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Abstract

Infection with hepatitis C virus (HCV) can cause liver damage known as fibrosis, which
often leads to liver disease and hepatocellular carcinoma. The impairment of circulating, bulk
(non-specific and specific) CD8" T cells within HCV-infection, characterized by an altered
phenotype and the increased expression of pro-apoptotic genes, is observed when compared to
uninfected controls. The relationship between bulk CD8" T cell function and the extent of liver
damage has not been demonstrated. In this study, widespread immune alterations were observed
in untreated HCV infection with advanced liver fibrosis. Untreated HCV-infected individuals
with advanced fibrosis possessed a significantly decreased proportion of naive CD8" T cells and
an increased proportion of late effector memory CD8" T cells compared to uninfected controls.
Upon T cell receptor (TCR) stimulation, these individuals also had an increased intracellular
IFN-y expression for four CD8" T cell subsets, a decreased CD107a expression for central
memory CD8" T cells, and a decreased perforin induction for naive and central memory CD8" T
cells. These immune alterations did not reverse 24 weeks after viral cure. This study indicates
there is a relationship between the differentiation and function of bulk CD8" T cells and the

extent of liver damage within HCV infection.
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Chapter 1: Introduction

Chapter 1: Introduction

1.1 Hepatitis C Virus Infection

Globally, the number of hepatitis C virus (HCV) infections has been estimated to be over
185 million with the highest prevalence in Central and East Asia and North Africa/the Middle
East (1). HCV is a blood-borne virus which can lead to end-stage liver disease (ESLD), portal
hypertension, and hepatocellular carcinoma (HCC) (2). An HCV infection is characterized as
acute or chronic within the 6-month period following the point of infection (3). Symptoms may
appear within this time, including jaundice, fatigue, joint pain, itchy skin, and dark urine (4).
Although spontaneous clearance occurs in 25% of individuals infected, the majority develop a
chronic infection (3). Approximately 25% of individuals living with chronic HCV develop liver
cirrhosis within decades after initial infection (5). Recent advances in HCV medication have
revolutionized treatment success with an achievement of over 90% sustained virological
response (SVR) rates (6). SVR is defined as an absence of detectable HCV RNA determined 24
weeks after the end of treatment (7). Despite effective treatments, liver damage is not always
reversed once a cure has been achieved (8, 9) and access to treatment varies both globally and
nationally. Furthermore, many are unaware of their HCV status and transmission rates remain
high among at-risk intravenous drug users (iVDU). Thus, continued research in the field of HCV

pathogenesis is needed to permanently arrest the spread of infection around the world.

1.2 Hepatitis C Virology
HCYV is a small hepatotropic virus, belonging to the family Flaviviridae and genus
hepacivirus, with a circular and positive single-stranded RNA genome (10). It has a non-lytic life

cycle that results in the production of progeny without host cell damage or death. HCV has six
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main genotypes with 67 subtypes (4, 11). During the viral life cycle, the HCV genome
polyprotein is processed to produce three structural proteins (core, envelope glycoprotein E1, and
envelope glycoprotein E2) and seven non-structural proteins (core protein p7, protease NS2-3,
serine protease NS3, protease co-factor NS4A, replication regulators NS4B and NS5A, and
RNA-dependent RNA polymerase NS5B) (12). The life cycle of HCV can be divided into four
steps: (1) viral entry, (ii) genome translation and polyprotein processing, (iii) genome replication,

and (iv) viral particle assembly and release from the host cell (13).

Viral entry of HCV into hepatocytes is a highly regulated process involving several host
and viral factors and lipoproteins. There are four HCV entry factors required for infection,
including tetraspanin CD81, scavenger receptor class B type I (SR-BI), and tight junction
proteins claudin-1 (CLDN1) and occludin (OCLN) (14). Binding of envelope glycoprotein E2 to
CDS81 and SR-BI has been demonstrated during viral entry (13). CLDN1 and OCLN are
necessary for the post-binding step of HCV entry, but the mechanism has yet to be determined
(14). The role of envelope glycoprotein E1 is less understood, but has been hypothesized to be
important in the fusion process (15). Additional host molecules support HCV entry, including
receptor tyrosine kinases EGFR (epidermal growth factor receptor) and ephrin receptor A2,
cholesterol transporter Niemann—Pick C1-like 1, transferrin receptor 1, and calcium-regulated
adhesion molecule E-cadherin (14). After the HCV particle has bound to cells via viral receptors,
internalization occurs through clathrin-mediated endocytosis followed by a fusion step from
within a low pH endosomal compartment (16). Fusion results in the release of the viral RNA

genome into the liver cell.
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Within the hepatocyte cytoplasm, HCV polyprotein is translated using the positive-
stranded RNA genome as a template to produce a polyprotein precursor bound to the
endoplasmic reticulum (ER) (17). Following translation, the polyprotein is processed by cellular
(e.g. signal peptidases) and viral proteases (NS2, NS3/4A) to generate ten structural and non-
structural HCV proteins (17). Translation machinery is directly recruited to HCV RNA for the
production of viral proteins, because capping prior to translation initiation is unnecessary as a
result of the internal ribosome entry site (IRES) in the 5°- untranslated region (5’-UTR) (18).
Once produced, structural proteins E1 and E2 form dimers and localize to the ER network (19).
The NS5B protein, essential for viral replication, produces numerous copies of the viral genome
using an intermediate minus strand (20). Viral RNA synthesis occurs in an ER-derived cytosolic
compartment, called the membranous web or HCV replication complex, composed of HCV non-

structural proteins, viral genomes, and host factors (21).

Viral assembly occurs after the RNA genome, and structural proteins E1, E2, and core,
have been synthesized. After replication, the HCV genome is packaged within core protein to
produce a capsid (13). Mature core protein resides on the surface of storage organelles called
lipid droplets, which are located within the host cytoplasm (22). The non-structural HCV protein
p7 is essential for proper capsid formation as non-functional variants are unable to completely
incorporate viral RNA (22). The capsid is transported into the ER lumen where it obtains a host-
derived envelope embedded with E1-E2 dimers (23). Afterwards, the progeny follow the
secretory pathway resulting in migration to the host cell surface and release from the infected
cell (24). HCV virions complex with host lipoprotein in bloodstream circulation due to the close

association of their secretory pathways (13).
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1.3 Hepatitis C Virus Treatment

HCYV therapy is used to prevent hepatic and extra-hepatic complications as well as to
improve overall survival (25). However, previous treatments involving pegylated interferon
(peg-IFN) and the addition of ribavirin (RBV) were ineffective in curing more than 40% of
treated individuals and unsuccessful in preventing relapse in those who responded (26-28). IFN-
based treatments also resulted in side effects, including bone marrow suppression, flu-like
symptoms, neuropsychiatric disorders, and autoimmune syndromes (29). Recent advances in
HCV treatment have improved SVR achievement rates to over 90% (6, 30). These new
treatments, called direct-acting antivirals (DAAs), prevent replication of HCV by inhibiting
different parts of the viral machinery. DAA-based treatments are also highly tolerable and

require less time for viral cure to be achieved compared to IFN-based therapies (31).

Two well-known and effective DAAs for treatment of HCV include Holkira Pak and
Harvoni. Holkira Pak is composed of ritonavir (an HIV protease inhibitor), paritaprevir (an HCV
protease inhibitor), ombitasvir (NS5A inhibitor), and dasabuvir (nonnucleoside polymerase
inhibitor) (32). Harvoni is composed of two DAAs, sofosbuvir (nucleotide analogue) and
ledipasvir (NS5A inhibitor) (33). Both medications are approved to treat genotype 1, the
predominant HCV genotype present in Canada, and are associated with SVR achievement rates

of over 90% (34).

Although effective HCV medications exist, current treatment rates are unable to eliminate
HCV transmission (35). There are several factors resulting in unsatisfactory treatment rates,

including high treatment costs (36, 37) and HCV recurrence in patients with ongoing high-risk
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behaviours (38). In addition, liver damage is not always reversed once a cure has been achieved

(8,9).

1.4 Hepatitis C Infection and the Liver

1.4.1 Histology of the Liver

The liver has many roles, including the synthesis, metabolism, storage, and localization
of amino acids, proteins, carbohydrates, fats, and vitamins. Additionally, the liver is responsible
for the detoxification of approximately one-third of the body’s total blood volume every minute,
allowing various cell types within the circulation to encounter the internal hepatic environment

(39). This vital organ receives blood through both the portal vein and the hepatic artery.

The liver can be divided into hexagonal-shaped functional units called lobuli, which are
surrounded by portal triads (branches of bile duct, hepatic artery, and portal vein). A liver lobule
is defined by the presence of hepatocyte layers (parenchymal cell of the liver) and sinusoids
surrounding a central vein. Sinusoids are the capillary branches of the portal vein and hepatic
artery which travel through the lobule from the portal triads towards the central vein (40).
Exchange of proteins and other components between the blood and hepatocytes occurs within the
space of Disse, which contains plasma (41). The space of Disse is an area between the layer of

hepatocytes and the sinusoids within a liver lobule.

The liver is composed of several different cell types with various functions. Representing
80% of the liver’s cell composition, hepatocytes perform most functions of the liver, including
regulation of carbohydrate and lipid metabolism, clearance of cellular toxins, and synthesis of
plasma proteins (41). The remaining 20% of cells in the liver are non-parenchymal and include

Kupffer cells, hepatic stellate cells (HSCs), sinusoidal endothelial cells (SECs), biliary epithelial



Chapter 1: Introduction

cells, lymphocytes, and oval cells. Kupfter cells are a type of macrophage predominantly located
within sinusoids that function in the removal of senescent and damaged erythrocytes from the
liver vasculature and mediation of the inflammatory immune response. HSCs are fat-storing
fibroblasts located in the space of Disse that represent 5-8% of liver cells and function in the
storage of vitamin A, turnover of extracellular matrix, and regulation of sinusoid contractility.
Located in the wall of sinusoids, SECs filter the blood received by hepatocytes and generate T
cell tolerance through antigen presentation. In the bile ducts of portal triads, biliary epithelial
cells transport water, secrete mediators of cell development and differentiation, and express
molecules for effector leukocyte adhesion to promote clearance of infected cells (42). Finally,
oval cells are liver progenitors capable of differentiating into both hepatocytes and bile duct cells

(43).

1.4.2 Fibrogenesis and Cirrhosis

Chronic HCV infection is characterized by a slow progression of liver scarring known as
fibrosis. Importantly, progression of fibrosis does not occur identically between HCV-infected
individuals (44). A number of factors that increase the rate of fibrosis progression have been
identified: male gender, longer infection duration, individual’s age at time of infection (over 40
years), large alcohol consumption, long term immunosuppression (Human immunodeficiency
virus (HIV), organ transplantation), Hepatitis B virus (HBV) co-infection, and unsuccessful

antiviral therapy (44).

The repair of liver damage involves two possibilities: (i) the regenerative phase in which
damaged cells are replaced by the same type of cells and (ii) fibrosis, in which connective tissue

is replaced by parenchymal tissue (45). Activation of HSCs due to liver insult and hepatocyte
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death is the main mechanism leading to liver fibrosis (46). Following activation, HSCs undergo
an inflammatory phase leading to myofibroblasts (MFB) differentiation. Many other cell types
can also become MFB, including resident mesenchymal cells, epithelial and endothelial cells,

and circulating fibroblast-like cells called fibrocytes (45).

MFB within the liver serve to repair, regenerate, and restore the liver following tissue
injury by secreting collagen, a component of the extracellular matrix (ECM), and stimulating
cytokines (47). The cytokines released create a positive feedback loop with the HSCs and MFBs
to facilitate the fibrogenic process. Growth factors, proteolytic enzymes, angiogenic factors, and
fibrogenic cytokines sustain the production of ECM by MFB (45). Uncontrolled accumulation of
ECM due to repeated liver injury, as in chronic HCV disease, replaces normal tissue with

permanent scar tissue, leading to the inability of the liver to perform vital functions.

Significant accumulation of scar tissue in the liver can lead to cirrhosis. Degeneration and
necrosis of hepatocytes, presence of regenerative nodules, loss of liver function, defenestration
of sinusoidal endothelium, presence of a subendothelial basement membrane, and formation of

fibrotic septa commonly characterize liver cirrhosis regardless of etiology (48).

In the past, liver biopsies were used to determine the fibrosis stage of an individual.
Currently, it is more common to use a non-invasive method of identifying an individual’s degree
of liver fibrosis (46). This technology, termed the Fibroscan, uses transient elastography to
measure the stiffness of the liver. The amount of fibrotic tissue is proportional to the level of
stiffness observed within the liver. The METAVIR score system provides a means to classify the

reported stiffness (Table 1).
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Table 1. METAVIR Score System

METAVIR Score Liver Stiffness (kPa) Liver Anatomy

FO-F1 1-7.3 No fibrosis

F1-F2 7.3-9 Portal fibrosis without septa
F2 9-9.8 Portal fibrosis with rare septa
F3 9.8-13

Numerous septa without cirrhosis

F3-F4 13-15

F4 >15 Cirrhosis

1.5 Immune Response to HCV

1.5.1 Innate Immune Response

In HCV infection, innate immunity plays a significant role in the control of viral
replication and signalling of the adaptive immune system. The innate immune response is
activated when conserved motifs of microbial origin, known as pathogen-associated molecular
patterns (PAMPs), are recognized by cell pattern recognition receptors (PRRs) on or within
different types of innate immune cells (49). A number of innate immune cells, including
monocytes, neutrophils, and dendritic cells (DCs), are activated upon recognition of PAMPs

(50).

There are three major classes of PRRs, including RIG-I-like receptors (RLRs), Toll-like
receptors (TLRs), and nucleotide oligomerization domain (NOD)-like receptors (NLRs) (51).
RLRs are cytosolic PRRs that sense RNA viruses. RIG-I and its adaptor protein, [FN promoter-
stimulator 1 (IPS-1), recognize HCV within hours of infection, leading to the activation of IFN

regulatory factor-3 (IRF-3) and the host IFN-o/ B response which control viral dissemination
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through death of infected cells (52). NS3/4A has been shown to block RIG-I signalling through
cleavage of a downstream protein called mitochondrial antiviral signalling protein (MAVS) from
intracellular membranes (53). MAVS must be attached to membranes for IFN induction to occur
through downstream signalling. One TLR that plays a significant role in HCV is TLR-3 (54).
The TLR-3 ligand is a dsRNA replication intermediate that accumulates during HCV after
uptake of cell components from dead infected cells. It has been shown that HCV NS3/4A
protease targets the TLR-3 signalling-adaptor protein known as TIR-domain-containing adapter-
inducing interferon-  (TRIF) to inhibit host detection of HCV (55). Finally, NLRs are thought to
be activated by intracellular stress signals and drive inflammatory responses following
recognition of cytosolic viral products or metabolites. Damage-associated molecular patterns
(DAMPs), a type of intracellular stress signal, can notify NLRs in the context of HCV to

facilitate the inflammatory response due to hepatocyte infection (56).

The early phase of HCV infection is characterized by an increasing plasma viral load and
the production of type I interferons (IFN-a, IFN-B) by HCV-infected hepatocytes and DCs,
which lead to control of viral replication (57, 58). DCs are a key component of innate immunity
due to their ability to present antigen and produce cytokines that prime CD4" helper T cells and
CDS8'T cells (59). A subset of DCs known as plasmacytoid DCs (pDCs) rapidly produce type I
interferons upon viral recognition through TLR-7 and TLR-9 (60, 61). In chronic HCV infection,
a lower frequency of pDCs in peripheral blood and an impaired capacity to produce IFN-a upon
stimulation with short single-stranded synthetic DNA molecules (containing cytosine-
phosphodiester-guanine) has been observed (62). Conventional DCs (cDCs) have also been
shown to produce IFN-a following TLR-3 recognition of HCV (63). Importantly, cDCs produce

high levels of IL-12, which subsequently stimulate IFN-y production by activated T cells (64).
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An increased frequency of ¢cDCs in acute HCV infection is associated with viral clearance, while

a decreased frequency may lead to chronic HCV infection (65).

During HCV infection, natural killer (NK) cells eliminate viruses through direct killing of
infected hepatocytes and pro-inflammatory cytokine production. However, the action of NK cells
in HCV infection can lead to liver damage and high IFN-y production by cDCs, which facilitates
local inflammation (58). Cytokines produced by pDCs, liver-resident macrophages, and HCV-
infected hepatocytes alter the frequency of NK cells, T cells, and myeloid cells in the liver during
HCYV infection. HCV has been shown to regulate pro-inflammatory TNF-a responses to prevent

control of the infection by the immune system (66).

1.5.2 Adaptive Immune Response

Adaptive immune responses are usually observed 1-2 months following initial HCV
infection, although HCV RNA can be detected as early as 1-3 weeks post infection (67).
Neutralizing antibodies (nABs), which block viral access to host cells, have been discovered for
structural and non-structural HCV proteins with the majority mapped to E1 and E2 (68). Several
nABs have been identified that target the CD81-binding region of E2 (69-71). This process is
highly effective because CD81 is an indispensable HCV entry factor (72). The generation of
nABs against non-structural proteins is thought to occur in response to debris from damaged

cells (73).

The contribution of nABs to HCV progression is unclear. However, increasing research
has indicated an important role for nABs in spontaneous viral clearance (74-76). During chronic
infection, individuals with hypogammaglobulinemia, defined as a reduction in nABs, experience

increased and more rapid HCV progression (77). Despite the role of nABs in HCV clearance,
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chronic infection often sets in due to viral escape mechanisms. Some examples of the
mechanisms used by HCV include sequence changes due to error-prone HCV polymerase (78),
decoy epitopes (79), epitope masking by heavy glycosylation of envelope proteins (80), lipid
shielding (81), interfering antibodies that block nABs (73), and cell-to-cell transmission of the

virus in a neutralization-resistant fashion (82).

HCYV viral infection is also controlled through multi-specific and long-lasting T cell
responses (83). Both CD4* and CDS8* T cells are primed by antigen-presenting cells (APCs) in
the lymph nodes (LN) and migrate to the site of infection once activated (84). CD4* and CD8" T
cells are activated through interaction between their T cell receptor (TCR) and the Major
Histocompatibility Complex (MHC) on the surface of APC as well as through their co-
stimulatory molecules and the associated ligands (e.g. CD28/B7 and CD27/ CD70) in the
presence of a stimulating cytokine environment (85). Activated CD4" T cells produce T helper
(Th) - 1 cytokines such as IFN-y and IL-2, which aide in expansion of CD8" T cells (86). CD8"
T cells clear viruses through direct destruction of infected cells and production of type-1
cytokines capable of viral eradication through an organized and specific immune response (84).
Once activated, virus-specific CD8" T cells exhibit effector functions. When the pathogen has
been eliminated, negative co-stimulatory molecules such as PD-1 and CTLA-4 are expressed,
and the cells become inactive and decline in frequency. A small number of antigen-specific
CD8" T cells develop into a memory population, able to rapidly induce a cytotoxic response if

the pathogen is ever re-encountered (87).

Chronic HCV infection occurs despite the presence of HCV-specific CD4" and CD8" T

cell responses. HCV uses multiple mechanisms to avoid recognition from these cell types,

11
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including HCV escape mutations at the TCR (88), regulatory T cell (Tregs ) induction (89), and

exhaustion (90).

1.6 CD8" T Cell Subsets

Once MHC molecules have been loaded with peptide at the site of infection, APC
migrate to the draining LN to activate naive CD8" T cells (Tx) (91, 92). Recognition of its
peptide through the TCR results in the initiation of a signaling cascade (93), which allows for the
production of cytokines and cytotoxic molecules (94). Co-stimulatory receptors, such as CD28,

positively modulate TCR signaling (95).

The duration, quantity, and class of antigenic stimulation determine the non-linear
pathway of CD8" T cell differentiation into effector (Tg), effector memory (Tgewm), or central
memory (Tcm) cells (96). This process involves gradual changes in surface marker expression
and cytolytic activity, defining numerous subsets. Antigen inexperienced T cells are
characterized in vivo by the lack of expressed effector mediators, including IFN-y, granzyme B,
perforin and Fas/CD95, and a low proliferative capacity (e.g., long telomeres, high levels of T
cell receptor excision circle (TREC) copies) (97). Tx cells are the largest subset of CD8* T cells
and the frequencies are inversely correlated with the age of the individual (98). On the other
hand, Tk is a subset of antigen-experienced CD8" T cells characterized as short-lived with the
ability to migrate to the site of infection and produce substantial levels of cytolytic effector
molecules that kill infected cells. Furthermore, the two antigen-experienced memory subsets,
Tem and Tcwm, have a long life-span and are capable of proliferating. More specifically, Tem are
characterized by the ability to migrate to infected and inflamed tissue and display immediate

effector function upon antigen recognition (99). In contrast, Tcwm cells express lymph-node

12
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homing receptors such as CCR7 and do not possess immediate effector function. Furthermore,

Tcwm are capable of differentiation into Tewm cells upon secondary antigenic stimulation.

Three surface markers including CD27, CD45, and CCR7 are commonly used to
distinguish between CD8" T cell subsets (97). CD27, a member of the TNF/ NGF-R (Tumour
Necrosis Factor/Nerve Growth Factor Receptor) family, is highly induced upon CD8" T cell
activation and is gradually diminished after prolonged stimulation (97, 100). CD27 has been
shown to play a role in antigen-specific expansion of the Tn subset (101). CCR7 is a chemokine
receptor that controls lymphocyte migration, which is highly expressed on Tcm and T, which
recirculate from peripheral blood to secondary lymphoid tissues in search of peptide (102). CD45
is a protein tyrosine phosphatase regulating src-family kinases with two isoforms including
CD45RA and CD45RO (99). Upon antigen experience, memory CD8" T cell subsets lose
CD45RA and gain CD45RO expression. CCR7, CD45RA, and CD27 can be used to distinguish
eight different CD8" T cell subsets: Tx, Tn cp27™EY, Tem, Tem cp27™E0, Teewm (early effector
memory), Trem (late effector memory), Tk, and Tye (pre-effector). These subsets are
phenotypically defined in Table 3 as follows: Tx (CCR7'CD45RATCD27%), T cp27™C
(CCR7"CD45RACD27"), Te (CCR7"CD45RA*CD27"), Tpe (CCR7-CD45RA*CD27"), Teem
(CCR7'CD45RACD27"), TLem (CCR7-CD45RACD27"), Tem (CCR7'CD45RACD27"), and

Tem cp27™E¢ (CCR7'CD45RACD27Y) (97, 103).

Studies have proposed several differentiation models for these subsets. One model is
based on telomere lengths, whereby the longest are found in the least differentiated subsets that

have experienced the smallest number of cell divisions: Tn — Tem — Teem — Tpe— Trem — Te

(96, 98). The loss of CD27 is associated with increased differentiation towards Tg cells, thus Tcem

13
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cp27VEC cells are expected to have arisen from Tcm cells positive for CD27 (103). The Tk cells,
so named by Romero et al, are defined by long telomeres, reduced TRECs compared to Tx cells,
and intermediate effector functions including expression of granzyme B, perforin, IFN-y, and

TNF-a (96).

The effector memory CD8" T cell subset including Teem and Trem can be further
differentiated based on expression of CD28 (97). Teewm cells include Temi (CD27°CD28%) and
Tem2 (CD27°CD28), and Trem cells include Tems (CD27-CD287) and Tems (CD27-CD28). Temi
and Tems cells possess low levels of granzyme B and perforin, express high levels of CD127/ IL-
7Ra, and have a replicative history like Tcm. Temz2 and Tewms cells express cytolytic molecules
characteristic of effector cells. Finally, Tem3 experience strong ex vivo cytolytic activity and

many cell divisions, thus resembling Tk cells.

Once differentiated, Tg migrate to the site of infection to destroy infected cells in an
antigen-specific manner, releasing perforin to create pores in the target membrane and
granzymes to induce programmed cell death of the target (104). Koch et al described a
proportional relationship between percentage of Tk cells and the age of the individual. Other
important CD8* T cell responses to infection include production of cytokines, including IL-2, IL-
10, and IFN-y, which promotes the survival of immune cells and modulates the adaptive immune
response (105, 106).When the pathogen is cleared in acute infection, the frequency of Tk
declines and a small number of antigen-specific cells may develop into a memory population,

which rapidly respond to a previously encountered pathogen (87).

14



Chapter 1: Introduction

1.7 Activation of CD8" T cells

CD8" T cells produce and express several cytokines and cytolytic molecules in response
to recognition of their cognate antigen, including IFN-y (107), CD107a (90), and perforin (108),
in order to effectively resolve infection. CD8" T cells also respond to IFN-y through the
heterodimeric cell surface receptor called IFN-yR (109). IFN-y activates macrophages, augments
antigen presentation, induces MHC-peptide complexes, facilitates lymphocyte-endothelial
interactions, regulates T cell polarization and proliferation, and stimulates apoptosis to control
viral replication (110). Thus, IFN-y production is often targeted by pathogens as an immune

evasion strategy (111).

CDS8" T cells use two major mechanisms to initiate killing of target cells: the granule-
dependent pathway and the independent (FasL/Fas) pathway (112). The granule-dependent
pathway uses pre-formed molecules housed in secretory lysosomes to mediate direct killing of
the target cell. The proteins contained in the lysosomes are known as granules and include
perforin, which forms a pore in the target cell (113), and granzymes, which initiate apoptosis of
the target cell (114). The membranes of the secretory lysosomes are composed of glycoproteins
(LAMPs) not normally found on the cell surface, including CD107a (LAMP-1), CD107b
(LAMP-2), and CD63 (LAMP-3) (115). The process of degranulation involves the organized
movement of the granule-containing lysosome to the cell exterior followed by membrane fusion
and content release into the immunological synapse (115). Thus, degranulation leads to the
presence of LAMPs on the cell surface, which are later removed through the process of
endocytosis (116). Measurement of intracellular cytolytic molecule expression in combination
with LAMP expression is used to provide a more accurate indication of degranulation occurrence

(117).
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Upon TCR stimulation, CD8" T cells develop effector functions through changes in gene
expression (118). T-bet and eomesodermin (EOMES) are the main transcription factors
stimulated by TCR and IFN-yR triggering that regulate production of IFN-y and perforin (119).
Additional transcription factors bind a proximal promoter in the [FN-y gene to promote
expression in a calcineurin-dependent manner with the aid of NFAT (nuclear factor of activated
T cells) (120). TCR triggering also leads to a cytosolic increase in calcium concentration, which
allows the microtubule-organizing center (MTOC) and secretory lysosomes to rapidly move

towards the target cell (121).

1.8 Impaired CD8"* T Cells in Chronic HCV Infection
1.8.1 HCV-specific CD8" T Cell Impairment

The mean frequency of HCV-specific CD8" T cells isolated from the blood of patients
with chronic hepatitis C is 0.05-2% (122, 123). During persistent antigenic stimulation as in
chronic infection, virus-specific CD8" T cells may experience functional impairment termed
exhaustion (124). This impairment can be characterized by a loss of effector functions in a
hierarchical manner (125) associated with low degranulation efficiency and a reduced production
of various cytokines (90). The process of exhaustion has been investigated in the context of
HCV-specific CD8" T cells in chronic HCV infection (126-128). During chronic HCV infection,
additional properties are weakened, including IL-2 production, survival, and proliferation (129).
TNF-a production persists longer during chronic disease with loss of [FN-y production occurring

afterwards.

Exhausted CD8" T cells up-regulate inhibitory receptors, including PD-1, LAG-3,

CD244, CD160, CTLA-4, and Tim-3 (130). Ultimately, the balance between co-stimulatory and
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co-inhibitory signals regulates T cell responses. The reasons for virus-specific CD8" T cell
impairment during chronic HCV infection have not been completely elucidated. However,
evidence indicates lack of CD4" T cell help, facilitation by regulatory T cells, and expression of

immunomodulatory cytokines could contribute (e.g. IL-10).

1.8.2 Intrahepatic CD8" T Cell Impairment

HCV pathogenesis and disease outcome are dependent on CD8" T cell responses in the
liver (131). Intrahepatic leukocytes, including CD8" T cells, remain in the liver through
adherence with sinusoids (132). During chronic HCV infection, CD4" and CD8" T cells are the
largest lymphocyte subsets present within the liver (133). NK T cells, NK cells, and B cells can
also be found within the liver. The most abundant subset of CD8" T cells in the liver are Tk
(134). In addition, the frequency of intrahepatic CD4" and CD8" T cells increases with disease
progression with the level of liver inflammation directly proportional to the expression of
chemokine homing receptors and activation markers. Thus, it is rational to expect the function of

CDS8"* T cells to be important in the immune response to HCV.

During chronic HCV infection, intrahepatic CD8"* T cells have been shown to produce
significantly less IFN-y compared to circulating counterparts in response to the superantigen
staphylococcal enterotoxin B (SEB) (135) and anti-CD3 stimulation (136). Additionally,
intrahepatic HCV-specific CD8" T cells have been shown to secrete less IFN-y in response to
HCV-derived peptides previously shown to be HLA-A2-restricted epitopes (137). Intrahepatic
CDS8"* T cells also possess lower intracellular perforin and express higher levels of FasL
compared to their peripheral blood counterparts (135). This finding could be a result of

immunotolerant liver signals causing chronic degranulation of intrahepatic CD8" T cells (138).
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The study performed by Wang et al suggests a prominent role for the granule-independent
pathway of CD8" T cell mediated killing. Furthermore, the apoptotic potential of intrahepatic
CD8" T cells is significantly greater compared to those within the circulation (139, 140). Finally,
intrahepatic CD8" T cells are less proliferative compared to their circulating counterparts after

stimulation with anti-CD3 and rIL-2 reagents (135).

1.8.3 Bulk CD8" T Cell Impairment

The phenotype and functions of HCV-specific CD8" T cells have been extensively
studied in the context of chronic HCV infection. In contrast, bulk CD8" T cells comprised of
both non-specific and virus-specific CD8" T cells have been less well studied. However,
evidence indicates a pervasive effect of HCV on the global population of CD8" T cells in terms
of phenotype and function. Although more highly expressed on HCV-specific CD8" T cells, up-
regulation of an inhibitory receptor called T-cell immunoglobulin and mucin domain-containing
molecule 3 (TIM-3) has also been observed on bulk CD8" T cells in chronic HCV infection
(141). TIM-3 is a membrane protein implicated in the exhaustion process of chronic viral
infections. Furthermore, an analysis of CMV-specific CD8" T cells in the context of chronic
HCYV infection discovered a reduction in the expression of markers related to maturity, an
increased expression of CCR7, and a reduced expression of Fas and perforin upon peptide

stimulation compared to uninfected controls (142).

Some studies have identified a unique expression of apoptosis-related genes (143) and a
reduced production of anti-apoptotic molecule B-cell [ymphoma 2 (Bcl-2) in response to IL-7 for
circulating bulk CD8" T cells within chronic HCV infection (144). Importantly, Bcl-2 expression

was inversely correlated with liver damage. In addition, CD8" T cells with DNA damage in the
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form of double stranded breaks are more abundant in the liver and are associated with increasing

liver fibrosis (145).

Additional studies have identified reduced cytokine signaling in bulk CD8" T cells during
chronic HCV infection. For example, phosphorylation of STATS upon IL-7 stimulation was
reduced in circulating bulk CD8" T cells from chronic HCV infection compared to uninfected
controls (144). STATS is a signal transducer for IL-7 and IL-15 that is necessary for proper
effector CD8" T cell responses (146). Another study showed reduced IFN-y, perforin, TNF-a,
and CD107a expression upon anti-CD3 stimulation for intrahepatic bulk CD8" T cells during
chronic HCV infection compared to uninfected controls (136). Nisii e a/ also found a decreasing
frequency of intrahepatic bulk IFN-y*CD8" T cells with increasing degree of liver damage
(measured using the METAVIR scoring system). Thus, there is previously established evidence

indicating a global effect of HCV infection on bulk CD8" T cells.

1.8.4 Reversal of CD8*T Cell Impairment

Previous studies have demonstrated a reversal of CD8* T cell dysfunction. The presence
of highly expressed inhibitory receptors on CD8" T cells during chronic HCV infection led to the
evaluation of receptor blockade to reverse the effects of exhaustion (147, 148). In a study
evaluating the effects of PD-1/CTLA-4 blockage on CD8" T cell exhaustion in the liver, HCV-
specific effector function was restored (149). However, exhaustion reversal did not occur when
PD-1 or CTLA-4 were used to block separately. In contrast, another study showed PD-1
blockage alone to be effective in restoring proliferation of blood-derived CD8" T cells (150). The
difference between these two studies could be due to the overexpression of CTLA-4 on

intrahepatic CD8" T cells during chronic HCV infection compared to those in the circulation.
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Additional studies have evaluated markers of exhaustion before and after viral cure. In a
study evaluating the effects of peg-IFN and ribavirin on peripheral blood CD8" T cell
exhaustion, it was determined that SVR did not result in full restoration of memory CD8" T cell
response (151). Other studies did not observe a restoration of CD8" T cell properties during
chronic HCV infection after viral cure was achieved using peg-IFN therapies (152-154). Few
studies have investigated the relationship between DA A-based therapies and CD8" T cell
exhaustion. One such study showed restoration of HCV-specific CD8" T cell proliferation after
stimulation with HCV-specific peptides and anti-CD28 in the majority of patients approximately
four weeks after SVR achievement (155). The patients used in this study were treated with
faldaprevir (a protease inhibitor) and deleobuvir (a non-nucleoside polymerase inhibitor) with or

without ribavirin.

1.9 Rationale and Hypothesis

Effective virus-specific CD8" T cell responses have been associated with spontaneous
clearance of virus during acute HCV infection (156-159). During chronic HCV infection, virus-
specific CD8" T cells have been shown to display abnormal characteristics that can affect their
ability to survive, proliferate, and perform effector functions (160). This phenomenon, often seen
in chronic viral infections including HBV (161) and HCV, is referred to as T cell exhaustion.
Although less studied, T cell exhaustion in chronic HCV infection has been observed in bulk
CD8" T cells (both virus-specific and non-specific) within the liver and peripheral blood (136,
144). Previous studies indicate a global effect of chronic HCV infection on bulk CD8* T cells.
However, whether functional impairment of bulk CD8" T cells during chronic HCV infection is
associated with the extent of liver damage has yet to be addressed. Understanding the

relationship between bulk CD8" T cells and liver damage is of great interest because it could
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reveal unknown aspects of HCV pathogenesis that could eventually provide prognostic
indicators of liver disease. Therefore, the hypothesis of this thesis is that the extent of liver

damage in chronic HCV is correlated with dysfunction of bulk CD8" T cells in the circulation.

1.10 Statement of Objectives

To determine if a relationship exists between HCV-induced liver damage and bulk CD8"
T cell function during chronic HCV infection, there were two main objectives. Objective 1: to
characterize the functionality of CD8" T cells from chronically HCV-infected patients in the
context of the degree of liver damage. Objective 2: to determine if effective HCV therapy

changes the functionality of CD8* T cells.

21



Chapter 2: Materials and Methods

Chapter 2: Materials and Methods

2.1 Study Subjects

The groups of subjects used in this study were HCV™ donors, chronically infected (> six
months HCV RNA-positive) HCV* TX" (treatment naive) individuals, and chronically infected
HCV* TX" individuals (12-week regimen of ABT450r, ombitasvir, dasabuvir + ribavirin). The
treatment timeline for HCV*TX" individuals is illustrated in Figure 1 below. Exclusion criteria
for all HCV™ individuals included HBV infection, HIV infection, and alcohol consumption > 50
g/day. Exclusion criteria for HCV" TX" individuals also included HCV infection with genotypes
2-4. Age, gender, ethnicity, characteristics of HCV infection, and fibrosis stage are indicated in

Table 2.

The Ottawa Health Science Network Research Ethics Board approved intravenous blood
collection from fully consenting human subjects. Nurses in the Clinical Investigative Unit (CIU)
and the Viral Hepatitis Clinic performed the phlebotomies. Fibrotic scores were measured using
the METAVIR score system and acquired using a non-invasive transient elastrography technique
called a FibroScan®. HCVTX" individuals were divided into two groups based on degree of

liver damage (FO-F2 or F3-F4) after the Viral Hepatitis Clinic performed the fibrotic assessment.
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Week 12
Week 0 — DAA — End of

Administration Treatment Week 48

Timeline:

Week 4 of Week 24:
Treatment SVR

Figure 1: Treatment timeline for HCV*TX" individuals. This clinical study was led by Dr.
Curtis Cooper at TOH-General Campus. DAA — Direct Acting Antivirals; SVR — Sustained

Virological Response
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Table 2. Characteristics of Study Subjects

HCV" HCV'TX HCV'TX HCV'TX"
Controls Individuals Individuals Harvoni < Ribavirin
Minimal Advanced
Fibrotic Stage Fibrotic Stage Week 0 24 Weeks
(Treatment Post SVR
Initiation)
Gender | Male 8 9 8 4
Female 7 3 1 3
Total n 15 12 9 7
Mean Age + SD 41.83 = 55.92 £ 9.94 52.11+£5.71 60.00 £9.76
11.32
Ethnicity 80% 92% 89% 86%
(% Caucasian)
HCV Genotype
1 9 7 7
2 2" 1
3 1 1
Ribavirin Treatment 6/9
Fibrosis Stage®
0-2 12 5 6
3-4 9 2 1
HCV RNA (IU/mL) 2.6x10° £ 2.8x10° + 3.5x10° +
6 6 6
Mean+SD 3.6x10 4.4x10 2.86x10
ALT (U/L) Mean+SD 56.08 = 15.31 107.67 + 70.84 87.86 £60.43 | 24.71 £13.03

2 Measured by fibroscan (Metavir system)

*One participant with genotype 2a and 4 co-infection
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2.2 Isolation and Freezing of Peripheral Blood Mononuclear Cells

Human blood received from the CIU or the Viral Hepatitis Clinic was processed by Ficoll
density gradient centrifugation to isolate peripheral blood mononuclear cells (PBMCs).
Heparinized blood (30mL) was slowly layered on 15mL of lymphoprep (Stemcell Technologies,
Vancouver, British Columbia, Canada) and centrifuged for 30 minutes at 470xg with the break
off (Heraeus Instuments Megafuge 1.0). After centrifugation, the PBMC-containing buffy coat
was collected using a Pasteur pipette and washed with PBS twice for 10 minutes at 470xg with
the brake on. PBMCs were counted using the trypan blue (Sigma-Aldrich, Oakville, Ontario,

Canada) exclusion method and washed with PBS one last time.

PBMCs were frozen for later use following a previously published protocol (162).
Briefly, PBMCs were suspended at 1-2 x107 cells/mL in 90% FBS (Gibco, Life Technologies,
Burlington, Ontario, Canada) and 10% DMSO (Sigma-Aldrich). Next, the cells were frozen in
cryovials (Nalgene, Thermo Fisher Scientific) at -80°C using a slow temperature-lowering
polyethylene vial holder (Nalgene, Thermo Fisher Scientific, Waltham, MA, USA). Cryovials

were transferred to liquid nitrogen (~ -200°C) within a week.

2.3 Thawing of Peripheral Blood Mononuclear Cells

Cells were stored in liquid nitrogen for > 1 week before thawing. Cryovials destined to be
thawed were removed from liquid nitrogen and added to a bead bath at 37°C for approximately 5
minutes or until the ice crystals had almost completely disappeared. Warmed R10 media,
composed of RPMI (Gibco, Life Technologies) with 10% FBS, was added drop wise to each vial
until the volumes were doubled. Cryovials belonging to the same individual were pooled and

washed twice with warmed complete RPMI media at 470xg for 7 minutes. Finally, cells were re-
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suspended in R20 media (RPMI supplemented with 20% FBS) and incubated overnight at 37°C

and 5% CO..

2.4 Isolation of CD8" T Cells

Isolation of CD8" T cells from thawed PBMCs rested overnight was completed as
described for the EasySep™ Human CDS Positive Selection Kit II (STEMCELL Technologies,
Vancouver, British Columbia, Canada). Briefly, PBMCs were counted, washed, and suspended
at 1x10® cells/mL in sort buffer (0.5% BSA, 2mM EDTA, PBS). If the volume exceeded 250l
of sort buffer, the “The Big Easy” EasySep™ magnet and a 14mL polystyrene round-bottom
tube were used along with the associated protocol. If the volume was less than 250pl, the
EasySep™ magnet and a 5SmL polystyrene round-bottom tube were used instead. All tubes were
incubated for 3 minutes with the selection cocktail (100ul/ITmL PBMC) and then with
rapidspheres (50ul/ImL PBMC). The tubes were topped up to SmL or 2.5mL with sort buffer for
The Big Easy and the EasySep™ magnets, respectively. Next, the tubes were placed in their
respective magnets for 3 minutes and flipped into a waste beaker to remove any unbound cells.
The process of sort buffer addition, magnet placement, and decanting was repeated two
additional times before the cells were suspended in warmed R20 media for overnight rest at 37°C
and 5% CO,. Purity of isolated CD8" T-cells was checked regularly by flow cytometry, with a

mean of 85.7% £+ 5.7.

2.5 Cell Surface Phenotyping of CD8" T Cells

Isolated CD8" T cells from thawed PBMCs were surface stained and analyzed by flow
cytometry on an FC500 machine (Beckman Coulter, Marseille, France) to identify the proportion
of cells within eight subsets. CD8" T cells (2x10° per sample condition) were incubated in 100ul

of 1% BSA-PBS with 10ul of CD27-PC5 (clone 1A4CD27, Beckman Coulter) and 5ul of CCR7-
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APC/CY7 (Clone G043H7, Biolegend, San Diego, CA, USA) for 20 minutes in the dark at room
temperature (RT). After washing with 1% BSA-PBS, cells were fixed with 200l
paraformaldehyde (PFA) for 20 minutes in the dark at RT. Cells were washed again and
incubated in 100ul of 1% BSA-PBS with 10ul of CD45RA-ECD (clone 2H4LDH11LDB9,
Beckman Coulter) for 20 minutes in the dark at RT. Finally, cells were washed twice with 1%

BSA-PBS and assessed using flow cytometry.

CCR7, CD45RA, and CD27 identified eight CD8" T cell subsets: Naive (Tw), naive
CD27NEG (Tn cp27), effector (Tg), pre-effector (Tpe), early effector memory (Teem), late effector
memory (TLem), central memory (Tcwm), and central memory CD27NES (Tem ep277). These subsets
are defined as follows in this thesis: Tn (CCR7"CD45RA"CD27"), Tncp27” (CCR7'CD45RAY
CD27), Tg (CCR7"CD45RACD27"), Tpe (CCR7-CD45RA+CD27"), Teem (CCR7-CD45RA"
CD27%), TLem (CCR7-CD45RACD27°), Tem (CCR7'CD45RACD27%), and Tewm cp27”
(CCR7°CD45RACD27") (96, 97, 103). Fluorescence minus one (FMO) controls (containing all
antibodies apart from one) were used for gating within the preliminary lymphocyte gate by
determining the location of the negative population. The preliminary lymphocyte gate was
identified through the size and granularity range of the cells. Approximately 8000 to 50 000
events were collected in the lymphocyte gate and 3000 events were collected within the Tk gate

(subset with lowest proportion of cells) where possible.

2.6 T-cell Receptor Stimulation using Anti-CD3 and Anti-CD28

A 96-well flat-bottom ELISA plate (Sarstedt, Niimbrecht, Germany) was UV-sterilized
for 300 seconds. Wells were coated with 200uL of anti-CD3 (kindly provided by Dr. Seung-
Hwan Lee at the University of Ottawa) at 10pug/mL or 200uL of PBS. The plates were incubated

overnight at 4°C.
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Following 24 hours of incubation, the isolated CD8" T cells were counted and re-
suspended in warmed R20 media at 4x10° cells/mL. Immediately after the ELISA plate was
washed three times with PBS, 2x103 CD8" T cells (50uL per well) were added to each well.
Soluble anti-CD28 (50uL at 10pg/mL; Biolegend) was added to the wells previously coated with
anti-CD3, and warmed R20 media (50uL) was added to the wells previously coated with PBS.
Finally, the ELISA plate was incubated at 37°C and 5% CO. for 48 hours, after which the cells
were stained to identify CD8" T cell subsets (see chapter 2.5), intracellular IFN-y and perforin

expression (see chapters 2.7 and 2.8), and surface expression of CD107a (see chapter 2.9).

2.7 Measurement of IFN-y Expression

Six hours before the end of the 48-hour anti-CD3 and anti-CD28 stimulation, 50pul of a
golgi inhibitor (Brefeldin A) was added at 15pg/mL to all wells destined to be stained for
intracellular IFN-y expression. At the end of the 48-hour incubation period, the CD8" T cells
were surface stained with CD45RA-ECD, CD27-PC5, and CCR7-APC/CY7 to identify CD8" T
cell subsets. After the surface staining, the plate was washed twice and incubated in 100pul
saponin (Sigma-Aldrich) in 10% Human AB serum (Vally Biomedical Inc., Winchester, VA,
USA). Next, 10ul of IFN-y FITC (clone 4S.B3, Biolegend) was added to the [FN-y wells before
the plate was incubated for 30 minutes in the dark at 4°C. Additionally, [gGlx - FITC isotype
(clone MOPC-21, Biolegend) stained and stimulated wells were performed to evaluate non-
specific binding. After intracellular staining, cells were washed twice with PBS and analyzed

using flow cytometry.

2.8 Measurement of Perforin Expression

Stimulation was performed as described in chapter 2.6. A golgi inhibitor was not added

for the measurement of intracellular perforin expression. Staining was performed following the
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protocol mentioned above in chapter 2.7. The perforin and isotype wells were stained with 10ul
of perforin- FITC (clone 8G9, BD Pharmingen, BD Bioscience, San Jose, CA, USA) and IgG2b-
FITC (clone 27-35, BD Pharmingen, BD Bioscience), respectively. The staining protocol was
adjusted to minimize non-specific binding through the addition of human AB serum (10%)

during staining (Figure S1).

2.9 Measurement of CD107a Expression

Stimulation was performed as described in chapter 2.6. In contrast to intracellular
perforin and IFN-y expression, 8uM of the golgi inhibitor monensin (BD Pharmingen, BD
Bioscience) was added 6 hours before the end of the 48-hour anti-CD3 and anti-CD28
stimulation. Staining was performed following the protocol mentioned above in chapter 2.7.
CD107a and isotype wells were stained with 10ul of CD107a- FITC (clone H4A3, BD
Bioscience) and IgGlk - FITC (clone MOPC-21, BD Bioscience), respectively. The staining
protocol was adjusted to minimize non-specific binding through the addition of human AB

serum (10%) during staining (Figure S2).

2.10 Collection of Supernatants

Following stimulation with anti-CD3 and anti-CD28 as described in chapter 2.6, plates
were centrifuged at 470xg for 5 minutes. Approximately 100ul of supernatants were collected
from the unstimulated and stimulated wells not treated with a golgi inhibitor. Supernatants were
inactivated (potentially infected cells were lysed) for 1 hour at 37°C and 5% CO0, using 10% of a
solution containing 1% triton X-100 (Sigma-Aldrich) and 3% tributyl phosphate (Sigma-
Aldrich). Vials of supernatants were placed in -20°C for long-term storage and future Luminex

MAGPIX® experiments.

29



Chapter 2: Materials and Methods

2.11 Measurement of IFN-y and Perforin in Supernatants

Measurement of released IFN-y and perforin in supernatants after 48 hours of anti-CD3
and anti-CD28 stimulation was performed as described for an immunology multiplex assay
(Millipore Sigma, St. Louis, Missouri, USA) analysed with a MAGPIX® reader (Millipore
Sigma). Briefly, thawed and inactivated supernatants were incubated at 4°C on a plate shaker
overnight with beads conjugated to a capture antibody specific for a particular analyte, in this
case perforin or IFN-y. The next day, biotinylated detection antibodies and Streptavidin-PE
conjugate were incubated with the supernatants before reading on the MAGPIX® reader. Biotin
and Streptavidin bind tightly together, allowing identification of captured analyte through
expression of the PE fluorochrome. Each individual capture bead was identified based on size
and the amount of analyte after bioassay completion was quantified through fluorescent reporter

signals.

2.12 Analysis and Statistics

The analysis of flow cytometry and MAGPIX® data was conducted using FCS Express
Research Edition 4.0 (De Novo Software, Los Angeles, California, USA) and MILLIPLEX®
Analyst 4.0 (xPONENT Software, Toronto, Ontario, Canada), respectively. Graphs and statistics
were performed using GraphPad Prism 5.0 and 6.0 software (San Diego, California, USA).
Statistical analysis included paired and unpaired (depending on the compared sample groups)
two-tailed Student’s ¢-test for CD8" T cell subset distribution experiments and one-tailed
Student’s #-test for cytokine and functional marker expression experiments (significance when p

<0.05). In this thesis, data values are communicated as means + standard deviation.
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Chapter 3: Results

3.1 Phenotype of Blood-derived CD8" T Cells during Untreated Chronic HCV Infection

The subset distribution of CD8" T cells in uninfected controls and chronic HCV infection
was assessed as shown in Table 3. CD8" T cells, isolated from thawed PBMCs, were analysed by
surface expression of CD45RA and CCR?7, referred to in this thesis as the two-marker gating
strategy. Four subsets of CD8" T cells were identified, including naive (Tw), effector (Tk),
effector memory (Tewm), and central memory (Tcm). The purity of isolated CD8" T cells is
depicted in Figure S3. The gating strategy and data collected for the two-marker strategy are
illustrated in Figures 2A and 2B. These CD8" T cell subsets are defined as follows: Tn
(CCR7'CD45RAY), Te (CCR7'CD45RA™), Tem (CCR7'CD45RA"), and Tem (CCR7'CD45RA).
In uninfected controls, the CD8" T cell subset distribution was similar to previous reports (144,
163) which identified the largest population as Tn. In the present study, the observed results were
(mean £+ SD): Tx (40.1% £ 18.0), Te(9.4% + 5.1), Tem (25.3% £ 12.3), and Tewm (25.3% + 11.4)
(Figure 2B). CD8" T cell subset distribution for untreated HCV* Min- Fibrosis individuals (fibrotic
score FO-F2) was not significantly different compared to the uninfected controls: Tn (30.6% =+
15.3), Te(13.5% = 8.2), Tem (30.3% = 14.0), and Tcem (25.7% + 7.2) (Figure 2B). Finally, CD8"
T cell subset distribution for untreated HCV* Adv-Fibrosis jndjviduals (fibrotic score F3-F4) was
significantly different (unpaired Student’s #-test) compared to uninfected controls in each
category except Tem: T (21.2% = 9.8), Te (16.5% + 6.8), Tem (39.9% + 14.2), and Tcem (22.4%
+ 11.5) (Figure 2B). To summarize, the proportion of Tx was significantly lower (P = 0.02 by
unpaired Student’s #-test) and the proportion of Tg and Tem were significantly higher (P = 0.02
and P = 0.03, respectively) in HCV*Adv-Fibrosis compared to controls. However, no significant

differences were observed between HCV ™ Adv. Fibrosis g 4 'y Min. Fibrosis

31



Chapter 3: Results

CDB8" T cell subset distribution was also analyzed using the expression of an additional
surface marker known as CD27, commonly used to identify CD8* T cell subsets (101, 164, 165).
CD27 is a TNF-family receptor that diminishes during maturation and differentiation of CD8" T
cells (103). The use of CD27 in combination with CD45RA and CCR7 surface expression to
identify CD8" T cell subsets is referred to in this thesis as the three-marker gating strategy. The
gating strategy and the data collected for this strategy are illustrated in Figures 2C and 2D. This
method resulted in the assessment of a larger number of CD8" T cell subsets, including Tn, Tn
cp27” (naive CD27NES), Tg, Ty (pre-effector), Teem (early effector memory), Trewm (late effector
memory), Tem, and Tem ep27™ (central memory CD27MNES), These eight subsets are defined as
follows: Tn (CCR7*CD45RACD27"), Tncp27 (CCR7'CD45RA*CD27Y), Te (CCRT
CD45RA'CD27"), Tpe (CCR7"CD45RA*CD27"), Teem (CCR7"CD45RACD27"), TLem (CCRT
CD45RACD27"), Tcm (CCR7'CD45RACD27%), and Tem cp27 (CCR7'CD45RACD277). The
CD8" T cell subset distribution of uninfected controls was as follows: Tn (36.7% + 17.1), Tx
cp27 (3.4% £ 1.8), Te (7.9% £ 4.7), Tpe (1.4% £ 0.7), Teem (6.8% + 2.8), Trem (18.5% = 12.6),
Tem (17.2% + 8.0), and Tem cp27” (8.1% + 3.9) (Figure 2D). CD8" T cell subset distribution for
untreated HCV™* Min-Fibrosis individuals was not significantly different compared to uninfected
controls. However, a lower percentage of Tn and a higher percentage of TrLem was observed for
HCV* Min. Fibrosis compared to controls: Tn (24.8% = 14.5), Tncp27 (5.8% £2.6), Te (12.1% +
7.5), Tpe (1.3% + 1.2), Teem (7.9% £ 10.1), Trem (22.4% £ 9.1), Tem (14.0% + 3.7), and Tem
cp27” (11.7% £ 4.4) (Figure 2D). Importantly, the proportion of Ty for untreated HCV* Adv- Fibrosis
individuals was significantly lower (P = 0.009 by unpaired Student’s 7-test) compared to
uninfected controls and the proportion of TrLem was significantly higher (P = 0.02 by unpaired

Student’s #-test): T (15.8% % 8.3), T cp2r (5.4% = 2.6), Tk (13.5% = 7.0), Tpe (3.0% + 4.6),
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Teem (4.8% £ 3.5), Trem (35.1% + 15.5), Tem (10.2% =+ 8.6), and Tem cep27 (12.5% £ 6.2) (Figure
2D). The finding of a significantly decreased proportion of Tx in HCV* Adv-Fibrosis compared to
controls supported results from the two-marker strategy. However, the three-marker strategy did
not show a significant increase in the proportion of Te measured for HCV* Adv. Fibrosis
Furthermore, Trem was identified as the larger subset contributing to effector memory CD8* T
cells. The proportion of Trem was significantly increased in HCV* Adv-Fibrosis compared to both
uninfected controls and HCV*Min- Fibrosis (p = () 02 and P = 0.05 by unpaired Student’s #-test,

respectively).
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Two-marker CD45RA

CD8’ T Cell Subset
(CD45RA & CCR7)

Naive + +

Effector

Effector Memory -

Central Memory + -

Table 3: Phenotypic descriptions of CD8* T cell subsets. Table to describe the two-marker
and three-marker strategies to define cell subsets. The two-marker strategy uses the surface

Three-Marker

CD8’ T Cell Subset
(CD45RA, CD27 & CCR7)

Naive (T,)

Naive CD27 (T, o,y )

Effector (T))
Pre-effector (TpE)

Early Effector Memory
(T

EEM)
Late Effector Memory
(T,

LEM)

Central Memory (T )

Central Memory CD27
NEG

( CM CD27 )

marker expression of CD45RA and CCR7 and the three-marker strategy uses the surface marker

expression of CD45RA, CCR7, and CD27.
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Figure 2: Isolated CD8" T cells were stained for surface markers to identify the percentage
of cells within a subset. A) Two-marker gating strategy using expression of surface markers
CD45RA and CCR7 to identify the percentage of cells within each of four subsets, defined as
follows: naive (CCR7"CD45RA"), effector (CCR7-CD45RA"), effector memory (CCR7-
CD45RA"), and central memory (CCR7*CD45RA"). B) CD8" T cell subset distribution for
controls (n = 11), untreated HCV* Min-Fibrosis (n = 10)_ and untreated HCV* Adv- Fibrosis (3 = 7) ysing
the two-marker gating strategy. C) Three-marker gating strategy using expression of surface
markers CD45RA, CCR7, and CD27 to identify the percentage of cells within each of eight
subsets, defined as follows: naive (CCR7*CD45RA*CD27"), naive CD27NEC
(CCR7°'CD45RACD27"), effector (CCR7-CD45RA*CD27"), pre-effector (CCR7-
CD45RA"CD27"), early effector memory (CCR7-CD45RACD27"), late effector memory
(CCR7-CD45RACD27), central memory (CCR7'CD45RA-CD27"), and central memory
CD27NEG (CCR7'CD45RACD277). D) CD8" T cell subset distribution for controls (n = 11),
untreated HCV™* Min- Fibrosis (n = 10) and untreated HCV™ Adv- Fibrosis (n = 7) ysing the three-marker
gating strategy.

37



Chapter 3: Results

3.2 IFN-y Expression of Blood-derived CD8" T Cells during Untreated HCV Chronic

Infection

IFN-y expression was measured in uninfected and HCV-infected CD8" T cells (cells
derived from individuals infected chronically with HCV) to assess the relationship between liver
fibrosis and the inflammatory response. Flow cytometry was used to measure the stimulation-
induced intracellular expression of IFN-y for the entire population of CD8" T cells, referred to as
the bulk in this thesis (Figure 3A and B). More specifically, bulk CD8" T cells include both non-
specific and specific CD8" T cells. The optimization of anti-CD3/CD28 stimulation was
determined using a time course and dose response (Figure S4). The expression of intracellular
IFN-y in CD8" T cells following 48 hours of anti-CD3/CD28 stimulation for each TX"
donor/patient group (uninfected controls, HCV™* Min-Fibrosis - and JCV* Adv- Fibrosis) g depicted in
Figure 3B. Induction of IFN-y is defined by the significance between the numbers of IFN-y* cells
in unstimulated cultures compared to the number in stimulated cultures. Anti-CD3/CD28
induced IFN-y expression in CD8 T cells from all donor/patient groups (controls: P =0.0002;
HCV*+Min. Fibrosis: p = () 000 1; HCV*Adv-Fibrosis: p = () 004; by paired Student’s z-test). Notably,
there was a significantly lower percentage of IFN-y" CD8" T cells in HCV " Min- Fibrosis 5o

stimulation compared to uninfected controls (P = 0.03 by unpaired Student’s ¢-test).

Luminex MAGPIX® was used to measure the concentration of IFN-y in culture
supernatants collected from unstimulated and anti-CD3/CD28 stimulated CD8* T cells. The
measured concentrations for each donor/patient group are depicted in Figure 3C. IFN-y
expression in culture supernatants was significantly induced by anti-CD3/CD28 for each
donor/patient group (controls: P = 0.01; HCV*Min-Fibrosis: p = ( (]; HCV* Adv- Fibrosis: p = () (0035;

by paired Student’s #-test). Interestingly, there was a significantly higher concentration of IFN-y
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in HCV*Adv.Fibrosis yhon stimulation compared to HCV*Min- Fibrosis (p = ( (02 by unpaired Student’s
t-test). Contrary to intracellular IFN-y expression, the amount released upon stimulation for

HCV*+ Min. Fibrosis ywag not significantly lower compared to uninfected controls.
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Figure 3: IFN-y expression without stimulation and after 48 hours of anti-CD3/CD28
stimulation. A) Representative histogram of intracellular IFN-y expression measured by flow
cytometry for bulk CD8" T cells in four conditions: unstained unstimulated, unstained
CD3/CD28 stimulated, IFN-y stained unstimulated, and IFN-y stained CD3/CD28 stimulated. B)
Intracellular IFN-y expression of bulk CD8" T cells measured by flow cytometry for controls (n
= 10), untreated HCV™* Min-Fibrosis (n = &) "and untreated HCV* Adv- Fibrosis (n = ) C) IFN-y
concentration within culture supernatants of CD8" T cells measured using MAGPIX for controls
(n = 15), untreated HCV+ Min. Fibrosis (n =1 2), and untreated HCV+ Adv. Fibrosis (n = 9).
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3.3 IFN-y Expression of Eight CD8* T Cell Subsets during Untreated HCV Chronic

Infection

The three-marker gating strategy depicted in Figure 2C was used to distinguish between
eight subsets previously described in Table 3 based on IFN-y expression. The representative dot
plots in Figure 4A show the intracellular IFN-y expression of Tcwm (upper quadrants) and Tem
cp27” (lower quadrants) from uninfected controls in the absence (left dot plot) and presence (right

dot plot) of anti-CD3/CD28 stimulation.

The intracellular IFN-y expressions within Tw, Tk, Teem, and Tcewm subsets are shown in
Figure 4B. Of note, there was a significantly higher percentage of Tk (unpaired Student’s #-test)
expressing IFN-y upon stimulation in HCV* Adv-Fibrosis compared to both HCV* Min- Fibrosis (p —
0.02) and uninfected controls (P = 0.03). No significant differences were observed between the

donor/patient groups in the remaining CD8" T cell subsets (Figure 4B).

The intracellular IFN-y expressions within Tn cp277, Tpe, TLem, and Tewm cp27” subsets are
shown in Figure 4C. Both Tn cp27 and Tem cp27” subsets had a significantly higher percentage of
cells in HCV™ Adv-Fibrosis (ynpaired Student’s #-test) expressing IFN-y after stimulation compared
to HCV*Min- Fibrosis (T cpp77: P = 0.02; Temepz2r: P = 0.01) and uninfected controls (Tx cp277: P =
0.008; Tcmcep27: P =0.02). Similarly, Trem had a significantly larger percentage of IFN-y* cells
after stimulation in HCV* Adv-Fibrosis compared to HCV* Min- Fibrosis (p = (0 03 by Student’s #-test).
No significant differences were observed between donor/patient groups in Tpg, the remaining

CD8" T cell subset in Figure 4C.
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controls (n = 10), HCV* Min-Fibrosis ( = 6) and HCV* Adv- Fibrosis (3 = 8) after 48 hours of anti-
CD3/CD28 stimulation. A) Representative intracellular IFN-y dot plots using the three-marker

gating strategy for Tcm (top quadrants) and Tem cp27” (bottom quadrants) in uninfected controls
without stimulation (left) and after anti-CD3/CD28 stimulation (right). B) IFN-y expression in

naive (top left), effector (top right), early effector memory (bottom left), and central memory

(bottom right) thawed CD8" T cells upon anti-CD3/CD28 stimulation. C) IFN-y expression in
naive CD27" (top left), pre-effector (top right), late effector memory (bottom left), and central

memory CD27- (bottom right) thawed CD8" T cells upon anti-CD3/ CD28 stimulation.
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3.4 CD107a Expression of Blood-derived CD8* T Cells during Untreated Chronic HCV

Infection

CD107a expression was measured in CD8" T cells from uninfected and HCV-infected
individuals to assess the possible effects of liver fibrosis on activation and degranulation,
important components of the adaptive immune response. CD107a is present on the inside of
endosome membranes which house perforin and granzymes. The parameters of anti-CD3/CD28
stimulation were determined using a time course and dose response (Figure S5). The expression
of CD107a upon 48 hours of anti-CD3/CD28 stimulation was analyzed in bulk CD8" T cells and
subsets for each TX" donor/patient group (Figure 5A - E). The induction of CD107a expression
due to anti-CD3/CD28 stimulation in bulk CD8" T cells for each donor/patient group is shown in
Figure 5A (controls: P = 0.0001; HCV* Min-Fibrosis: p — () 0001; HCV* Adv- Fibrosis: p = () 02; by
paired Student’s #-test). A representative histogram of CD107a expression for CD8" T cells
isolated from an uninfected control is shown in Figure 5B. Similar to intracellular IFN-y
expression in bulk CD8* T cells, a significantly lower percentage of CD107a* CD8" T cells was
observed in HCV* Min-Fibrosis after stimulation (P = 0.002 by unpaired Student’s #-test) compared
to uninfected controls.

The representative dot plot for unstimulated (top) and anti-CD3/CD28 stimulated
(bottom) conditions is illustrated in Figure 5C for Tcwm (top quadrants) and Tewm cp27” (bottom
quadrants). The three-marker gating strategy (Figure 2C) was used to identify the eight CD8" T
cell subsets described in Table 3.

The CD107a expressions within the Tn, Tk, Teem, and Tcm subsets are illustrated in
Figure 5D. The expression of CD107a was significantly lower (unpaired Student’s #-test)

following anti-CD3/CD28 stimulation in Tx (P = 0.05) and Tcwm (P = 0.004) for HCV* Min. Fibrosis
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compared to uninfected controls. Interestingly, the percentage of CD107a" Tem for HCV™* AdY:
Fibrosis after stimulation was also significantly lower compared to uninfected controls (P = 0.03 by
unpaired Student’s #-test). No significant differences between donor/patient groups were
observed for the remaining CD8" T cell subsets in Figure 5D, including Teem and Tk.

The CD107a expressions within Tncp277, Tpe, TLem, and Tewm cp27” subsets are depicted in
Figure 5E. Significant differences in CD107a expression for each subset were not observed
between the donor/patient groups upon stimulation (Figure 5E). Interestingly, induction of
CD107a expression following anti-CD3/CD28 stimulation did not occur for HCV* Min- Fibrosis o
HC V™ Adv.Fibrosis iy T but was significantly induced for uninfected controls (P < 0.0001 by
paired Student’s #-test). Additionally, a significantly higher percentage of CD107a" TpE cells
were detected in the unstimulated condition for infected donors compared to the uninfected
controls (P = 0.04 for HCV* Min-Fibrosis and P = (.05 for HCV* Adv- Fibrosis by ynpaired Student’s ¢-

test).
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Figure 5: CD107a expression of CD8" T cells measured by flow cytometry for controls (n =
10), HCV* Min- Fibrosis (n = 9) and HCV* Adv- Fibrosis (n = 6) after anti-CD3/CD28 stimulation.
A) CD107a expression in bulk CD8" T cells. B) Representative histogram of CD107a expression
in an uninfected control measured by flow cytometry for bulk CD8" T cells in four conditions:
unstained unstimulated, unstained CD3/CD28 stimulated, CD107a stained unstimulated, and
CD107a stained CD3/CD28 stimulated. C) Representative CD107a dot plots for Tcwm in
uninfected controls without stimulation (left) and after anti-CD3/CD28 stimulation (right). D)
CD107a expression in naive (top left), effector (top right), early effector memory (bottom left),
and central memory (bottom right) thawed CD8" T cells upon anti-CD3/CD28 stimulation. E)
CD107a expression in naive CD27" (top left), pre-effector (top right), late effector memory
(bottom left), and central memory CD27- (bottom right) thawed CD8* T cells upon anti-
CD3/CD28 stimulation.
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3.5 Perforin Expression of Blood-derived Bulk CD8" T Cells during Untreated Chronic

HCYV Infection

Perforin expression was measured in CD8* T cells from uninfected and HCV-infected
individuals to assess the effects of liver fibrosis on the adaptive immune response. The
parameters of anti-CD3/CD28 stimulation were determined using a time course and dose
response (Figure S6). Intracellular perforin expression in bulk CD8* T cells was measured using
flow cytometry (Figure 6A and B). Perforin expression was significantly induced by stimulation
(paired Student -test) in each donor/patient group (controls: P = 0.007; HCV* Min. Fibrosis. p —
0.0001; HCV™ Adv-Fibrosis: p = () 009). However, no significant differences in CD8* T cell perforin
expression between the HCV™ and HCV- donors were detected in either the non-stimulated or the

anti-CD3/CD28 stimulated cultures.

Perforin concentrations in CD8" T cell culture supernatants following stimulation with
anti-CD3/CD28 for 48 hours were measured using Luminex MAGPIX® (Figure 6C). Perforin
expression was significantly induced by anti-CD3/CD28 (paired Student’s ¢-test) in each
donor/patient group (controls: P = 0.0001; HCV*Min- Fibrosis: p = () 005; HCV* Adv. Fibrosis: p =
0.007). Contrary to the results obtained for intracellular perforin expression, a significantly lower
perforin concentration (unpaired Student’s #-test) was observed upon stimulation for HCV* Min-

Fibrosis compared to uninfected controls (P = 0.002) and HCV* Adv-Fibrosis (p = (0 01),
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Figure 6: Perforin expression without stimulation and after 48 hours of anti-CD3/CD28
stimulation. A) Representative histogram of intracellular perforin expression measured by flow
cytometry for bulk CD8" T cells in four conditions: unstained unstimulated, unstained
CD3/CD28 stimulated, perforin stained unstimulated, and perforin stained CD3/CD28
stimulated. B) Intracellular perforin expression of bulk CD8" T cells measured by flow
cytometry for controls (n = 9), untreated HCV* Min- Fibrosis (n = 9) "and untreated HCV™* Adv- Fibrosis
(n = 6). C) Perforin concentration within culture supernatants of CD8" T cells measured using
MAGPIX for controls (n = 15), untreated HCV* Min- Fibrosis (3 = 12) " and untreated HCV™ Adv. Fibrosis
(n=9).
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3.6 Perforin Expression of Eight CD8" T Cell Subsets During Untreated Chronic HCV

Infection

After intracellular perforin expression was measured in bulk CD8" T cells, the three-
marker gating strategy depicted in Figure 2C was used to distinguish between eight subsets
previously described in Table 3. The representative dot plots in Figure 7A show the intracellular
perforin expression of Tpe (upper quadrants) and Te (lower quadrants) from an uninfected control

in the absence (left dot plot) and presence (right dot plot) of anti-CD3/CD28 stimulation.

The intracellular perforin expressions for Tx, Tg, Teem, and Tcm subsets are shown in
Figure 7B. Perforin expression was significantly induced (paired Student’s #-test) upon anti-
CD3/CD28 stimulation in Tn for uninfected controls (P = 0.05) and HCV* Min- Fibrosis (p = () (2),
Perforin induction was also significant (paired Student’s #-test) in Tcm for uninfected controls (P
= 0.0006) and HCV* Min-Fibrosis (p = () 01). Perforin expression was significantly induced (paired
Student’s #-test) in Tg for both HCV* Min. Fibrosis (p = () 02) and HCV™* Adv- Fibrosis (p = () 05). Finally,
perforin induction was only significant in Tgem for uninfected controls (P = 0.05 by paired
Student’s #-test). There were no significant differences in perforin expression between
donor/patient groups within the non-stimulated nor the anti-CD3/CD28 stimulated cultures.

The intracellular perforin expressions for Tn cp277, Tpe, Trem, and Tem cp27” subsets are
shown in Figure 7C. The percentage of perforin® Tn cp27” cells induced by anti-CD3/CD28
stimulation in uninfected controls was significantly lower (by unpaired Student’s #-test)
compared to both HCV* Min- Fibrosis (p = () 05) and HCV ™" Adv- Fibrosis (p = () 03). There was a
significantly higher percentage of perforin® Trgm in HCV* Min-Fibrosis gfter stimulation compared
to uninfected controls (P = 0.05 by unpaired Student’s ¢-test). Similarly to Tcm (Figure 7B),

perforin was significantly induced (by paired Student’s #-test) in Tcm cp27” for uninfected controls
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(P = 0.0002) and HCV* Min-Fibrosis (p = () 02). Finally, the Tpr subset had no significant

differences between donor/patient groups and no significant perforin induction upon stimulation.
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Figure 7: Intracellular perforin expression of CD8* T cells measured by flow cytometry for
controls (n = 9), HCV* Min- Fibrosis (y — 8.9y and HCV* Adv-Fibrosis (3 = ) after anti-CD3/CD28
stimulation. A) Representative intracellular perforin dot plots using the three-marker gating
strategy for Ty (top quadrants) and Tk (bottom quadrants) in uninfected controls without
stimulation (left) and after anti-CD3/CD28 stimulation (right). B) Perforin expression in naive
(top left), effector (top right), early effector memory (bottom left), and central memory (bottom
right) thawed CD8" T cells upon anti-CD3/CD28 stimulation. C) Perforin expression in naive
CD27" (top left), pre-effector (top right), late effector memory (bottom left), and central memory
CD27- (bottom right) thawed CD8" T cells upon anti-CD3/CD28 stimulation.
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3.7 Phenotype of Blood-derived CD8" T Cells at Week 0 and Week 48 of Treatment During

Chronic HCV Infection

The distribution of peripheral CD8" T cell subsets before and after treatment in HCV™*
individuals was determined to assess the relationship between SVR and the function of CD8* T
cells from patients. The timeline for the treatment study used in these experiments is illustrated
in Figure 1. Patients were evaluated at week 0 (treatment initiation) and week 48 (24 weeks after
SVR). As described previously in Chapter 3.1, thawed and isolated CD8" T cells were analysed
using the two-marker and three-marker gating strategies. The two-marker gating strategy utilized
the surface expression of CD45RA and CCR7 to identify four subsets of CD8* T cells, including
Tw, Tk, Tem, and Tem (Table 3). The CD8" T cell subset distribution for the HCV™ individuals at
week 0 of treatment was not significantly different from previous findings for untreated HCV™*
individuals in Chapter 3.1: Tn (30.5% + 20.4), Te (14.1% £ 13.8), Tem (23.7% + 15.5), and Tcem
(31.7% £ 10.8) (Figure 8A). The HCV™ individuals at week 48 of treatment did not differ
significantly (by paired Student’s #-test) from the distribution for week 0: Tn (22.8% + 17.3), Tk
(17.5% £ 10.3), Tem (28.6% = 12.0), and Tcem (31.0% + 14.8) (Figure 8A).

The three-marker gating strategy utilized the surface expression of CD45RA, CCR7, and
CD27 to identify eight CD8* T cell subsets, including Tn, Tncp27, Tk, Tpe, Teem, TrLEm, Tom, and
Tcmcp27'. Similar to the two-marker strategy, the CD8" T cell subset distribution of the HCV™*
individuals at week 0 of treatment was not significantly different (by paired Student’s #-test)
from observed results in Chapter 3.1: Tx (23.0% = 14.8), Tncp27 (7.5% £ 6.1), Te (12.7% £
12.9), Toe (1.4% £ 1.2), Teem (7.1% £ 4.8), Trem (16.7% £ 11.1), Tem (16.5% £ 7.1), and Tem
co27” (15.3% =+ 6.3) (Figure 8B). Finally, the CD8* T cell subset distribution for the HCV™*

individuals at week 48 of treatment was not significantly different from week 0 (by paired
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Student’s #-test). The percentages of the eight CD8" T cell subsets for the HCV™ individuals at
week 48 of treatment are as follows: Tx (16.7% =+ 14.6), Tx cp27 (6.1% = 4.4), Te (16.3% +
10.0), Tpe(1.3% £ 1.1), Teem (7.2% £ 5.8), Trem (21.4% £ 10.6), Tcem (17.8% £ 9.0), and Tem

o2 (13.3% + 6.4) (Figure 8B).
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Figure 8: Isolated CD8" T cells from thawed PBMC samples for treated HCV* individuals
(n = 8) at week 0 (treatment start) and week 48 (9 months after treatment finish/6 months
after SVR) were surface stained to identify percentage of cells within a subset. A) The fwo-
marker gating strategy was used to identify the percentage of cells within each of four subsets,
defined as follows: naive (CCR7"CD45RA"), effector (CCR7-CD45RA™), effector memory
(CCR7-CD45RA"), and central memory (CCR7'CD45RA"). B) The three-marker gating strategy
was used to identify the percentage of cells within each of eight subsets, defined as follows:
naive (CCR7*CD45RA"CD27"), naive CD27NES (CCR7*CD45RA*CD27"), effector (CCR7-
CD45RA"CD2T7), pre-effector (CCR7-CD45RA*CD27"), early effector memory (CCR7-
CD45RACD27"), late effector memory (CCR7-CD45RA-CD27"), central memory
(CCR7'CD45RACD27"), and central memory CD27NES (CCR7*CD45RACD27").
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3.8 Intracellular IFN-y Expression of Blood-derived CD8" T Cells at Week 0 and Week 48

of Treatment during HCV Chronic Infection

Intracellular IFN-y expression was measured in bulk CD8" T cells (Figure 9A). Out of
eight individuals undergoing treatment, six had fewer IFN-y* CD8" T cells upon stimulation at
week 48 of treatment when compared to week 0. However, overall there was no statistically
significant difference (paired Student’s z-test) between week 0 and week 48 for either the

unstimulated or the anti-CD3/CD28 stimulated CD8" T cells.
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Figure 9: Intracellular IFN-y expression of bulk CD8" T cells isolated from HCV*TX"*
individuals (n = 8) at week 0 and week 48 after 48 hours of anti-CD3/CD28 stimulation
measured using flow cytometry.
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3.9 CD107a Expression of Blood-derived CD8* T Cells at Week 0 and Week 48 of

Treatment during Chronic HCV Infection

Using flow cytometry, CD107a expression was measured for bulk CD8* T cells in the
presence and absence of a 48-hour anti-CD3/CD28 stimulation (Figure 10). Between week 0 and
week 48, four of the eight individuals tested showed an increase in the percentage of CD107a*
CDS8" T cells following anti-CD3/CD28 stimulation, while the other four donors showed a
decrease in the percentage of CD107a” CD8" T cells. Overall, there were no statistically

significant differences observed between the individuals before and after treatment.
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Figure 10: CD107a expression of bulk CD8"* T cells isolated from HCV*TX" individuals (n
= 8) at week 0 and week 48 after 48 hours of anti-CD3/CD28 stimulation measured using
flow cytometry.
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3.10 Perforin Expression of Blood-derived CD8" T Cells at Week 0 and Week 48 of

Treatment during Chronic HCV Infection

Intracellular perforin expression for bulk CD8" T cells isolated from chronic HCV™*
individuals at week 0 and week 48 of treatment was measured using flow cytometry (Figure 11).
Perforin expression in the absence of stimulation was unchanged for all except one individual
when comparing weeks 0 and 48. This individual had a four-fold decrease of perforin®CD8" T
cells at week 48 compared to week 0. Out of the seven individuals used in this experiment, three
had a lower percentage, two had a higher percentage and two had a similar percentage of CD8" T
cells capable of producing perforin upon stimulation at week 48 compared to week 0. Overall,
statistical significances were not observed between weeks 0 and 48 for both the unstimulated and

anti-CD3/CD28 stimulated conditions.
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Figure 11: Intracellular perforin expression of bulk CD8" T cells isolated from HCV*TX"*
individuals (n = 7) at week 0 and week 48 after 48 hours of anti-CD3/CD28 stimulation
measured using flow cytometry.
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Chapter 4: Discussion

The data presented in this project reveal the functional abnormalities of bulk CD8* T
cells isolated from individuals with chronic HCV infection. In particular, these findings address
the expression of functional CD8" T cell markers in the context of liver fibrosis induced by
chronic HCV infection. Impairment was characterized based on CD8" T cell subset distribution
and anti-CD3/CD28 induced expression of functional markers, including IFN-y, CD107a, and
perforin. Decreasing naive and increasing late effector memory CD8" T cell proportions were
associated with a greater degree of liver fibrosis in untreated HCV™" individuals. Intracellular
expression of IFN-y, culture supernatant expression of perforin, and surface expression of
CD107a after TCR stimulation of bulk CD8" T cells was lower for HCV ™ Min- Fibrosis. T contrast,
this trend was not observed for intracellular perforin or IFN-y in culture supernatants.
Interestingly, treatment with a 12-week regimen of ABT450r (ombitasvir, dasabuvir + ribavirin)

did not reverse functional impairments in bulk CD8" T cells from chronic HCV infection.

4.1 Differences in CD8" T Cell Phenotype in Chronic HCV Infection

The distribution of CD8" T cell subsets was described for uninfected controls and chronic
HCV" individuals with either minimal (HCV*Min-Fibrosisy or advanced (HCV*AdY- Fibrosis) fibrosis.
In this study, CD8" T cell subsets were distinguished using two methods. The two-marker
strategy used CD45RA and CCR?7 to identify four CD8" T cell subsets. This gating strategy was
previously used in this research group to compare the CD8" T cell subset distribution in
uninfected controls and chronic HCV infection without grouping based on degree of liver
damage. The second method used was the three-marker strategy which identified eight CD8* T

cell subsets based on expression of CD45RA, CCR7, and CD27. These markers have been used
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in several published studies to identify and investigate various aspects of CD8" T cells (96, 97,
144).

The proportions of blood-derived CD8" T cell subsets in chronic HCV infection,
identified using the two-marker strategy, were slightly different than those in uninfected controls.
In particular, there were fewer Tn, more Tg, and more Tgwm cells in chronic HCV infection, and
the proportion of CD8" T cells correlated with increasing liver fibrosis (Figure 4B). Interestingly,
the three-marker strategy did not identify a significant difference in the proportion of Tk cells
between HCV-infected and uninfected controls, but there was a noticeable increasing trend
proportional to a greater degree of liver fibrosis. In addition, fewer Tn and more Trem cells in
chronic HCV infection were shown to be associated with increasing liver fibrosis when
analyzing using the three-marker strategy (Figure 4D). These results indicate an effect of HCV
on the phenotype of bulk CD8* T cells.

The consequences and mechanism of this global effect of HCV have not been elucidated;
they require further investigation. As there are few autoimmune and lymphoproliferative
disorders associated with chronic HCV infection (166), the effect of HCV on bulk CD8" T cells
may have only modest consequences to the individual. The effect of HCV on the phenotype of
bulk CD8" T cells found in the present study is consistent with previous reports that addressed
this relationship in chronic HCV infection (144, 167). The results discovered here and in
previous studies are unlikely to be a result of changes in virus-specific CD8" T cells alone, as
virus-specific CD8" T cells only constitute 0.05-2% of the total bulk CD8" T cell population

(122, 123).
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4.2 Relationship Between IFN-y and Liver Fibrosis in Chronic HCV Infection

Intracellular IFN-y expression and the concentration of IFN-y released into culture
supernatants was measured for bulk CD8" T cells isolated from uninfected controls, HCV*Min
Fibrosis - and HCV+Adv- Fibrosis after 48 hours of anti-CD3/CD28 stimulation. Upon stimulation, there
was a significantly lower percentage of IFN-y" CD8" T cells detected by flow cytometry in
HCV*Min. Fibrosis compared to healthy controls (Figure 3B). In addition, there was a significantly
lower concentration of IFN-y measured in culture supernatants upon stimulation for HCV* Min
Fibrosis compared to HCV* Adv- Fibrosis (Rjgure 3C). Thus, the concentration of IFN-y in culture
supernatants differed from intracellular expression because the IFN-y concentration after TCR
stimulation was not significantly lower for HCV*Min-Fibrosis compared to uninfected controls. A
potential explanation could be a difference in the amount of cytokine released per cell. An
increased release of IFN-y per cell would explain the significantly higher concentration measured
in the culture supernatants for HCV* Adv-Fibrosis compared to HCV ' Min Fibrosis ' degpite the lack of
significance observed for intracellular expression.

Intracellular IFN-y was also measured for eight CD8" T cell subsets. There was a
significantly higher percentage of IFN-y* Tk, Tx cp277, and Tem cp27”in HCVF Adv-Fibrosis compared
to uninfected controls and HCV*Min-Fibrosis The Tr Ty cp277, and Tem cp27” subsets constitute
approximately 12%, 5%, and 13% of the bulk population, respectively. Therefore, the higher
percentage of IFN-y" CD8" T cells observed in these subsets after anti-CD3/CD28 stimulation
may not be relevant when considering the overall bulk population or have an impact on the
health of the individual. Furthermore, the results showed a significantly higher percentage of

IFN-y" Trem in HCV+Adv-Fibrosis compared to HCV* Min- Fibrosis' The Ty gy subset comprises

68



Chapter 4: Discussion

approximately 30% of the total bulk population, thus amplifying the implication of a higher
percentage of IFN-y" Tppm in HCV* Adv. Fibrosis

Altogether, these results demonstrate a relationship between CD8" T cell function and
degree of liver fibrosis. In particular, a higher degree of liver fibrosis is associated with a higher
percentage of IFN-y* CD8" T cells within the Tg, Tx cp27°, Tem cp277, and Trem subsets. However,
the relevance to an individual’s health has yet to be determined. The results here are consistent
with studies that observed an effect of HCV on bulk CD8" T cells (167-169).

In chronic HCV infection, the immune response of HCV-specific CD8" T cells has been
characterized by an IFN-y impairment after stimulation with mitogen or peptides compared to the
rest of the CD8" T cell population in the individuals tested (123, 127, 170). In a previous study, a
larger frequency of IFN-y" HCV-specific CD8" T cells was observed after HCV-peptide
stimulation in patients with a minimal stage of fibrosis compared to advanced (107). Thus, a
relationship between HCV-specific CD8" T cell function and liver fibrosis has been
demonstrated in the context of chronic HCV infection. To address the capacity of bulk CD8* T
cells to produce IFN-y in chronic HCV infection, authors of another study stimulated CD8" T
cells isolated from the peripheral blood of human participants with PMA (phorbol 12-myristate
13-acetate) and ionomycin (171). The authors of this study, Murata ef al., found an increased
frequency of IFN-y" CD8" T cells after stimulation from HCV" individuals compared to
uninfected controls. However, Murata et al. did not categorize the HCV™ individuals by liver
fibrosis to determine whether the responses were related to hepatic damage. In this project,
surface expression markers enabled a more specific characterization of the IFN-y* CD8*

population of cells in the context of HCV-induced liver fibrosis.
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4.3 Relationship between CD107a and Liver Fibrosis in Chronic HCV Infection

Expression of CD107a was also measured on bulk CD8" T cells isolated from uninfected
controls, HCV* Min-Fibrosis - apnq HCV* Adv. Fibrosis after 48 hours of anti-CD3/CD28 stimulation. Ex
vivo expression of CD107a on the cell surface is associated with the degranulation capacity of
CD8" T cells (90). Upon stimulation, there was a significantly lower percentage of CD107a*
CD8" T cells in HCV* Min- Fibrosis compared to controls, but this difference was not observed in
HCV*Adv-Fibrosis (Figyre 5A). The trend for CD107a expression is similar to the results found for
intracellular IFN-y expression, indicating a functional impairment associated with minimal
fibrosis alone. The consequences of a lowered ability of bulk CD8" T cells to degranulate upon
stimulation have not been determined but could potentially include lowered responses to routine
vaccinations, including HBV (172, 173) and influenza (174, 175), as several suggest
development of immunological memory may be affected (169).

In a previous study, HCV-specific CD8" T cells were shown to experience a lower up-
regulation of CD107a upon peptide stimulation compared to non-HCV-specific CD8* T cells
from the same individual (176). However, this study did not compare the non-HCV-specific
CD8"* T cell responses of chronic HCV* individuals with uninfected controls. Another study
found a reduced expression of CD107a on intrahepatic bulk CD8" T cells from HCV™ individuals
after anti-CD3 stimulation compared to those isolated from controls (136). However, this study
did not address the relationship with the degree of liver fibrosis, as only four HCV™ individuals
and four controls were used in the experiment. In this thesis, results indicate that chronic HCV™*
individuals have a reduced expression of CD107a for bulk CD8" T cells upon anti-CD3/CD28
stimulation compared to uninfected controls, and there is no apparent relationship with degree of

liver fibrosis. Further studies will need to address the potential mechanism resulting in only
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HCV* Min Fibrosis haying a significantly different expression of CD107a compared to uninfected
controls.

CD107a was also measured for eight CD8" T cell subsets. There was a significantly
lower percentage of CD107a" Tx in HCV* Min-Fibrosis compared to uninfected controls. Although
not significant, there also appeared to be a lower percentage of CD107a* Ty in HCV+ Adv- Fibrosis
compared to uninfected controls. In addition, there was a significantly lower percentage of
CD107a* Tem in HCV* Min: Fibrosis and HCV* Adv- Fibrosis compared to uninfected controls.
Interestingly, a study performed by Stelekati et al. suggests memory development and frequency
are negatively impacted by chronic inflammation (177). The present results add to the findings
by Stelekati et al. through the demonstration of a relationship between anti-CD3/CD28 induced
function of memory CD8" T cells and chronic HCV infection. The observed impairment of
CD107a expression in Tn and Tcwm is a result of chronic HCV infection but may not be associated
with liver damage, as either HCV*Min- Fibrosis glone (Tx*) or both categories of HCV' individuals
(Tcwm) displayed a significantly lower frequency of CD107a" CD8" T cells after TCR stimulation.
A significantly higher frequency of CD107a" intrahepatic immune cells was found in HCV
compared to individuals with Nonalcoholic Steatohepatitis (NASH) (178). The results from this
study, performed by Jouvin-Marche et al., align with results from this thesis by demonstrating a

relationship between bulk CD8" T cell expression of CD107a and HCV infection specifically.

4.4 Relationship between Perforin and Liver Fibrosis in Chronic HCV Infection

Expression of perforin intracellularly and within culture supernatants was measured for
bulk CD8" T cells isolated from uninfected controls, HCV* Min. Fibrosis anq HCV* Adv. Fibrosis g fter
48 hours of anti-CD3/CD28 stimulation. Upon stimulation, there was a significantly lower

concentration of perforin measured in the culture supernatants for HCV*Min-Fibrosis compared to
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uninfected controls and HCV* Adv-Fibrosis (Rioyre 6C). However, no significant differences were
observed after stimulation for intracellular expression of perforin between any donor/patient
groups. A potential explanation for the difference observed between intracellular and culture
supernatant expression of perforin could be that less perforin was released per cell in HCV* Min
Fibrosis compared to uninfected controls and HCV™* Adv-Fibrosis ' Conversely, more perforin could
have been released per cell in uninfected controls and HCV* Adv- Fibrosis compared to HCV* Min-
Fibrosis Fyrthermore, cells analyzed for perforin expression were not treated with a golgi inhibitor.
Thus, perforin release from certain CD8" T cell subsets was possible between stimulation
initiation and termination. As the stimulation dose and incubation times were selected based on
optimal expression of markers and cytokines for the bulk population, the kinetics of perforin
release into culture supernatants for each CD8" T cell subset was not addressed. Altogether, the
results of intracellular and culture supernatant expression of perforin for bulk CD8" T cells does
not indicate a relationship between this particular effector function and degree of liver fibrosis.
Intracellular perforin was also measured for eight CD8* T cell subsets (Figure 7B and C).
Unlike IFN-y and CD107a, there was a baseline expression of perforin in the unstimulated
samples for all donor/patient groups. Importantly, induction of intracellular perforin expression
in Tk occurred for both HCV™ groups of patients but did not occur for uninfected controls.
Conversely, no significant induction of intracellular perforin expression in Tn, Tn cp27, Tem, and
Tem cp27” was detected for HCV™ Adv-Fibrosis although it was significantly up-regulated for
uninfected controls and HCV*Min-Fibrosis Tpy addition, induction of perforin expression in Teem
occurred for uninfected controls but did not occur for either HCV™ groups of patients. Overall,
these results indicate a potential relationship between CD8" T cell effector function in terms of

anti-CD3/CD28 induced perforin expression and degree of liver fibrosis.

72



Chapter 4: Discussion

An increase in the percentage of perforin® T cp27” was observed for HCV* Min- Fibrosis a4
HC V™ Adv-Fibrosis compared to uninfected controls. However, the relevance of this observation may
be inconsequential, as the T cp27” subset constitutes approximately 5% of the bulk population.
Although statistically significant, the presence of outliers and the variation between the perforin
expressions in Tx cp27” for HCV™ Adv-Fibrosis indjcate that more replicates would need to be
performed to be convinced of the observed trend. Intracellular perforin expression in Trem was
also significantly increased upon stimulation in HCV*Min- Fibrosis compared to uninfected controls.
This suggests an abnormal expression of perforin in HCV* Min Fibrosis that may not be related to
the degree of liver damage.

Previous studies have demonstrated a lowered expression of granzyme B and perforin in
HCV-specific CD8" T cells during chronic HCV infection (179, 180). These studies by
Radziewicz et al. found that intrahepatic HCV-specific CD8" T cells expressed granzyme B but
lacked perforin expression upon stimulation with HCV peptide (NS3 1073-1081). In contrast,
circulating HCV-specific CD8* T cells did not express granzyme B or perforin upon stimulation.
Consistent with Radziewicz et al, another study identified low perforin levels and an impaired
ability to up-regulate perforin upon peptide stimulation for circulating HCV-specific CD8" T
cells during chronic infection (108). In another study, performed by Nisii ef al., no significant
difference was observed for perforin expression in liver-residing bulk CD8" T cells after anti-
CD3 stimulation, contrasting with IFN-y expression (136). However, in this study, there was a
significantly higher perforin expression in circulating bulk CD8* T cells upon anti-CD3
stimulation compared to liver-infiltrating counterparts. Findings from Nisii ef al. are consistent
with a phenomenon known as T cell tolerance often occurring in the liver (181). Tolerance

involves the inactivation of T cells towards harmless antigens (e.g., self-antigens) resulting in
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reduced expression of functional markers. Although the importance of perforin® CD8" T cells
has been established, previous studies have not demonstrated a relationship between effector
function of bulk CD8" T cells and the degree of liver fibrosis of the individual. The results here
show a potential relationship between perforin induction in circulating Tx, Tg, Tem, Teem, Tom

c;27, and Tn cp27” subsets and the extent of liver fibrosis.

4.5 Effect of HCV Treatment on CD8" T Cell Phenotype in Chronic HCV Infection

A clinical study enabled the effects of treatment on the function of bulk CD8" T cells to
be observed. In particular, an important question was addressed; are the functions and
proportions of CD8" T cells studied in the untreated chronic HCV™ individuals following
successful treatment comparable to those observed in uninfected controls. The cell proportions
observed for untreated individuals using the two-marker strategy included a significantly larger
proportion of Ty and a significantly smaller proportion of Tg and Teewm in uninfected controls
compared to HCV*Adv-Fibrosis The Jevels observed for untreated individuals using the three-
marker strategy included a significantly larger proportion of Tx and a significantly smaller
proportion of Trem in uninfected controls compared to HCV*Adv-Fibrosis ' However, CD8* T cell
subset distributions at week 48 (24 weeks after SVR) were not significantly different from week
0 (treatment initiation) using the two-marker (Figure 8A) or the three-marker strategy (Figure
8B).

There are a few potential explanations for the inability of treatment to restore CD8" T cell
subset distributions of chronic HCV* individuals to those observed for uninfected controls. First,
the CD8" T cell subset distributions observed as a result of chronic HCV infection may be

permanent. Caetano ef al. demonstrated a change in the phenotype of HCV-specific CD8* T cells
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after chronically HCV-infected patients were treated with pegylated alpha interferon and
ribavirin (182). In that study, the frequencies of HCV-specific CD8" T cell subsets (using the
two-marker gating strategy) were measured at four points in time: before treatment and 1, 3, and
6 months after the start of treatment. Before treatment initiation in sustained-responders, the
subset with the highest frequency of cells was Tn. During treatment, the frequency of Tcwm
steadily increased and the frequency of Tem decreased. In addition, the frequency of Tk increased
1 month after treatment initiation, but by the 6-month point, the frequencies were returned to
levels observed before treatment. Due to the small percentage of CD8" T cells specific for HCV
in the circulation of chronically infected individuals, it is reasonable that the results found by
Caetano et al. are not reflected in this project. Bulk CD8" T cells may require additional time
following SVR to re-establish subset distributions similar to those observed in uninfected
controls. In addition, Caetano et al. studied patients with HCV genotypes 1, 2, and 3 undergoing
IFN-based therapy. The HCV genotype and treatment all contribute to the kinetics of viral
elimination (183). Thus, the clinical trial included in this project may have a different trend for
proportions of HCV-specific CD8" T cell subsets due to the use of solely HCV genotype 1 and
DAA-based therapy. Another difference between the study performed by Caetano et al. and the
present project include the number of time points addressed. Future studies investigating the
effects of successful DAA therapy on the phenotype of bulk CD8" T cells will need to look at
additional time points between treatment initiation and 24 weeks after SVR to further decipher
the relationship.

As determined in this study, CD8" T cell subset distribution in chronic HCV infection is
related to the degree of liver damage. Liver damage either does not or is slow to reverse after

SVR. Of the eight individuals used from the clinical trial, the degree of liver fibrosis did not
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change for three, increased to advanced fibrosis for two, and decreased to minimal fibrosis for
two. Unfortunately, the number of individuals in each category (minimal or advanced fibrosis)
was not sufficient to determine if liver damage is a contributing factor to the reversal of subset
distribution after achieving SVR. However, the contribution of liver damage is another potential
explanation for the inability of treatment to restore CD8" T cell subset distributions of chronic

HCV™ individuals to those observed in uninfected controls.

4.6 Effect of HCV Treatment on Anti-CD3/CD28 Induced Expression of IFN-y, CD107a,

and Perforin in Bulk CD8" T Cells

The anti-CD3/CD28 induced expressions of IFN-y, CD107a, and perforin in bulk CD8* T
cells before and after treatment was also investigated for individuals participating in the clinical
trial. There was an insufficient number of individuals used from the clinical trial to determine if
successful HCV treatment alters bulk CD8" T cell effector function while reversing the degree of
liver fibrosis.

The percentage of IFN-y* bulk CD8" T cells upon stimulation was not significantly
different between week 0 and week 48 of the clinical trial for eight individuals (Figure 9).
However, a trend towards a decreased percentage of IFN-y" CD8" T cells upon stimulation was
observed at week 48 of the clinical trial. Of the eight individuals included in this experiment, six
experienced a decreased percentage of IFN-y™ bulk CD8* T cells at week 48 compared to week
0.

IFN-y has immunomodulatory, anti-proliferative, and anti-fibrogenic functions (184,
185). This cytokine has also been shown to play a role in the control of HCV during chronic
infection. A significant correlation between IFN-y mRNA expression levels and stage of liver

fibrosis has been demonstrated in chronic HCV infection (186). In addition, elevated levels of
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IFN-y in the serum has been shown to influence the progression of liver disease (187-189).
However, in the present thesis, expression of IFN-y within culture supernatants after TCR
stimulation was not measured for the individuals participating in the clinical trial. HCV-specific
CD8" T cell expression of IFN-y upon peptide stimulation has been characterized by Gruener et
al. before and after HCV treatment of chronic infection (190). In contrast to the results described
in this thesis, Gruener et al. identified a lower frequency of circulating HCV-specific CD8" T
cells before treatment and a significant, multi-specific, and sustained CD8" T cell response after
SVR was achieved with IFN-based therapy. Thus, the present results suggest circulating bulk
CD8" T cells experience a trend dissimilar from HCV-specific CD8" T cells. In particular, bulk
CD8" T cells may have a lowered capacity to induce intracellular IFN-y expression upon anti-
CD3/CD28 stimulation after SVR is achieved.

The percentage of CD107a* and perforin® CD8" T cells upon stimulation was not
significantly different between week 0 and week 48 of the clinical trial (Figure 10 and 11).
Studies investigating the effects of DAA treatment on CD8" T cells have not addressed effector
function. One study identified increased proliferation of HCV-specific CD8" T cells after peptide
stimulation for most patients approximately four weeks after achieving SVR with faldaprevir and
deleobuvir + ribavirin (155). In contrast to results in the present project, this study suggests that
functional changes in HCV-specific CD8" T cells can be observed as early as six months after
achieving SVR. In this thesis, it appears a change in effector function of bulk CD8" T cells does

not occur after achievement of SVR.

4.7 Summary and Relevance
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The current study demonstrates that the function of CD8" T cells is related to the degree
of liver fibrosis in chronic HCV infection, independent of antigen specificity. The findings here
provide insight into the pathogenesis of HCV infection and may have implications for T cell-
based therapies that reverse liver fibrosis caused by chronic HCV infection. CD8" T cell
dysfunction is a challenge that will need to be overcome in order to develop an effective
therapeutic vaccine for chronic HCV infection (191, 192).

The mechanism of how HCV alters the proportions of bulk CD8" T cells has not been
established. In addition, the question of whether bulk CD8" T cell changes observed during
chronic HCV infection can cause susceptibility to other pathogens or increase the likelihood of
autoimmune complications has not been addressed. Some autoimmune or lymphoproliferative
disorders have been reported in the context of HCV (166). Thus, the functional changes of bulk
CDS8" T cells during chronic HCV infection are of great interest as they will lead to a better
understanding of interactions within the immune system.

HIV/HCV co-infected individuals experience faster progression to liver fibrosis
compared to individuals mono-infected with either virus (193). Scientists have hypothesized that
CD8" T cell exhaustion contributes to the rapid progression of HIV-pathogenesis during
HIV/HCYV co-infection. A higher frequency of bulk CD8" T cells with exhaustion markers are
found in HIV/HCV co-infection compared to HIV mono-infection (194). Thus, the widespread
effect of HCV may influence pathogenesis and prevent proper immune responses.

Some studies have discovered additional effects of HCV on bulk CD8* T cells. The
phenotype of CMV-specific CD8" T cells was previously identified as more phenotypically
immature (early or central memory) in chronic HCV infection compared to uninfected controls

(more effector memory) (168). These results, obtained by Lucas et al., were contrary to those
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found in this thesis as an increased proportion of Trem and no differences in Tcm were observed.
However, Lucas et al. examined virus-specific cells rather than the entire population of CD8" T
cells, which may account for the differences observed. Another study performed by Murata et al.
discovered that an increased proportion of bulk CD8" T cells in HCV infection exhibit a memory
phenotype (CD45RACD28"CD8") (171). In this project, an increasing proportion of late effector
memory CD8" T cells was associated with advancing liver fibrosis. Importantly, Trem were
defined based on expression of three markers not used by Murata et al. including CD45RA,
CCR7, and CD27.

The results in the present study uncovered a trend not previously observed in published
work about HCV-specific CD8* T cells. In particular, the capacity to induce IFN-y, CD107a, and
perforin did not lower with increasing liver fibrosis. The HCV*Min- Fibrosis individuals had a
significantly lower percentage of IFN-y" and CD107" CD8" T cells upon stimulation compared
to uninfected controls. However, HCV* Adv-Fibrosis jndividuals did not have a significantly
different percentage of IFN-y* and CD107* CD8" T cells upon stimulation compared to
uninfected controls. Furthermore, the distinct relationship between liver fibrosis and certain
CDS8" T cell subsets will need further investigation. Another important concept that will need to
be addressed in future studies is the ability of perforin to aid in the destruction of target cells. A
killing assay, such as the chromium release assay, will be able to answer this question.

Many questions remain regarding the relationship between bulk CD8" T cells and liver
fibrosis in the context of chronic HCV infection. A clinical trial with an increased number of
individuals could be used to discern whether successful DAA treatment affects the function of
bulk CD8" T cells while reversing liver fibrosis. Moreover, the effects of SVR on effector

function of bulk CD8" T cells will need to be addressed with a time point farther from SVR.
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Additional observations and trends may be uncovered if expression of IFN-y and perforin within
culture supernatants are measured for bulk CD8" T cells of individuals part of the clinical trial.
Furthermore, investigation of other cytokines known to play a significant role in chronic HCV
infection, such as IL-10, may yield additional insights. In conclusion, although several questions
remain, it is apparent from the results in this project that some aspects of bulk CD8" T cell
function are related to the degree of liver fibrosis. Future studies will need to more closely define

and characterize this relationship.
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Supplemental Figure S1: Reducing non-specific binding for perforin with 10% human AB
serum during intracellular staining step. A) Absence of human AB serum. B) Presence of
human AB serum.
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Supplemental Figure S2: Reducing non-specific binding for CD107a with 10% human AB

serum during intracellular staining step. A) Absence of human AB serum. B) Presence of

human AB serum.
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uninfected control.
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Supplemental Figure S4: Anti-CD3/CD28 stimulation time course for measuring
intracellular IFN-y expression of CD8" T cells using flow cytometry. A) Histogram depicting
intracellular IFN-y expression for five conditions after 54 hours: unstimulated (red), isotype
stained 50pg/ml anti-CD3 stimulated (black), IFN-y stained 1pg/ml anti-CD3 stimulated (blue),
IFN-y stained 10pg/ml anti-CD3 stimulated (purple), and IFN-y stained 50ug/ml anti-CD3
stimulated (green). All stimulated conditions were also treated with anti-CD28 (5pug/ml in the
well). B) Time course for intracellular IFN-y expression measured using flow cytometry after 6,
21, 30, 42, and 54 hours. Brefeldin A (5pg/ml in the well) was added during the previous time
point.
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Supplemental Figure S5: Anti-CD3/CD28 stimulation time course for measuring CD107a
expression of CD8" T cells using flow cytometry. A) Histogram depicting CD107a expression
for three conditions after 48 hours: unstimulated (red), isotype stained 10pg/ml anti-CD3
stimulated (black), and CD107a stained 10ug/ml anti-CD3 stimulated (solid blue). All stimulated
conditions were also treated with anti-CD28 (5pg/ml in the well). B) Time course for CD107a
expression measured using flow cytometry after 24, 48, and 72 hours. Monensin (§uM) was
added six hours before the end of the incubation.
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Supplemental Figure S6: Anti-CD3/CD28 stimulation time course for measuring
intracellular perforin expression of CD8" T cells using flow cytometry. A) Histogram

Isotype 10ug/ml CD3 (52.38%, MFI = 17.74)
Unstimulated (6.42%, MFI = 7.78)
I 10ug/ml CD3 (35.63%, MFI = 12.24)

depicting intracellular perforin expression for three conditions after 48 hours: unstimulated (red),

isotype stained 10pg/ml anti-CD3 stimulated (black), and perforin stained 10ug/ml anti-CD3
stimulated (solid blue). All stimulated conditions were also treated with anti-CD28 (5pg/ml in
the well). B) Time course for perforin expression measured using flow cytometry after 24, 48,

and 72 hours.
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