cells responding to LCMV-Arm vs LCMV-
CL13, we identified X-linked genes that were more highly expressed in Female d7 LCMV-CL13

vs Female d7-LCMV-Arm. From this list, | chose to further investigate CXCR3.

Sex-specific CD8* T cell responses during early phases and at peak of infection suggest
that there are differences in the molecular mechanisms underlying the female and male CD8*
T cell response to LCMV. Sex-based differences in disease susceptibility and outcomes can be
attributed to differences in the expression of steroid hormones, differences in anatomy,
differences in X and Y chromosome—linked factors, such as X chromosome inactivation or

genes encoded on the Y chromosome.

Potential biological reasons for sex-based differences in CD8'T cell responses

8.2.1 Immune-associated genes mapped to the X chromosome:

Sex-based differences in CD8* T cell responses to infection may be due immune
associated genes mapped to the X-chromosome. As discussed in the introduction section,
genetic and epigenetic factors that contribute to sexual dimorphism are largely centered on
the X chromosome. Females posses two X chromosomes (XX) while males have one X
chromosome (XY). XCI occurs in females to equalize gene expression between sexes (108).

However, several X-linked genes escape XCl and display biallelic gene expression (109).
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Notably, genes that escape XCl vary, depending on the cell type, tissue, individual, age, and
even the methods used(110-112).

Immune-associated genes that are mapped to the X chromosome are of particular
interest because they could affect the nature and intensity of immune responses that exist
between sexes, depending on whether they escape XCl. In this study, several Immune-
associated genes that map to the X chromosome were identified. | identified CXCR3 as one
such gene that was more highly expressed in Female d7-LCMV-CL13 vs Female d7 LCMV-Arm.
CXCR3 is an important X-linked immune-associated gene, an inducible chemokine receptor
and a significant regulator of T cell immune responses (63,113). Unlike all other chemokine
receptors, CXCR3 uniquely maps to the X chromosome(113) and is expressed by activated
CD4+ T cells, CD8 * T cells, macrophages and DCs (114). Previous research has shown that
CXCR3 mRNA has been shown to be overexpressed in female T cells relative to males, lupus
patients (115). Moreover, studies utilizing a CXCR3 bicistronic dual-reporter mouse model
demonstrated that CXCR3 escapes XCl in T cells when activated in vitro as well as during in
vivo infection with L. mexicana(64). Biallelic CXCR3- expressing T cells from spleens and lymph
nodes of infected mice displayed higher CXCR3 protein on their cells compared with
monoallelic CXCR3- expressing cells. Similarly, in our study, given that CXCR3 is involved in
immune cell migration, differentiation, and activation, the increased protein expression
observed in biallelic CXCR3-expressing cells in female CD8* T cells may contribute to different
immune responses compared to the males. Additionally, biallelic expression of other X-linked
genes that potentially escape XCI could potentially result in sex-based differences in CD8* T
cell responses between males and females.

In addition to protein-coding genes, other RNA species such long non-coding RNA

(IncRNAs) and micro-RNAs that are highly enriched on the X chromosome could potentially
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play a role in the molecular mechanisms underlying sex-based differences in CD8* T cell
responses. Further investigation into these RNA species and their interactions with immune-
related pathways may provide additional insights into observed disparities between male and

female CD8* T cell responses.

8.2.2 Sex-specific differences in innate immune responses

In our investigation of early CD8* T cell responses, we explored sex-based differences
and their potential influences on transcriptional programs of responding CD8* T cells. Early
differences in CD8* T cell responses may be partly attributed to innate immune responses that
mount the first line of immune defense before the adaptive immune system is activated.
Within the realm of innate immunity, literature provides valuable insights into the
involvement of pDCs in sex-specific differences observed in specific disease outcomes such as
HIV-1 disease progression. pDCs are capable of sensing single-stranded RNA via TLR7/8
(116,117). Activation of pDCS triggers the production of type | IFNs, including IFN-a, which
serves as a potent antiviral mediator. In HIV-1 disease, pDCs derived from women produced
significantly higher amounts of interferon a (IFN-a) in response to TLR7/8 ligands compared
to pDCs from men(118,119). As a result, the secondary activation of CD8* T cells is stronger
in female than in males, and this mechanism could explain why women are more susceptible
to rapid HIV-disease progression than men. Drawing from this knowledge, | suspect that the
sex-based differences observed in the transcriptional programs of CD8* T cells responding to
early to LCMV-Arm and LCMV-CL13, could be influenced by innate immune responses,
including pDCs activation and effector functions. In particular, enhanced TLR7 signalling
followed by higher IFN-a and IL-12 production by female pDCs could be contributing to the

divergent CD8* T cell responses between males and females observed at 4 dpi. In line with
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these findings, a recent study demonstrated that male and female CD8* T cells could respond
differently to intracellular pathogens due to their varying sensitivity to inflammatory cues. In
murine infections with vaccinia(virus) and Listeria monocytogenes (bacteria) female CD8* T
cells displayed a higher tendency to become short-lived effector while male CD8*T cells were
more likely to become memory precursor effector cells, in response to IL-12 produced by
pDCs (61). The established link between pDC-derived IL-12 and the differential fate of male
and female CD8"* T cells during infection provide valuable context for considering that similar
mechanisms underlie the observed differences in early CD8* T cell responses between males
and females, in our study. Overall, the interplay between the innate and adaptive immune
responses contribute to the complex mechanisms underlying sex-related disparities in

immune responses.

8.2.3 Sex differences in viral load

At Day 7 post LCMV-CL13, the viral titres detected from the sera of both male and
female mice were comparable (refer to

Figure 30).Thereby, we can speculate that the observed differences in CD8* T cell
responses between male and female mice during peak of LCMV-CL13 infection may not be
attributed to variations in viral replication and antigen load. Instead, other factors, such as
sex-specific immune responses, hormonal influences and distinct transcriptional CD8* T cell
profiles are likely contributing to the sex-based differences observed at day 7. However, |
must acknowledge that | was unable to get conclusive results from sex-based plaque assays
performed at Day 7 LCMV-Arm due to unresolvable experimental challenges. Future studies
will investigate the viral titres of LCMV-Arm in sera of male and female infected mice, aiming

to uncover potential differences in their susceptibility to LCMV-Arm infection.
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Alternatively, in accordance with previous studies, (85,87), it is plausible that LCMV-
Arm and LCMV-CL13 may localize to different regions of the spleen. Additionally, female and
male antigen specific CD8* T cells may home differently in the female versus male spleen,
respectively. Of note, naive male and female CD8* T cell transcriptional profiles cells are
distinct without activation (refer to Figure 23), suggesting the possibility of pre-existing
differential programming related to migratory patterns, proliferation, and transcriptional
machinery. Additionally, virus replication and CD8* T cell migration patterns could be affected
by hormones potentially leading to different homing patterns, in female versus male
environment.

In summary, potential disparity in viral load, differential patterns of virus homing and
distinct intrinsic programming between female and male CD8* T cells in the spleen may
contribute to the observed sex-based differences in CD8* T cell responses during LCMV

infection.

8.2.4 Sex Hormones

A possible explanation for sex-based differences between female and male CD8* T
cells could be differential signalling of sex hormones between males and females. Estrogens
and androgens contribute to sex-specific differences in viral infections. Numerous studies in
animal models have demonstrated the direct influence of sex hormones on viral infections.
For example, rhesus macaques were found to be more susceptible to intravaginal simian
immunodeficiency virus (SIV) infection during the luteal phase (high progesterone levels)
compared to follicular phase (high estrogen levels)(120). Additionally, systemic

administration of estrogens protected female rhesus macaques against intravaginal challenge
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with highly pathogenic SIV (121). Similar associations between sex hormones and HIV-1
acquisition have been observed in humans during the menstrual cycle and in pregnancy(70).

In the context of our LCMV study, | suspect that progesterone and estrogen could
contribute to the sex-specific differences in CD8* T cell responses. These hormones may
affect the spleen microenvironment thereby influencing CD8* T cell activation, differentiation
and response during early and later stages of infection. Notably, in female mice, the menstrual
cycle could influence their susceptibility to infection based on the phase of the cycle. The role
of androgen in regulating T cell exhaustion has garnered much attention recently, with
contradictory findings on molecular mechanisms at play (67,72). Studies have shown that
blocking androgen receptor signaling can restore CD8* T cell function and enhance CD8* T cell
responsiveness to anti-PD1/PD-L1 treatment in males. This finding aligns with previous
reports on castration-resistant prostate cancer, suggesting a potential role of androgen in
driving sex-based differences observed in chronic conditions such as persistent viral infections

or cancer(122).

In the context of our LCMV study, | suspect that androgen could contribute to the sex-
specific differences we observed in response to LCMV infection. Androgens may exert their
effects during early stages of infection, affecting initial CD8" T cell activation and
differentiation events that can be maintained through epigenetic memory and influence CD8*
T cell responses during later stages of infection. Further research is necessary to unravel the
precise molecular mechanisms through which sex hormones, including estrogens and
androgens, modulate CD8* T cell responses during viral infections and their implications for

sex-based differences in disease outcomes.
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8.3 Conclusion and significance

The LCMV model of acute and chronic infection of mice has been instrumental in
studying the adaptive immune responses to viral infection. LCMV studies have provided
valuable insights into functional exhaustion during chronic infections and the identification of
markers associated with protective CD8" T cell responses. The focus of this study was to
investigate early and sex-based differences in CD8* T cell responses to acute and chronic
LCMV infection, with the aim of better understanding the molecular mechanisms underlying
the development of CD8" T cells exhibiting protective versus exhausted phenotypes. Our
findings revealed previously unrecognized sex-based differences in early CD8* T cell responses
to acute versus chronic viral infection, within the classical LCMV infection model. These
findings underscore the need for further exploration of the often-underappreciated role of
biological sex in cellular mediated immune responses. The observed early and sex-based
differences in CD8* T cells responding to LCMV-CL13 infection in particular, warrant further
interrogation to delineate early and sex-based differences in the formation of exhausted CD8*
T cell subsets. Subsequently, mechanistic studies of candidate gene regulators of CD8* T cell
exhaustion can be pursued to understand our understanding of this complex phenomenon.
The implications of these findings extend beyond LCMV infection and have significant
relevance to our comprehension of immune responses to viral infections in general, as well
as the development of CD8" T cell exhaustion. The identification of early and sex-based
differences in CD8* T cell responses to acute and chronic viral infections opens new avenues
for research in immunology. The potential identification of candidate gene regulators of CD8*

T cell exhaustion holds promise for the design of new strategies aimed at modulating T cell
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activity to elicit appropriate context-specific T cell response, including effector, memory and

exhausted responses.

8.4 Future Directions

This study acknowledges certain limitations that should be addressed in future research.
One such limitation is that we did not directly measure sex hormone steroid levels to
determine their role in mediating the observed sex-based CD8* T cell responses and
transcriptional patterns. Additionally, the effect of sex hormones on tissue
microenvironments such as the spleen adds another layer of complexity for understanding
the effects of biological sex in CD8* T cell responses to viral infection. Immune cells, including
CD8* T cells express sex steroid receptors (123,124) and are responsive to estrogen and
testosterone treatment. Future studies can examine: 1) hormone receptor expression
changes in antigen-specific CD8* T cells following activation by viral antigen; 2) circulating sex
steroids levels in plasma; and 3) the effect of the estrous cycle stage on modulating CD8* T
cell responses to viral infection.

Ongoing experiments are currently addressing some of the questions. Our preliminary
data analysis suggests that expression of sex steroid receptors, such as ERa and AR, change
in response to infection indicating a potential role of sex steroids in mediating sex-related
differences in CD8* T cell responses.

Related studies in mice investigating chronic inflammatory responses in the lung following
air pollution exposure have revealed the estrous cycle stages can influence the inflammatory
response to a pathogen. For example, female mice exposed to ozone in the follicular in mice
it’s termed estrous phase had significantly higher expression of inflammatory genes, including

Ccl2, Cxcl2, Ccl20, and IL-6, compared to females exposed in the luteal in mice it’s termed
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diestrous phase (125). Therefore, it would be valuable to investigate the role of sex steroids
on CD8* T cell responses and differentiation after infection with LCMV-Arm or LCMV-CL13 in
future studies.

These studies can include investigating CD8* T cell differentiation in vitro using the T
cell differentiated assays described earlier in this study, in the presence or absence of sex
hormones. To further explore the effect of hormone signalling in the context of our study,
responding male or female CD8* T cells can be isolated early (day 4) or at peak of infection
(day 7) and cultured ex-vivo in the presence or absence of sex hormones to explore the
difference in CD8T cell effector functions and proliferation.

An examination of a sex steroid panel (cortisol, testosterone, 17B-estradiol and
progesterone) in serum of recipient male and female mice can be performed using mass
spectrometry/LC-MS-MS at the Manitoba Centre for Proteomics and Systems Biology. Mass
spectrometry is the optimal approach to assess steroid hormones as immunoassays have
several limitations including standardisation and antibody sensitivity problems between labs.

Monitoring the mouse estrous cycle during chronic and acute LCMV infections through
vaginal cytology will be useful to identify whether the stage of the estrous cycle influences
the CD8* T cell responses observed in mice. The estrous cycle in mice is segregated into four
main stages (proestrus, estrus, metestrus, and diestrus) which cycles every 4-5 days (126).
Thus, vaginal cytology at the start of the experiment and at the designated humane end
points, will allow monitoring the changes in the estrous cycle in the female mice. Importantly,
correlating sex steroid levels with the differences observed in CD8* T cell responses in both
sexes in mice may shed light on impact of sex steroids on CD8* T cell responses.

For early studies investigating early proliferation of responding CD8* T cells, there are

plans to increase the number of adoptively transferred CFSE-labelled cells numbers from 1 x
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10° to 3 x 10°as described in (15). Increased transfer numbers will enable higher cell
recovery during sorts for generation of single-cell cDNA libraries. So far, we have been
unsuccessful in sorting enough cells for generation of cDNA libraries.

Early cellular interactions in the spleen during the activation phase can be further
investigated using spatial transcriptomics. This approach requires in situ sequencing, which
can map the spatial distribution of activated CD8* T cells in the spleen and their gene
expression patterns. Immunohistochemistry can be applied to further explore APC-CD8
interactions during early phases, localization of female vs male CD8* T cells in the spleen and
preferred sites of infection in female vs male spleen.

Overall, this study provides the foundation for several future mechanistic studies of how
sex and early regulation of CD8* T cell responses influence the formation of diverse CD8" T
cell fates and functions that are critical for protective immune responses to infection.
Addressing the mentioned limitations will enhance our understanding of the underlying
mechanisms driving sex-based differences in CD8* T cell responses and their implications for

immunology and therapeutic interventions.
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