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ABSTRACT

Chronic liver disease accounts for more than 2 million annual deaths worldwide and falls
within the top 20 leading causes of death. Particularly, metabolic dysfunction-associated
steatohepatitis (MASH) is now the leading cause of end-stage liver disease, surpassing viral
hepatic infections. Over time, liver fibrosis impacts organ structures and function, and is
increasingly associated with local and circulating immune cell dysfunction and systemic
inflammation, collectively contributing to poor clinical outcomes. This thesis aimed to
investigate CD4" T cell function in the context of chronic liver disease in humans and in murine
models that mimic HCV and MASLD pathologies. We hypothesized that in chronic liver disease,
CD4* T cell hyperfunction and increased intrahepatic infiltration are associated with advanced
liver injury. In MASH patients, we found CD4" T cell hyperfunction in those with advanced liver
fibrosis, marked by increased TGF-f and IFN-y production. Data collected from the diet-induced
liver model suggest sex differences with transient CD4" T cell hyperfunction in males, while
hyperfunction in females sustained until 2 weeks post-HFMCDD cessation, characterized by
elevated GrzB and IFN-y expression. In addition to these findings, positive correlations were also
observed between CD4" and CD8" T cell infiltration and liver injury severity. In conclusion,
these findings suggest an association between CD4" T cell hyperfunction and advanced liver

injury in chronic liver disease.
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CHAPTER 1: INTRODUCTION

1.1 Burden of chronic liver disease

Chronic liver disease (CLD), which progresses in four stages: hepatitis, fibrosis, cirrhosis and
liver failure, account for approximately 2 million deaths per year or 4% of all deaths globally*2.
The majority of deaths are attributable to cirrhosis complications, such as portal hypertension,
esophageal varices, hepatic encephalopathy, ascites and hepatocellular carcinoma (HCC)3. As the
third leading cause of cancer-related deaths worldwide, HCC accounts for about 75-85% of
primary liver cancer cases®. The main causes of CLD include chronic viral hepatitis, such as
hepatitis B and C infections (HBV and HCV, respectively), alcohol-related liver disease (ALD)
and metabolic dysfunction-associated steatotic liver disease (MASLD, formerly known as non-
alcoholic fatty liver disease, NAFLD). According to the World Health Organization,
approximately 130-150 million people have chronic HCV infection and of those, 500 000 succumb

to HCV-related liver diseases®.

The prevalence of MASLD has now surpassed viral hepatitis as the main cause for end-stage
liver disease, affecting more than 32% of the world’s population. This shift is largely due to highly
effective direct-acting antiviral (DAA) therapies that can cure HCV and the globally increasing
prevalence of obesity, cardiovascular diseases, metabolic disorders and type 2 diabetes mellitus
(T2DM)%7. MASLD is the most common liver disorder in Western countries, affecting 31% of
adults, and of those diagnosed, 20-30% develop metabolic dysfunction-associated steatohepatitis
(MASH, formerly known as non-alcoholic steatohepatitis (NASH)), the advanced inflammatory
form of MASLD?®. In chronic HCV and MASH, liver fibrosis progresses to cirrhosis over time,
increasing the risk of HCC. Twenty percent of chronic HCV-infected individuals will develop
cirrhosis within a few decades, of which, approximately 4% will progress to HCC annually®1!,
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Similarly, in MASH, over a 20-year period, an estimated 10% of individuals will progress to

cirrhosis, and 2.6% of these individuals will develop HCC!?*3,

1.2 HCV infection
1.2.1 HCV infection & disease progression

HCV is a blood-transmitted virus that predominantly targets hepatocytes and
hematopoietic cells, such B lymphocytes, in which its genome gets replicated'®. The virus is
transmitted through contact with infected blood, as seen through sharing needles and syringes,
unsafe blood transfusions, unprotected sexual practices or mother-to-baby vertical transmission®.
HCV infection can either be acute, when the period of inflammation and liver insult is less than
six months and there is viral clearance, or chronic, when viremia persists beyond six months®®.
Approximately 25% of those infected will spontaneously clear the virus within 6 months, while
the majority (75%), if left untreated, will develop chronic HCV infection, at which point, risks of
cirrhosis and HCC increase significantly®>1°. Viral clearance is associated with the development
and persistence of strong virus-specific responses by CD8" cytotoxic T lymphocytes and CD4*
helper T cells. However, in most infected individuals, viremia persists due to altered HCV-specific
CD8" T cell responses and loss of HCV-specific CD4" T cells, while accompanied by variable
degrees of hepatic inflammation and fibrosis*’. In chronic HCV infection, there is persistent,
uncontrolled inflammation, which subsequently activates hepatic stellate cells (HSCs) to secrete
and deposit extracellular matrix (ECM) proteins, such as collagen, in the liver'®. The liver
undergoes many rounds of wound healing to repair the tissue damage caused by the excessive
accumulation of collagen (fibrotic scar). Over time, liver fibrosis impacts organ structures and
function, and is increasingly associated with immune dysfunction and systemic inflammation,

collectively contributing to poor clinical outcomes?.



HCV infection diagnosis is made using a serological test, searching for anti-HCV
antibodies, followed by a nucleic acid test to confirm chronicity. This secondary test is vital as the
25% of HCV-infected individuals who spontaneously clear the infection without treatment will
still test positive for anti-HCV antibodies. After these tests, liver biopsies or other non-invasive
techniques, such as liver elastography (Fibroscan®), will be performed to assess the degree of liver
damage (fibrosis and cirrhosis)'’. The main goal of HCV treatment is to cure the disease or prevent
long-term liver damage. The first-line standard-of-care treatment for HCV infection are DAAS,
such as telaprevir and sofosbuvir, which can achieve sustained virological response (SVR) or HCV
cure in over 90% of HCV-infected individuals®*. In HCV-infected individuals with advanced liver
fibrosis, DAAs can reduce portal hypertension, improve liver dysfunction and metabolic disorders,
and promote fibrosis regression after SVR?>%, DAAs target HCV-encoded proteins, disrupting
specific steps within the HCV life cycle, such as viral entry, protein translation, RNA replication,
viral assembly and release. A multitude of DAAs have been developed and divided into four
classes, depending on their mechanism of action and therapeutic target within this cycle?*2°,
Although DAA therapy has proven to be effective, it does not, however, protect from HCV re-

infection, or eliminate the risk of HCC in cirrhosis?>?’.

1.2.2 Immune response to HCV

Chronic HCV infection is associated with the persistent production of pro-inflammatory
cytokines and chemokines by hepatocytes, Kupffer cells (KCs) and natural killer (NK) cells
recruited to the liver?®?°, These cytokines play a role in recruiting other immune cells, such as T
cells, to the liver which further contribute to inflammatory responses, activating HSCs to secrete
and deposit ECM, resulting in the formation of fibrotic tissue?. An array of factors contribute to

T cell dysfunction in chronic viral infection, such as T cell exhaustion, viral escape mutations and



helper CD4* T cell deletion, contributing to viral persistence?’. Persistent viremia is firstly met
with robust and effective HCV-specific CD8" T cell responses, coordinated with strong support
from HCV-specific CD4" helper T cells early in the acute phase. This is followed by a decline in
functionality of HCV-specific CD8" T cells in addition to the deletion of HCV-specific CD4" T
cells, thus failing to eliminate the virus and progressing to chronic HCV infection®3°. Prolonged
stimulation by antigens contributes to T cell exhaustion, characterized by a loss of effector
functions of HCV-specific CD8* and CD4* T cells and over-expression of inhibitory receptors,
such as T cell immunoglobulin and mucin-domain containing-3 (TIM-3), programmed cell death
protein 1 (PD-1), lymphocyte activation gene 3 protein (LAG3) and cytotoxic T-lymphocyte
antigen 4 (CTLA-4), which have been extensively characterized in both mice and humans®?’.
Another feature thought to strongly mediate CD8" T cell exhaustion is the expansion of regulatory
T cells (Tregs), a CD4"* T cell subset, which suppresses CD8* T cell activity3!. As central mediators
of adaptive immunity, CD4* T cells facilitate both CD8* T cell responses and B cell-mediated
antibody responses to viral pathogens, as well as targeting infected cells through cytotoxic
mechanisms. Cytotoxic CD4" T cells, which secrete profibrotic cytokines such as perforin and
granzyme B, have been found to participate in viral clearance and fibrogenesis in hepatic viral
infections and HIV®%%, The deletion of HCV-specific CD4* T cell responses may be a significant
driver of CD4" T cell failure and CD8" T cell dysfunction in chronic HCV infection3*3®. Several
studies have demonstrated reduced or absent HCV-specific CD4" T cell responses, during
chronic HCV infection, with a failure of interleukin 2 (IL-2) secretion that may lead to disruption

of interferon gamma (IFN-y) and cellular proliferation31-3°.



1.2.3 Sex differences in HCV infection

Once exposed to HCV, men demonstrate a higher prevalence of HCV viremia, characterized
by elevated HCV RNA levels, reduced viral clearance and faster rates of disease progression®3,
In postmenopausal women, when levels of estrogen drop significantly, there is a reduction in viral
clearance, leading to increased rates of fibrosis. Estrogens have a protective role in the liver,
shielding hepatocytes from oxidative stress, inflammatory injury, and cell death, contributors to
fibrosis, as well as suppressing hepatocarcinogenesis®®°. In addition, estradiol somewhat protects
the liver against sustained injury, by preventing the accumulation of monocytes and macrophages
in hepatic tissue, thus inhibiting the production of reactive oxygen species (ROS) and
proinflammatory cytokines, and subsequently, the proliferation and activation of HSCs*. In a
study focusing on the effect of estrogens on women with chronic HCV infection, it was shown that
history of pregnancy and exposure to hormone replacement therapy are associated with decreased
fibrosis progression. For example, women taking oral contraceptives had lower fibrosis scores*.
Furthermore, a study by Florian et al. demonstrated that men with chronic HCV infection have a
greater decrease in liver enzymes (e.g. AST and ALT) after antiviral treatment compared to

women, indicated improved liver function®.

1.3 MASLD
1.3.1 MASLD pathogenesis & diagnosis

As the most common cause of CLD, MASLD rates mirror the increasing incidence of
obesity and T2DM, with a global and North American prevalence of approximately 30% in
adults***>. MASLD is characterized by excessive hepatic lipid accumulation in addition to at least
one cardiometabolic risk factor, and where alternative causes, such as viral hepatitis and excessive

alcohol intake have been excluded*®. MASLD constitutes a range of chronic liver diseases, from



simple steatosis (termed metabolic dysfunction-associated steatotic liver, MASL) to the
inflammatory version of the disease, MASH, to fibrosis, cirrhosis and eventually, HCC*"#, While
fat accumulation in the liver can be controlled or reversed by adopting healthier lifestyle changes,
MASL could progress to MASH when left uncontrolled, characterized by hepatocellular
ballooning, tissue degeneration, inflammation and fibrosis*®. The pathophysiology of MASLD
involves increased fatty acid synthesis and impaired inhibition of adipose tissue breakdown,
ensuing the increased delivery and subsequent accumulation of fatty acids in the liver. The
resulting lipotoxicity causes metabolic dysfunction and insulin resistance, prompting the secretion
of adipokines and proinflammatory cytokines, immune cell infiltration and fibrogenesis®.
Ultimately, these processes induce oxidative stress and DNA damage to hepatocytes, which, in

combination with inflammation, further promote the development of fibrosis and cirrhosis®2.

MASLD diagnosis includes the use of a variety of techniques. Firstly, serology occurs to
perform liver function tests (e.g. AST, ALT, ALP) and to rule viral hepatic infections, such as
HBV or HCV. This is followed by liver imaging tests (e.g. ultrasonography, CT and MRI), to
identify the degree of hepatic injury, focusing on hepatic steatosis>. Ultrasound elastography is
another widely used non-invasive test for the assessment of liver stiffness, however, it cannot
differentiate between MASLD and MASH, or exclude other causes (e.g. alcohol intake) for the
liver damage®®°. The gold standard for MASLD/MASH diagnosis is a liver biopsy, which can
rule out alternative diseases (e.g. autoimmune hepatitis, primary biliary cholangitis, primary
sclerosing cholangitis, etc.) and confirm fatty liver disease as the cause of liver damage, as well as

differentiate all stages of steatosis, inflammation and fibrosis®®.

After diagnosis, management of MASLD includes lifestyle modifications, primarily diet

and exercise, to reduce body weight, and pharmaceutical therapies such as GLP-1 modulators to



target molecular pathways involved in MASH®*%758 Developing pharmaceutical therapies for
MASH has been challenging, seeing that in order to effectively treat MASH, the drug needs to
address fat accumulation, inflammation and fibrosis, and none have been able to meet all of these
criteria thus far. In early 2024, the FDA in the United States approved a new oral therapeutic drug,
called resmetirom, a liver-targeted thyroid hormone receptor B selective agonist (THR), which
controls fat synthesis, regulates fatty acid oxidation, cholesterol metabolism, and reduces both
inflammation and fibrosis®. Preliminary studies for resmetirom demonstrated MASH resolution
with no worsening of fibrosis in 25-30% of treated patients, and fibrosis improvement by at least
one stage with no worsening of MASLD in 24%5%%%, Although this medication demonstrates great
potential towards resolving MASH-associated liver injury, it, unfortunately, remains inaccessible
to Canadians®?. The preferred treatment for MASH, as of yet, has been glucagon-like peptide-1
(GLP-1) receptor agonists, which are approved for the treatment T2DM and/or obesity. These
drugs have also been used to treat MASLD/MASH, as they target metabolic defects and
lipotoxicity prevalent in all three diseases®® %, Extensive research into MASH treatment continues
to take place, investigating a multitude of pathways, such as other thyroid hormone receptors,

hepatic steatosis synthesis, inflammatory pathways and many more®.

1.3.2 Immune response to MASLD

Non-resolving inflammation occurs when the inflammatory stimuli persist or the regulatory
mechanisms are disrupted, amplifying pathological consequences such as fibrosis and HCC®.
When left untreated, chronic inflammation contributes to the progression of MASLD to MASH®®.
In MASLD, studies have shown that CD4" T cells promote liver inflammation and fibrosis by
producing proinflammatory cytokines, such as interleukin 17 (IL-17) and IFN-y, and by activating

HSCs®7%8, In the liver, IL-17 primarily targets HSCs by activating the STAT3 signaling pathway,



and promoting the production and deposition of type | collagen®. Interestingly, a positive
correlation was found between subsets of peripheral CD4™ T cell subsets (Th1 and Th17) and the
MASLD Activity Score, which measures steatosis, hepatocyte ballooning and lobular
inflammation’. A humanized mouse model for diet-induced MASLD showed that subsets of
CD4* T cells, specifically 1L-17-secreting Th17 and IFN-y-secreting Th1 cells, play a key role in
the progression of steatosis to fibrosis and correlate positively with disease progress in MASH-
HCC. It is also important to note that Tregs inhibit the function of Thl cells, thus impairing
immunosurveillance in the MASH liver’*"2, Therefore, the balance between Th17 and Tregs
within the liver is vital as Tregs may relieve liver inflammation but also impair cancer
immunosurveillance provided by T cells in the later stages of MASLD"®"*, Further inducing
excessive collagen secretion and tissue dysfunction, cytotoxic CD4* Tem cells, characterized by
increased perforin and GrzB expression, have been found in the livers of MASLD patients’. In
addition, bulk CD8* T cells that display an activated-exhausted phenotype (CXCR6"PD-1%), have
been shown to promote MASLD progression by inducing inflammation, hepatocyte death and

fibrosis, through the secretion of TNF-a, IFN-y, perforin and granzymes’®"”.

1.3.3 Sex differences in MASLD/MASH

Many studies over the last decade have highlighted the heterogeneity that exists between
males and females in the prevalence and mechanisms of MASLD. In the general adult population,
MASLD prevalence is higher in men than in women, with a prevalence of 18.5% and 10.3%,
respectively’®’®. Furthermore, males are more susceptible to developing MASH, fibrosis and
cirrhosis, and are diagnosed with HCC two to four times more often than females.®® These sex
differences are age-related, as adult men (<50 years old) typically develop MASLD, while women

are more likely to develop MASLD after menopause (>50 years old), with most exhibiting clinical



symptoms around 60-70 years of age. Therefore, premenopausal women have reduced risks of
MASLD compared to men, whilst postmenopausal women have comparable prevalence of
MASLD as age-matched men®1®2, Research has shown that sex hormones, specifically estrogens
and progesterone, are responsible for these sex differences, as they influence many processes
involved in the pathophysiology of MASLD. For example, estrogens exert a protective role on the
liver by regulating lipid metabolism, suppressing inflammation, promoting tissue repair and
regeneration, and regulating insulin release and glycogen synthesis®®°. In a menopause murine
study, estrogen deficiency promoted insulin resistance and lipid synthesis, thus increasing hepatic
lipid accumulation®. Prolonged estrogen deficiency in these mice and in postmenopausal women
diagnosed with MASLD, was associated with amplified proinflammatory responses and oxidative
stress, and the development of MASH®’. Similarly, progesterone can modulate insulin sensitivity

and adipose tissue function®.

1.4 T cell dysfunction in chronic liver disease

During chronic viral infections, such as HCV and HBV, pathogen persistence is thought to
continuously stimulate antigen-specific T cells. These T cells are driven into clonal deletion or
exhaustion, thus inducing dysfunction and preventing adequate pathogen clearance®®°. Mainly,
the reduced proliferative capacity and low IL-2, TNF-a and IFN-y production by CD4" T cells, as
well as impaired cytotoxicity of CD8* T cells are signs of effector function loss in T cells®>%2, In
chronic infection, it was found that 1L-21 secretion by CD4" T cells maintained CD8" T cell
function and helped facilitate viral control®®®4. In patients with chronic HIV and HCV infections,
where decreased frequency of IL-21-producing CXCR5'CD4" T cells was observed, exhausted
CD8" T cells entered a dysfunctional state, noted by an impairment in IL-2, IFN-y and TNF-a

production®%. It has, therefore, been demonstrated that high viral load and low availability of



CD4* T cells, during chronic HCV infection, correlate with severe T cell exhaustion®’. In many
viral infections and cancer, including HCV and HIV, antigen-specific exhausted CD8" T cells were
observed to have distinct epigenetic signatures, termed “epigenetic scars”, which persist long after
viral clearance with DAA therapy®. In previous studies, the Crawley lab observed hyperfunction
of bulk circulating CD8" T cells in individuals with chronic HCV infection, characterized by
increased expression of IFN-y and perforin, which persisted even after viral clearance with
DAAs®. Similar results were observed in a hepatotoxin-induced liver fibrosis murine model,
where the Crawley research team observed T cell hyperfunction, characterized by increased
proportions of GrzB* and IFN-y*CD8" T cells!®. These findings suggest a broader epigenetic scar,
manifesting as a hyperfunctional signature in bystander CD8" T cells. Through RNA-sequencing,
we were also able to identify altered expression of genes associated with CD8" T cell function,
survival, cellular metabolism and cytoskeletal dynamics in HCV-infected individuals, suggesting
the presence of an epigenetic scar'®’. In other chronic diseases, such as MASLD and MASH,
selective loss of CD4" T cells has been observed, therefore, causing insufficient immune
surveillance and impaired tumour growth'®. In the Crawley lab, using a high-fat, methionine-
deficient and choline-deficient murine model, mimicking MASLD pathophysiology, CD8* T cell
hyperfunction was observed, characterized by increased proportions of GrzB* and IFN-y"CD8" T

cells13,

1.5 Intrahepatic T cell infiltration in chronic liver diseases
1.5.1 T cell infiltration in HCV infection

Following chronic liver injury, as seen in chronic HCV infection, infiltration of various
types of immune cells, such as monocytes/macrophages, NK cells and T cells, is a central

104

pathogenic feature™*. The induction of inflammation following liver injury leads to the recruitment
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and activation of leukocyte populations and promotion of fibrogenesis. These fibrotic responses
are regulated by inflammatory cytokines (e.g. TNFa and IL-6), which in turn, activate HSCs, large
producers of collagen!®. A recent study demonstrated that extensive lymphocyte infiltration
containing an abundance of activated CD4* Tregs was present in livers of chronic HCV-infected
individuals, while absent from healthy liversi®. A study by Ward et al. found that the intrahepatic
infiltration of CD4* Tregs in chronic HCV infection reduces T cell responses, improving liver
inflammation whilst promoting fibrotic processes'®’. Interestingly, it was observed that exhausted
peripheral HCV-specific CD8" T cells are readily found in the liver, and subsequently, the site of
viral replication'®. These liver-infiltrating CD8" T cells express pro-inflammatory IL-10, and have
been found to increase hepatic macrophage infiltration, and induce HSC activation. Furthermore,
liver infiltrating CD8* T cells contribute to liver pathology by targeting virus-infected hepatocytes

and inducing non-specific inflammatory responses’’%°,

1.5.2 T cell infiltration in MASLD

Diffuse lobular infiltration of immune cells is a key histological feature of
MASLD/MASH, greatly contributing to inflammation regulation, maintenance of liver
homeostasis, liver tissue remodeling, hepatocyte damage and the progression to HCC%1 As
MASLD progresses to MASH, there is a significant increase in infiltration of CD4" and CD8" T
cells, as well as NK cells and macrophages**?. In a recent high-fat high-cholesterol (HFHC) murine
study, mimicking the histopathological features of MASLD, liver sections from the HFHC diet-
fed mice showed significant increases in infiltrated CD4" and CD8" T cells, as well as
macrophages (CD68"), which generally localized to fibrotic regions. Similar results were observed
in liver tissue from individuals with MASLD. The mouse and human results obtained from these

studies suggest a role for CD4" T cells in diet-induced liver inflammation and steatosis-to-fibrosis
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progression’?. Interestingly, this mouse model indicated that intrahepatic infiltration of CD8* T
cells and macrophages is driven by CD4" T cells, while the depletion of CD4" T cells reduced
immune infiltration, inflammation and fibrosis. These findings are consistent with the previously
mentioned role that CD4" T cells play in MASLD progression'!3. Furthermore, in both mouse
models and MASH patients, the recruitment of activated cytotoxic CD8" T cells into the liver has
been observed, promoting insulin resistance, immune-mediated liver damage, and fibrosis'411°,
In a separate murine model, where C57BL/6 mice were fed a methionine and choline-deficient
(MCD) diet for 8 weeks, mimicking the pathophysiology of MASH, they observed an increased
frequency of CD4"* T cells in liver tissue compared to controls'®. More specifically, Th17 cells, a
CD4* T cell subset, which secretes pro-inflammatory IL-17, have been found to accumulate in the

liver of patients with MASH’,

1.6 Animal models of chronic liver disease
1.6.1 Hepatotoxin-induced liver fibrosis

Since HCV cannot infect wild-type rodents, the hepatotoxin model using carbon
tetrachloride (CCl4) was developed to replicate HCV-induced liver fibrosis, in the absence of viral
infection. CCly4 is administered at regular intervals causing progressive liver damage and fibrosis,
but not hepatic steatosis!'®. Hepatocytes metabolize CCls, forming free trichloromethyl (CCls")
radicals, which damage hepatocytes by directly impairing the permeability of plasma, lysosomal
and mitochondrial membrane, causing centrilobular necrosis!*®2°, This activates HSCs, which
produce excessive collagen deposits in the ECM, thus leading to hepatic fibrosis*?!. Studies have
shown that 8-20 weeks of intraperitoneal CCls injections twice weekly are sufficient to induce

fibrosis with central-portal bridging, eventually leading to cirrhosis. Repeated liver insult from
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frequent doses of CCls, and successive rounds of wound healing result in the accumulation of

fibrotic tissue!?.

1.6.2 HFMCDD-induced liver injury

There are numerous dietary mouse models that induce hepatocellular steatosis, but the high-
fat methionine and choline deficient diet (HFMCDD) model closely mimics the histopathological
features of human MASLD and MASH'?3, In order to accurately replicate the features of
steatohepatitis, there needs to be evidence of ballooning hepatocyte degeneration in addition to fat
accumulation and inflammation?4. The combination of a high-fat diet and methionine and choline
deficiencies overcomes the limitations of other high-fat diet models by inducing steatohepatitis,
liver fibrosis and eventually HCC, without causing any loss of body weight in mice!?. In C57BL/6
mice, moderate inflammation and ballooning with advanced steatohepatitis (S3) are expected after
3 weeks of feeding, followed by moderate (F1-2) and advanced liver fibrosis (F3) by 6-9 and 12

weeks of feeding, respectively?,

1.7 Rationale & Hypothesis

Research has demonstrated that the deletion of HCV-specific CD4" T cell responses may be a
contributing factor to CD8* T cell dysfunction in chronic HCV-infection*®35. Prior studies in the
Crawley lab have clearly demonstrated that CD8" T cells are hyperfunctional in chronic HCV
infection with advanced liver fibrosis, which persists long after viral clearance with DAA
therapy®®!®. In a CCls-induced liver injury murine model, mimicking chronic HCV infection
pathology, we found that C57BL/6 mice expressed hyperfunctional CD8" T cells, characterized
by elevated GrzB and IFN-y expression, as well as CD4" T cell hyperfunction, characterized by

increased proportions of GrzB*CD4* T cells'®. In a second murine model, the HFMCDD-induced
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liver injury that mimics MASLD pathophysiology was associated with T cell hyperfunction,
characterized by increased proportions of GrzB* and IFN-y*CD8" T cells, was observed!®,
Although, decades of literature have outlined the important role that CD4* T cells play in the
MASLD progression of steatosis-to-fibrosis, the presence of CD4* T cell dysfunction, and the
mechanisms that underly it, have yet to be characterized’>1%2118, Studying CD4* T cell activity
and function across various etiologies of liver injury will provide valuable insight into identifying
unique and shared features associating liver disease severity with generalized immune cell

function, as well as identifying actionable targets for the treatment of disease.

Hypothesis: Generalized CD4" T cell hyperfunction is associated with advanced liver injury in

chronic liver disease

1.8 Objectives
2. Evaluate CD4* T cell function in human MASH
3. Assess CD4" T cell function in established murine models of liver fibrosis

4. Analyze T cell infiltration in established murine models of liver fibrosis
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CHAPTER 2: MATERIALS & METHODS

2.1 MASH participants

Individuals included in this study were healthy or patients diagnosed with MASH with
varying degrees of liver fibrosis. Number, gender, mean age are summarized in Table 1. Collection
of blood and liver biopsy tissue from human subjects were completed as part of clinical studies
lead by Drs. Curtis Cooper (Scientist at the OHRI in the Inflammation and Chronic Disease

program, and Director of the Ottawa Hospital and Regional Hepatitis Program) and Angela

Cheung (Associate Scientist at OHRI in the Inflammation and Chronic Disease program,

Hepatologist at TOH). Fibrosis severity was determined by liver elastography, and individuals
were grouped by fibrosis stage (FO-1 or F4) after sample collection. For those who received liver

biopsies, the METAVIR scoring system, an algorithm for the evaluation of histological activity

and fibrosis range description, was used on hepatic tissue to stage the disease.

Table 1: Baseline characteristics of study participants

aM(male), F(female)

® measured by Fibroscan

Health trol MASH with MASH with
calthy contro minimal fibrosis advanced fibrosis

n 7 7 5
Gender? 3M, 4F 3M, 4F 2M, 3F
Mean Age 36.7x5.5 46.9+18.1 63.0x£5.8
M A S M: 38.8+6.4 M: 47.6+16.9 M:67.0+ 1.4

€an Age per Sex F:34.6+4.6 F: 46.4 +20.2 F:61.7+6.2

FO0: 5

- * b .
Fibrosis Stage Fl: 2 F4:5
Mean kPa 7.0+£2.0 238+ 11.1
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2.2 Animals

These projects follow the animal use protocol OHRIe-3003 with the University of Ottawa
Animal Care and Veterinary Services (ACVYS), certified by the Canadian Council on Animal Care.
In all mouse experiments, C57BL/6 mice were purchased from Jackson Laboratory or bred in the
ACVS facility at the University of Ottawa. Animals were aged between 7-10 weeks at the start of

experiments. Animal studies are summarized in Table 2.

Table 2: Animal studies conducted

Study # of mice Sex Treatment Duration of treatment

E09 22 ISM,7F | o, o 21 weeks

CCl,
M: 6 ctl, 6 diet
El10 23 I2M, 11F F: S cfl, 6 diet 15 weeks
EO1 21 M 9 ctl, 12 diet 21 + 4 weeks regression
HFMCDD E02 19 F 7 ctl, 12 diet 21 + 4 weeks regression
M: 6 ctl, 6 diet
E03 24 12M, 12F F: 7 ctl. 5 diet 17 weeks

CCly: carbon tetrachloride

HFMCDD: high-fat methionine-deficient, choline-deficient diet
aM(male), F(female)
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2.3 CCls murine model
In this murine model of hepatotoxin-induced liver fibrosis, C57BL/6 mice were injected

(i.p) twice weekly, for 15-21 weeks, with 0.1mL of CCls (>99.5%, anhydrous, Sigma-Aldrich,
MO, USA\) at a concentration of 1.0mL/kg of body weight diluted in filtered olive oil (Bertolli)1%.
Control mice were injected with olive oil alone. Throughout the studies, body weight and overall
physical condition were carefully monitored for signs of distress (>20% loss in body weight,

reduced mobility, piloerection and/or hunching) to justify humane endpoint if necessary.

2.4 HFMCDD murine model
In this murine model of diet-induced liver fibrosis, C57BL/6 mice were placed on a high-

fat methionine-, choline-deficient diet (HFMCDD) composed of 60% kcals fat, 0.1% methionine
and no added choline (A06071302, Cedarlane, ON, CAN) ad libitum for 17-21 weeks'?’. To
maintain humane living conditions, animal cages and diet pellets were changed 2-3 times weekly
due to the high lard pellet content, causing rapid breakdown and soiling. Control mice were placed
on the standard chow diet (Teklad diet #2018) provided by the University of Ottawa ACVS,
composed of 24% kcals protein, 18% kcals fat and 58% kcals carbohydrates, with 0.4% methionine
and 1200mg/kg of choline'?8, In addition to weekly cleanings, body weight and overall physical
condition were carefully monitored. After 20 weeks on the HFMCDD, diet-fed mice from EO1 and

E02 were returned to the standard chow diet for an additional 4 weeks.

2.5 Liver collection and histology
At endpoint, mice were euthanized by carbon dioxide inhalation at the University of

Ottawa ACVS and the collected livers were perfused with 50mL of PBS through cardiac puncture.
Liver sections were then fixed in 4% paraformaldehyde (Sigma-Aldrich, MO, USA) for 72 hours,

then transferred to 70% ethanol. Samples were sent to the University of Ottawa Louise Pelletier
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Histology Core Facility for paraffin embedding, sectioning, and staining. Liver sections were
stained with Masson’s Trichrome (MT) stain for visualization of fibrotic tissue, and with
Hematoxylin and Eosin (H&E) for the visualization of ballooning, steatosis, and inflammation.
Liver steatosis, inflammation, ballooning and fibrosis scores were determined, using the NAFLD
activity (S0-3, 10-3, B0-2) and METAVIR scoring systems (F0-4), respectively, by an expert
pathologist (Nour Histopathology Consultation Services, Ottawa, ON, Canada), blinded to the

sample identities and treatments'?%130,

2.6 Blood collection, PBMC isolation, stimulation & culture
2.6a Blood collection, PBMC isolation, stimulation & culture in MASH patients

Frozen human PBMCs were thawed in a water bath and resuspended at 1x10° cells/mL in
warm complete RPMI medium (i.e. RPMI supplemented with 20% fetal calf serum and
penicillin/streptomycin) and incubated at 37°C for 4-24h. CD4* T cells were isolated using the
EasySep™ Human CD4 Positive Selection Kit 11 (Stemcell, BC, CAN). Samples were
resuspended in sorting buffer (PBS with 2% FBS and 1mM EDTA) at 1x108 cells/mL and
transferred to 5mL polystyrene round-bottom tubes for magnetic separation. Cells were incubated
for 3 minutes at room temperature with 50uL/mL of selection cocktail. Then, 50uL/mL of
RapidSpheres™ were added for 3 minutes at room temperature before topping up the sample up
to 2.5mL and placing them in the EasySep™ magnet for 3 minutes. The supernatant was discarded,
and the desired cells remained in the tube. The last step was repeated two more times for a total of
9 minutes (3 x 3-minute separations)**!. The isolated CD4" T cells (up to 96% purity) were washed
with PBS, counted by trypan blue exclusion and resuspended at a density of 1x10° cells/mL in
20% RPMI medium. The isolated cells were then plated at a density of 2x10° cells/well with

soluble Stimulant CD3/CD28/CD2 in ImmunoCult™ XF-T cells expansion medium (1:1 particle-
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to-cell ratio, BioLegend, CA, USA) and cultured for 48 hours at 37°C before staining and analysis

of cell functions.

2.6b Blood collection, PBMC isolation, stimulation & culture in C57BL/6 mice

At baseline and every subsequent 4 weeks, blood samples were collected from the lateral
saphenous vein using heparin-containing Microvette CB300 tubes (Fisher Scientific, CA, USA),
preventing coagulation. To remove red blood cell contamination and collect peripheral blood
mononuclear cells (PBMCs), the blood was lysed with Hybri-Max™ Red Blood Cell Lysing
Buffer (Sigma-Aldrich, MO, USA) for 8 minutes. Pelleted cells were then washed with phosphate
buffered saline (PBS), counted by trypan blue exclusion, and resuspended at a density of 1x10°
cells/mL in complete RPMI medium. A 96-well high-binding flat-bottom plate (Sarstedt, USA)
was coated with anti-CD3 antibodies (5ug/mL in PBS, clone 145-2C11, BD Biosciences, CA,
USA) for one hour at 37°C, then washed twice with PBS. Isolated PBMCs were then plated at a
density of 2x10° cells/well with soluble anti-CD28 antibodies (2ug/mL in complete RPMI

medium, clone 37.51, BD Biosciences, CA, USA) and cultured for 48 hours at 37°C.

2.7 Flow cytometry
2.7a Extracellular & intracellular staining for CD4™ T cell phenotyping in MASH patients

In the final five hours of cell culture, PBMCs were supplemented with protein transport
inhibitors Brefeldin (GolgiPlug, BD Biosciences, CA, USA) and Monensin (GolgiStop, BD
Biosciences, CA, USA). At the end of the 48-hour stimulation, cells were transferred to a 96-well
v-bottom plate and washed with PBS. Dead cells were labelled with 100uL of Zombie Green
(1:1000 dilution in PBS, Biolegend), and incubated for 20 minutes at room temperature. Then,
50uL of Fc block (clone Fc1.3216, BD Biosciences) was added to each well and incubated for an

additional 20 minutes at room temperature to block non-specific antigen binding. To assess T cell
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phenotypes, cells were stained with 100uL of cell surface mouse anti-human antibody cocktail
containing BV711 CD4 (clone RPA-T4, BiolLegend), APC-Cy7 CCR7 (clone GO043H7,
BioLegend), BV650 CD27 (clone M-T271, BioLegend) and Pacific Blue CD45RA (clone HI100,
BioLegend). Following extracellular staining, cells were fixed using Cytofix/Cytoperm
Fixation/Permeabilization kit (BD Biosciences, CA, USA) for 20 minutes at room temperature.
Lastly, cells were stained with 100uL of PE-Cy7 IFN-y (clone 4S.B3, BioLegend), BV785 IL-17
(clone BL168, BioLegend), APC Perforin (clone B-D48, BioLegend) and Alexa Fluor 700 TGF-
B (clone 1018746, R&D Systems) cocktail for 30 minutes. T cell subsets were distinguished as
follows: naive (Tn, CD45RA'CCR7"), central memory (Tcm, CD45RA'CCR7") and
effector/effector memory (Teem, CD45RA'CCRT7"). Samples were either compensated using cells
and analyzed in relation to FMO controls on the Cytek Aurora at the University of Ottawa Flow

Cytometry and Virometry Core Facility.

2.7b Extracellular & intracellular staining for CD4™ T cell phenotyping in CCls-induced liver
fibrosis mouse model

In the final five hours of cell culture, PBMCs were supplemented with protein transport
inhibitors Brefeldin (GolgiPlug, BD Biosciences, CA, USA) and Monensin (GolgiStop, BD
Biosciences, CA, USA). At the end of the 48-hour stimulation, cells were transferred to a 96-well
v-bottom plate and washed with PBS. Dead cells were labelled with 100uL of Zombie Green
(1:1000 dilution in PBS, Biolegend), and incubated for 20 minutes at room temperature. Then,
50uL of Fc block (clone 2.4G2, BD Biosciences) was added to each well and incubated for an
additional 20 minutes at room temperature to block non-specific antigen binding. To assess T cell
phenotypes, cells were stained with 50uL of cell surface rat anti-mouse antibody cocktail

containing BV785 CD8 (clone 53.6-7, BioLegend), BV711 CD4 (clone GK1.5, BiolLegend),
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BV421 CD44 (clone IM7, BioLegend), PE CD62L (clone MEL-14, BioLegend) and BV650 CD19
(clone HIB19, Biolegend). Following extracellular staining, cells were fixed using
Cytofix/Cytoperm Fixation/Permeabilization kit (BD Biosciences, CA, USA) for 20 minutes at
room temperature. Lastly, cells were stained with 100uL of PE-Cy7 IFN-y (clone 4S.B3,
BioLegend), PE-CF594 GrzB (clone GB11, BD Biosciences and APC-Cy7 TNFa (clone Mab11,
ThermoFisher) cocktail for 30 minutes. T cell subsets were distinguished as follows: naive (T,
CD44CD62L"), central memory (Tcm, CD44"CD62L") and effector/effector memory (Teem,
CD44*CD62L"). Samples were either compensated using cells and analyzed in relation to FMO or
single controls on the Cytek Aurora at the University of Ottawa Flow Cytometry and Virometry

Core Facility.

2.7c Extracellular & intracellular staining for CD4* T cell phenotyping in the HFMCDD-induced

liver injury mouse model

In the final five hours of cell culture, PBMCs were supplemented with protein transport
inhibitors Brefeldin (GolgiPlug, BD Biosciences, CA, USA) and Monensin (GolgiStop, BD
Biosciences, CA, USA). At the end of the 48-hour stimulation, cells were transferred to a 96-well
v-bottom plate and washed with PBS. Dead cells were labelled with 100uL of Zombie NIR (1:5000
dilution in PBS, Biolegend), and incubated for 20 minutes at room temperature. Then, 50uL of Fc
block (clone 2.4G2, BD Biosciences) was added to each well and incubated for an additional 20
minutes at room temperature to block non-specific antigen binding. To assess T cell phenotypes,
cells were stained with 50uL of cell surface rat anti-mouse antibody cocktail containing BV785
CD8 (clone 53.6-7, BioLegend), Alexa Fluor 700 CD4 (clone GK1.5, BioLegend), Bv421 CD44
(clone IM7, BioLegend), PE CD62L (clone MEL-14, BioLegend) and PE-Cy5 CD19 (clone 6D5,

BioLegend). Cells were then fixed using Cytofix/Cytoperm Fixation/Permeabilization kit (BD
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Biosciences, CA, USA) for 20 minutes at room temperature. Lastly, cells were stained with 100uL
of BV650 IFN-y (clone XMG1.2, BioLegend), PE-CF594 GrzB (clone GB11, BD Biosciences and
Alex Fluor 488 IL-17 (clone TC11-18H10.1, BioLegend) cocktail for 30 minutes. T cell subsets
were distinguished as follows: naive (Tn, CD44"CD62L"), central memory (Tcm, CD447CD62LY)
and effector/effector memory (Teem, CD44*CD62L°). Samples were either compensated using
cells and analyzed in relation to FMO or single controls on the Cytek Aurora at the University of

Ottawa Flow Cytometry and Virometry Core Facility.

2.8 Triple Immunofluorescence (IF) staining & analysis

FFPE liver sections from the HFMCDD mouse model were sent to the Louise Pelletier
Histology Core Facility to be stained for triple immunofluorescence (IF) staining. These tissue
sections were first deparaffinized and pre-treated using heat mediated antigen retrieval with EDTA
buffer (pH 9.0). Slides were then rehydrated in 1X TBST buffer and blocked for 30 minutes with
Rodent Block M (BioCare RBM961G). Sections were then incubated with the following
antibodies: rabbit anti-mouse CD4 (1:750 dilution, ab183685, Abcam), rat anti-mouse IFN-y (1:20
dilution, #MM700, ThermoFisher), goat anti-mouse granzyme B (1:50 dilution, #PA5-47214,
ThermoFisher), and rabbit anti-mouse CD8a (1:250 dilution, D4W2Z, Cell Signaling) overnight
at 4°C. Sections were washed with 1X TBST, then incubated with the following secondary
antibodies: donkey anti-rabbit 1IgG 647 (A-31573, ThermoFisher), donkey IgG anti-goat 568 (A-
11057, ThermoFisher), and donkey anti-rat 1gG 488 (A-21208, ThermoFisher) using a 1:500
dilution for 2 hours in the dark at room temperature. This was followed by incubation with a
quencher (Vector TrueView Autofluorescence Quenching Kit #SP=8400, Vector Labs) to
decrease autofluorescence. Sections were then washed, incubated with 5Sug/mL of DAPI
(ThermoScientific #62248) and cover slipped. These triple IF-stained livers were scanned by the
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Louise Pelletier Histology Core Facility at 20x magnification using ZEISS Axioscan 8 Microscope
Slide Scanner. Cell quantification was performed manually (T cells) and automatically (total cells)
with the assistance of QuPath 0.5.1 open-source software (Refer to Fig 1) to choose 15 randomized

tissue regions/sections and all data were graphed using GraphPad Prism 10.0 software.

Figure 1: Randomized tissue region selection by
QuPath software to facilitate automated and
manual cell counting of triple IF-stained murine
liver tissue sections.

2.9 Data analysis & statistics

Flow cytometry experiments were completed on the Cytek Aurora, and compensation was
performed in SpectroFlo® software. Data were analyzed using FlowJo 10.8.2 software. Triple
immunofluorescence images were obtained by the Louise Pelletier Histology Core Facility at 20x
magnification using ZEISS Axioscan 8 Microscope Slide Scanner. All graphs and statistics were

generated using GraphPad Prism 10.0 software. Data are presented as means + standard deviation
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(SD), and statistical analyses were completed using unpaired one-tailed Student’s t-test and two-

way ANOVA, where statistical significance was considered as p<0.05.
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CHAPTER 3: RESULTS

3.1 Human MASH with minimal or advanced liver fibrosis
3.1.1. CD4* T cell function in MASH

In MASLD, the dysregulation of CD4* T cell function has proven to play an important role
in the progression of the disease, specifically aggravating liver inflammation and fibrosis in
MASH’"132_In prior studies, an increase in cytokines, IFN-y, TNF-a and IL-17, as produced by
CD4* T cells, was found in peripheral blood of MASLD patients, as well as in MASH patients."
In this study, blood samples were collected from healthy donors, as well as MASH patients with
minimal or advanced liver fibrosis. Flow cytometry analysis of isolated bulk CD4* T cells
stimulated with anti-CD3/CD28 antibodies (Fig 2A-E) was conducted. This study revealed
significant increases in the proportions of IFN-y"and TGF-B*CD4" T cells in MASH patients with
advanced liver fibrosis (F4) in comparison to those with minimal fibrosis (FO-1) and healthy
patients (Fig 2F-G). No significant differences were observed in the proportions of IL-17°CD4" T
cells (Fig 2H) and a significant decrease in the proportions of perforin"fCD4" T cells were observed
in MASH patients with advanced liver fibrosis compared to healthy controls (Fig 21). In keeping
with previous studies in the Crawley lab, T cell subsets were evaluated (Fig 3B). No differences
were observed in IFN-y*CD4" T cell subsets, however, there was an increase in the proportions in
TGF-B* naive CD4" T (Tn) cells in MASH patients with advanced liver fibrosis (F4) in comparison

to the other two study groups (Fig 3C).

Studies have shown that males tend to exhibit more severe steatosis/steatohepatitis, more
advanced fibrosis, elevated pro-inflammatory cytokine levels, higher liver tumour incidence and
increased overall mortality®. Unfortunately, in this study, we were unable to perform sex difference

analyses in regard to the proportions of IFN-y*, TGF-p*, IL-17" or perforin"CD4" T cells in
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controls, MASH with minimal liver fibrosis and MASH with advanced liver fibrosis (Fig 4A-D),
due to small sample size and age differences. Ongoing studies in the Crawley lab with additional

MASH patients from both sexes are taking place to make conclusive statements on sex effects.
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Figure 2: IFN-y and TGF-p expression is elevated in MASH patients with advanced liver
fibrosis. Blood samples were collected from donors, CD4" T cells were isolated from PBMCs,
then stimulated with anti-CD3 and anti-CD28 beads for 48h. Representative flow cytometry gating
strategy for A) PBMCs, single cells, live cells and CD4" cells. Representative responses of CD4*
T function, demonstrating the expression of B) IFN-y, C) TGF-p, D) IL-17, and E) perforin using
unstimulated samples to set respective gates as shown. Increase in the proportions of F) IFN-
y*CD4" T cells and G) TGF-B*CD4" T cells in MASLD with advanced liver fibrosis (F4) in
comparison to health and MASH with minimal liver fibrosis (FO-1). No difference in H) IL-
17*CD4" T cells between groups. Decrease in the proportions of 1) perforin*CD4" T cells in MASH
with advanced liver fibrosis (F4) in comparison to health. Data are presented as group means £SD
and statistically significant differences were determined using a one-tailed unpaired Student's t-
test (*p<0.05,**p<0.01).
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Figure 3: Increased proportions of TGF-g*naive CD4* T cells in MASH patients with
advanced liver fibrosis. Blood samples were collected from donors, and CD4* T cells were
isolated from PBMCs, then stimulated with anti-CD3 and anti-CD28 beads for 48h. Representative
gating strategy of A) CD4" T cell subsets using unstimulated samples to set respective gates as
shown. Using CD45RA and CCR7 markers, naive (CD45RA*CCR7*, Tn), central memory
(CD45RACCRT7", Tcw), effector memory (CD45RACCR7, Tem) and terminally differentiated
effector memory T cells-expressing CD45RA (CD45RA*, CCR7', Temra) CD4™ T cells were
distinguished. No differences observed in the proportions of B) IFN-y"CD4" T cell subsets,
although, increased proportions of C) TGF-B" Ty CD4* T cells were observed in MASH patients
with advanced liver fibrosis compared to two other study groups. Data are presented as group
means +SD and statistically significant differences were determined using a one-tailed unpaired
Student’s t-test (**p<0.01).
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Figure 4: No sex differences between healthy, MASH patients with minimal or advanced
liver fibrosis. Blood samples were collected from donors, and CD4" T cells were isolated from
PBMCs, then stimulated with anti-CD3 and anti-CD28 beads for 48h. No sex differences observed
in A) IFN-y*, B) TGF-p*, C) IL-17* or D) perforin®CD4* T cells. Data are presented as group
means £SD and a one-tailed unpaired Student's t-test was performed, although no statistically
significant differences were observed.
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3.2 Carbon tetrachloride model: hepatotoxin-induced liver fibrosis
3.2.1. CCls-induced liver fibrosis

In these experiments, 11-week-old C57BL/6 mice were injected twice a week
intraperitoneally (i.p.) with 1.0ml/kg of 99% CCl4 diluted to 50% in olive oil for 14-21 weeks,
while control mice were injected with only olive oil (Fig 5A). To mimic liver injury observed
during chronic HCV infection, CCly is administered at regular intervals causing progressive liver
damage and fibrosis, by impairing the plasma, lysosomal and mitochondrial membrane
permeability of hepatocytes, thus promoting the formation of free radicals, causing centrilobular
necrosis.!'® At endpoint, livers were collected, formalin-fixed, paraffin-embedded and stained with
MT for pathology scoring. This dye imparts a blue colour to collagen (fibrotic scar tissue) while
staining background hepatocytes red, thus allowing for histological evaluation of liver fibrosis*3.
Previous studies in the Crawley Lab have demonstrated that after only 12 weeks of CCly
administration, advanced liver fibrosis can be observed in treated mice in comparison to

controlsi®,

In EO9, consisting of 22 mice (9 ctrl, 13 CCly), after 21 weeks of CCls administration, mice
were euthanized, and livers were collected and stained for histology (Fig 5B-C). In this study
group, CCls-treated mice had significantly elevated liver fibrosis scores (mean F3+SD) in
comparison to controls (mean F2+SD) (Fig 5D). When separating these findings by sex, all CCls-
treated males developed advanced liver fibrosis (F3), which is statistically significant in
comparison to controls (Fig 5E). In CCls-treated females, due to an uncharacteristically large
variability in fibrosis scores for this model, there was no statistically significant difference from

controls (Fig 5F).
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Figure 5: CCls induces advanced liver fibrosis after 14-21 weeks of treatment. A) Schematic
of experimental design. Mice were injected i.p. with CCl4 twice weekly for 21 weeks. Saphenous
blood was collected, PBMCs were isolated, then stimulated with anti-CD3/CD28 for 48 hours. At
end of treatment, mice were euthanized, and livers were collected, formalin-fixed and paraffin-
embedded. Representative liver histology images for B) chow mice (F1) and C) CCls-treated mice
(F3) at end of treatment. Increased liver fibrosis scores in CCls-treated mice from D) the entire
cohort (n=15M, 7F), in E) males and F) females, compared to controls after 21 weeks. Data are
presented as group means =SD and statistically significant differences were determined using a
one-tailed unpaired Student's t-test (**p<0.01, ***p<0.001). Scale bar =100 pM.
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3.2.2. CD4" T cell function in CCls-treated mice

At baseline and at 4-week intervals, saphenous blood samples were collected and PBMCs
were isolated from the CCls-treated and control mice. To assess T cell phenotypes, PBMCs were
labelled with a variety of fluorochrome-conjugated anti-mouse antibodies (refer to section 2.8). In
the Crawley lab, this well established hepatotoxin-induced liver fibrosis murine model has proven
to cause generalized CD8" T cell hyperfunction, characterized by increases in the proportions of
IFN-y* and GrzB*CD8* T cells in treated mice compared to controls'®. In a previous CCly study,
preliminary data suggested that a significant increase in the proportions of GrzB*CD4" T cells was

found in CCls-treated mice (Crawley, unpublished).

In two independent CCls studies, flow cytometry analysis of bulk CD4™ T cells (Fig 6A-
D) and CD4" T cell subsets (Fig 6E) were conducted. In EQ9, conducted in collaboration with PhD
candidate Jiafeng Li, transient increases in the proportions of GrzB* and TNF-a"CD4" T cells were
observed after 18 weeks of treatment (Fig 6F-G). No differences were observed in IFN-y* bulk
CD4* T cells or subsets throughout the study (Fig 6H). There were, also, transient increases in the
proportions of GrzB* Tcm and Teem CD4' T cells at week 18 (Fig 61). No differences were
observed in any subsets for IFN-y* or TNF-a"CD4* T cells. In E10, conducted in collaboration
with PhD candidate David Lawton, no significant differences were observed in IFN-y*, GrzB* and
TNF-o"CD4" T cells after 14 weeks of treatment (Fig 7A-C). Unlike the first 5 cohorts previously
studied in the CCls model, CD8" T cell hyperfunction was not replicated here, and evidence of

CD4" T cell hyperfunction was either transient or absent.
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Figure 6: Transient increases in the proportions of GrzB* and TNF-a*CD4* T cells after 18
weeks of CCls treatment. Mice were injected i.p. with CCls twice weekly for 21 weeks.
Saphenous blood was collected, PBMCs were isolated, then stimulated with anti-CD3/CD28 for
48 hours. The representative flow cytometry gating strategy for A) PBMCs, single cells, live cells
and CD19°CD4" cells. Representative responses of CD4* T cell function, demonstrating the
expression B) IFN-y, C) GrzB, D) TNF-a and E) Tn, Tcm and Teem subsets using unstimulated
samples to set respective gates as shown. F) No difference in proportions of IFN-y*CD4* T cells.
G) Transient increased proportions of GrzB*CD4" T cells in CCls-treated mice after 18 weeks of
CCly treatment. H) Trending increase in proportions of TNF-a*CD4" T cells at week 8 of CCl,
treatment. We observed increases in the proportions of 1) GrzB™ Tcm and Teiem CD4™ T cells after
18 weeks of treatment. Data are presented as group means £SD and statistically significant
differences were determined using a one-tailed unpaired Student's t-test (*p<0.05).
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Figure 7: No CD4* T cell hyperfunction observed after 14 weeks of CCls treatment. After 14
weeks, blood PBMCs were collected and stimulated with anti-CD3/CD28 for 48 hours. No
difference in proportions of A) IFN-y*, B) GrzB* or C) TNF-a*CD4" T cells observed after 14
weeks of CCl4 treatment. Data are presented as group means £SD and a one-tailed unpaired
Student's t-test was performed but no significant differences were found.

» Control

Ol

36



3.3 HFMCDD model: diet-induced liver injury
3.3.1. HFMCDD-induced liver injury
a. Liver injury at peak HFMCDD treatment

In collaboration with MSc graduate Katrina Jorritsma, three independent studies were
conducted, during which C57BL/6 mice fed a high-fat methionine and choline deficient diet
(HFMCDD) ad libitum for a duration of 16-21 weeks (Fig 8A). The diet consists of 60% of kcal
from fat, 0.1% methionine and 0.0% choline, and is used to replicate MASLD histopathology,
while controls were fed a standard chow diet. The high-fat component promotes weight gain and
with time, liver damage, while the methionine and choline deficiencies impair metabolic pathways,
thus promoting weight loss and liver fibrosis. Signs of liver steatosis and fibrosis can be observed
as early as 3 and 6 weeks, respectively, after the start of the HFMCDD diet in C57BL/6 mice!341®,
At peak treatment, a subset of animals was euthanized for histology, where liver sections were
stained with MT to visualize fibrotic tissue, and H&E to visualize steatosis as well as

inflammation.

In three independent HFMCDD studies (E01, E02 and EOQ3), liver tissue sections were
sectioned and stained for analysis. In EQ1, consisting of 21 males (9 ctrl, 12 diet), after 20 weeks
of diet feeding, the majority of HFMCDD-fed mice developed advanced liver fibrosis (mean F4
+SD) and advanced liver steatosis in comparison to controls (F0O, SO) (Fig 8B-F). In EQ2, consisting
of 19 females (7 ctrl, 12 diet), after 20 weeks of diet feeding, HFMCDD-fed mice developed
moderate-to-advanced liver fibrosis (F2-3) and advanced liver steatosis (S3), while the livers of
controls remained unaffected (FO, SO) (Fig 9A-E). This demonstrates sex differences, where
females do not develop fibrosis as far advanced as males. In EQ3, consisting of 12 males (6 ctrl, 6
diet) and 12 females (7 ctrl, 5 diet), after 16 weeks of diet feeding, HFMCDD-fed mice developed

moderate-to-advanced liver fibrosis (F2-4) and advanced liver steatosis (S3), compared to their
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controls (FO-1, SO) (Fig 10A). These statistically significant differences remained once stratified
by sex (Fig 10B). In human MASLD and MASH, similar findings have been observed, where

males tend to develop more severe liver injury’.
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Figure 8: Twenty weeks of HFMCDD feeding induces advanced liver fibrosis and steatosis
in males. A) Schematic of experimental design of the HFMCDD murine mode. Mice were fed a
HFMCDD ad libitum for 20 weeks, while control mice were fed a standard chow diet. At peak
treatment, a subset of animals was euthanized, and liver sections were collected for histology.
Representative MT and H&E liver histology images for B-C) control (FO, SO) and D-E)
HFMCDD-fed mouse after 20 weeks of diet feeding (F4, S3). Higher liver injury scores in F)
HFMCDD-fed males, compared to controls. Data are presented as group means +SD and
statistically significant differences were determined using a one-tailed unpaired Student's t-test
(**p<0.01,****p<0.0001). Scale bar =100 uM.
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Figure 9: Twenty weeks of HFMCDD feeding induces advanced liver fibrosis and steatosis
in females. Mice were fed a HFMCDD ad libitum for 20 weeks, while control mice were fed a
standard chow diet. At peak treatment, a subset of animals was euthanized, and liver sections were
collected for histology. Representative MT and H&E liver histology images for A-B) control (FO,
S0) and C-D) HFMCDD-fed mouse after 20 weeks of diet feeding (F3, S3). Higher liver injury
scores in E) HFMCDD-fed females, compared to controls. Data are presented as group means =SD

and statistically significant differences were determined using a one-tailed unpaired Student's t-
test (*p<0.05,****p<0.0001). Scale bar =100 uM.
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Figure 10: Sixteen weeks of HFMCDD feeding induces advanced liver fibrosis and steatosis.
Mice were fed a HFMCDD ad libitum for 16 weeks, while control mice were fed a standard chow
diet. At peak treatment, a subset of animals was euthanized, and liver sections were collected for
histology. Higher liver injury scores in HFMCDD-fed mice from A) the entire cohort (n= 12F,
12M), and when B) separated by sex. Data are presented as group means =SD and statistically
significant differences were determined using a one-tailed unpaired Student's t-test
(****p<0.0001). Scale bar =100 pM.
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b. Liver injury regression 4 weeks post-HFMCDD cessation

After being fed an HFMCDD for 20 weeks, mice were returned to the standard chow diet
for an additional 4 weeks to study liver injury regression. Animals were euthanized, and liver
sections were then preserved and stained with MT to visualize fibrotic tissue, and H&E to visualize
steatosis and inflammation. Interestingly, after the 4-week regression period, liver fibrosis scores
in HFMCDD-fed males reduced from advanced liver fibrosis (F4) to moderate liver fibrosis (F3),
while in HFMCDD-fed females remained unchanged at moderate liver fibrosis (F2-3). Liver
steatosis scores in HFMCDD-fed males reduced to control levels (S0-2), while in HFMCDD-fed

females, steatosis completely resolved (Fig 11A-F).
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Figure 11: Steatosis reversal 4 weeks after HFMCDD cessation. Mice were fed a HFMCDD
ad libitum for 20 weeks, while control mice were fed a standard chow diet. After this time period,
mice returned to the standard chow diet. Subsets of animals were euthanized after the initial 20
weeks and 4 weeks post-HFMCDD cessation, and liver sections were collected for histology.
HFMCDD-induced liver injury and regression of organ damage in A) males and B) females.
Representative H&E and MT histology images for C-D) HFMCDD-fed male and E-F) female
after undergoing 4 weeks of HFMCDD cessation. Data are presented as group means +SD and
statistically significant differences were determined using a one-tailed unpaired Student's t-test
(*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001). Scale bar =100 uM.
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3.3.2. CD4* T cell function in HFMCDD-fed males
a. CD4™ T cell function at peak HFMCDD treatment

At baseline and at intervals of 4 weeks, PBMCs were isolated from blood samples collected
from HFMCDD-fed and control mice, then stained with a variety of flow cytometry antibodies
(refer to section 2.9). Concurrent CD8" T cell studies in the Crawley Lab, demonstrated CD8" T
cell hyperfunction, characterized by an increase in the proportions of IFN-y* and granzyme
B*CD8" T cells, in males after 4 weeks of HFMCDD feeding, which was sustained until end of
treatment at 20 weeks'%,

In two independent HFMCDD studies (E01 and EO03), flow cytometry analysis of bulk
CD4" T cells (Fig 12A-C) and subsets were conducted in males and demonstrated minimal changes
in CD4" T cell function between diet and chow study groups. In EQ1, no significant increases in
the proportions of IFN-y*CD4" T cells were observed for the duration of the study (Fig 12D).
However, a transient increase in the proportions of GrzB*CD4" T cells were observed after 4 weeks
of HFMCDD feeding (Fig 12E). After 16 weeks of diet feeding, there is trending increase in IL-
17°CD4" T cells in HFMCDD-fed males in comparison to controls (Fig 12F). Furthermore, there
are increased proportions in Tcm and Teem GrzB* CD4™ T cells at week 8 (Fig 12G). In E03, a
transient increase in IFN-y*CD4" T cells was observed after 8 weeks of HFMCDD feeding (Fig
13A). No differences were observed in GrzB* or IL-17°CD4" T cells at any timepoints in this
group (Fig 13B-C). Nor were any differences observed in the proportions of Tcm or Teem GrzB*
CD4* T cells at week 8 (Figure 13D). We were, therefore, unable to replicate the same results in

the two independent studies.
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Figure 12: Transient increase in the proportions of GrzB*CD4* T cells in males after 4 weeks
of HFMCDD feeding. Males were fed a HFMCDD ad libitum for a duration of 20 weeks, while
control mice were placed on a standard chow diet. At baseline and at intervals of 4 weeks,
saphenous blood was collected and PBMCs were isolated. Representative responses of CD4" T
cell function, demonstrating the expression A) IFN-y, B) GrzB and C) IL-17. No difference in the
proportions of D) IFN-y"CD4" T cells and transient increase in the proportions of E) GrzB*CD4"
T cells from 4-8 weeks of HFMCDD feeding. Trending increase in the proportions of F) IL-
17°CD4" T cells after 16 weeks of HFMCDD feeding. There is also an increase in the proportions
of G) GrzB* Tcm and Teem CD4™ T cells after 8 weeks of HFMCDD feeding. Data are presented
as group means +SD and statistically significant differences were determined using a one-tailed
unpaired Student's t-test (¥*p<0.05, **p<0.01).
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Figure 13: Transient increase in the proportions of IFN-y*CD4* T cells after 8 weeks of
HFMCDD feeding. Males were fed a HFMCDD ad libitum for a duration of 16 weeks, while
control mice were placed on a standard chow diet. At baseline and at intervals of 4 weeks,
saphenous blood was collected and PBMCs were isolated. There is a transient increase in the
proportions of A) IFN-y"CD4" T cells after 8 weeks of diet feeding and no difference in
proportions of B) GrzB* or C) IL-17°CD4" T cells. No differences in proportions of D) IFN-y*
CD4" T cell subsets after 8 weeks of HFMCDD feeding. Data are presented as group means +SD
and statistically significant differences were determined using a one-tailed unpaired Student's t-
test (*p<0.05).
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b. CD4* T cell function after 4-weeks of liver injury regression

After being fed an HFMCDD for 20 weeks, males from EQ1 were returned to the standard
chow diet to study liver injury regression. At 20 weeks of treatment and at 2 and 4-weeks post-
HFMCDD cessation, PBMCs were isolated from saphenous blood from the HFMCDD-fed and
control mice and were stained with a variety of flow cytometry anti-mouse antibodies. Concurrent
CD8* T cell studies in the Crawley Lab, demonstrated that CD8" T cell hyperfunction was
sustained until peak treatment and was not observed during the regression period'®. No differences
were observed in IFN-y*, GrzB* or IL-17*CD4"* T cells between HFMCDD-fed males and controls

at peak treatment or after (Fig 14A-C).
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Figure 14: No changes to CD4* T cell function pre- and post-HFMCDD cessation. Males were
fed a HFMCDD ad libitum for a duration of 20 weeks. After 20 weeks, the HFMCDD mice were
returned to the standard chow diet for an additional 4 weeks. At baseline and at intervals of 4
weeks, saphenous blood was collected and PBMCs were isolated. No difference in proportions of
A) IFN-y*, B) GrzB* or C) IL-17°CD4"* T cells after 4 weeks of HFMCDD cessation. Data are
presented as group means +SD and a one-tailed unpaired Student's t-test was performed, although
no significant differences were found.
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3.3.3. CD4* T cell function in HFMCDD-fed females
a. CD4* T cell function at peak HFMCDD treatment

At baseline and at intervals of 4 weeks, PBMCs were isolated from blood samples collected
from HFMCDD-fed and control mice, then stained with a variety of flow cytometry antibodies.
Concurrent CD8" T cell studies in the Crawley Lab, demonstrated CD8" T cell hyperfunction,
characterized by an increase in the proportions of IFN-y* and granzyme B*CD8" T cells, in
females after 8 weeks of HFMCDD feeding, which was sustained until 2 weeks post-HFMCDD
cessation!®. This finding demonstrates sex differences, as males developed CD8* T cell
hyperfunction after only 4 weeks, as mentioned in Section 3.3.2a.

In two independent HFMCDD studies (E02 and EO03), flow cytometry analysis of bulk
CD4" T cells and subsets were conducted in females and demonstrated minimal changes in CD4*
T cell function between diet and chow study groups. In EQ2, a transient increase in the proportions
of IFN-y"CD4"* T cells was observed in females after 8 weeks of HFMCDD feeding (Fig 15A).
Furthermore, there was a persistent increase in the proportions of GrzB*CD4* T cells after 8 weeks
of HFMCDD feeding until end of treatment at 20 weeks (Fig 15B). Lastly, there was a trending
increase in the proportions of IL-17*CD4" T cells after 16 weeks of diet feeding (Fig 15C). These
findings demonstrate sex differences, as males developed transient CD4" T cell hyperfunction,
characterized by an increase in the proportions of GrzB*CD4" T cells, after only 4 weeks, as well
as atrending increase in IL-17°CD4" T cells after 16 weeks (Refer to Section 3.3.2b). Furthermore,
there was an increase in the proportions in Tcm GrzB* CD4* T cells at week 20 of HFMCDD
feeding (Fig 15E), while no differences were observed in Tn or Teem subsets. In EQ3, there were
transient increases in the proportions of IFN-y" and GrzB*CD4" T cells after 12 weeks of

HFMCDD feeding, in comparison to controls, which was not maintained thereafter (Fig 16A-B).
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No significant differences were observed in the proportions of IL-17°CD4" T cells at any
timepoints (Fig 16C). In this group, there are increases in the proportions of GrzB* Tcm and Teem

CDA4* T cells after 12 weeks of HFMCDD feeding, in comparison to controls.
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Figure 15: Persistent CD4* T cell hyperfunction in females. C57BL/6 females were fed a
HFMCDD ad libitum for a duration of 20 weeks, while control mice were placed on a regular chow
diet. At baseline and at intervals of 4 weeks, saphenous blood was collected and PBMCs were
isolated. There is a transient increase in the proportions of A) IFN-y*CD4" T cells after 12 weeks
of diet feeding, and a persistent increase in the proportions of B) GrzB*CD4" T cells from 8 weeks
of HFMCDD feeding until end of treatment. Trending increase in proportions of C) IL-17*CD4"*
T cells after 16 weeks of HFMCDD feeding. No differences observed in the proportions of D)
IFN-y" Tcm and Teiem CD4™ T cells at weeks 8 and 12 of HFMCDD feeding. Proportions of E)
GrzB* Tem and Teiem CD4™ T cells were increased after 20 weeks of diet. Data are presented as
group means +SD and statistically significant differences were determined using a one-tailed
unpaired Student's t-test (*p<0.05,**p<0.01,*** p<0.001,****p<0.0001).
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Figure 16: Transient increase in IFN-y* and GrzB*CD4" T cells after 12 weeks of HFMCDD
feeding in females. C57BL/6 females were fed a HFMCDD ad libitum for a duration of 16 weeks,
while control mice were placed on a regular chow diet. At baseline and at intervals of 4 weeks,
saphenous blood was collected and PBMCs were isolated. There are transient increases in the
proportions of A) IFN-y* and B) GrzB*CD4" T cells after 12 weeks of diet feeding. No difference
in the proportions of C) IL-17°CD4"* T cells. No differences observed in the proportions of D)
IFN-y" CD4" T cell subsets but increases in the proportions of E) GrzB* Tcm and Teem CD4™ T
cells were seen after 12 weeks of HFMCDD feeding. Data are presented as group means =SD and
statistically significant differences were determined using a one-tailed unpaired Student's t-test

(*p<0.05, **p<0.01).
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b. CD4* T cell function after 4-weeks of liver injury regression

After being fed an HFMCDD for 20 weeks, females returned to the standard chow diet to
study liver injury regression. At 20 weeks of diet feeding, 2 weeks and 4 weeks post-HFMCDD
cessation, PBMCs were isolated from saphenous blood collections, and stained with a variety of
flow cytometry antibodies (refer to section 2.9). Concurrent CD8" T cell studies in the Crawley
Lab, demonstrated that CD8" T cell hyperfunction was sustained after 8 weeks of HFMCDD
feeding and remained until 2 weeks post-HFMCDD cessation'®®. Similarly, there was an increase
in the proportions of GrzB*CD4" T cells in HFMCDD-fed mice after 8 weeks until 2 weeks post-
HFMCDD cessation. No differences were observed in the proportions of IFN-y* or IL-17°CD4" T
cells (Fig 17A-C). This finding demonstrates clear sex differences, as the CD8" T cell
hyperfunction observed in males was not sustained post-HFMCDD cessation (mentioned in

Section 3.3.2b) as seen here in females.
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Figure 17: CD4* T cell hyperfunction resolved after 2 weeks of HFMCDD cessation. Females
were fed a HFMCDD ad libitum for 20 weeks, while control mice were placed on a standard chow
diet. After 20 weeks, the HFMCDD mice were returned to the standard chow diet for 4 weeks. At
baseline and at intervals of 4 weeks, saphenous blood was collected and PBMCs were isolated. No
difference in the proportions of A) IFN-y*"CD4" T cells. An increase in the proportions of B)
GrzB*CD4" T cells was observed at 20 weeks of diet feeding and 2 weeks post-HFMCDD
cessation. No differences in the proportions of C) IL-17*CD4" T cells observed during regression.
Data are presented as group means £SD and statistically significant differences were determined
using a one-tailed unpaired Student's t-test (*p<0.05).
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3.3.4.CD4" and CD8" T cell infiltration in HFMCDD-fed mice
For a duration of 16-21 weeks, five groups of C57BL/6 were fed a high-fat methionine and

choline deficient diet (HFMCDD) ad libitum. At endpoint (week 16-21) and 4 weeks after
returning to the standard chow diet, mouse livers were collected from HFMCDD-fed mice and
controls. Animals were euthanized and liver sections were sent to the Louise Pelletier Histology
Core Facility (University of Ottawa) for paraffin embedding, sectioning, and staining. A selection
of FFPE liver blocks from the control, HFMCDD and HFMCDD-cessation groups were sent to
the histology core for triple immunofluorescence (IF) staining (Fig 18A-C).

Experimental mice from EQ1, E02 and EO3 were combined together for these analyses, as

the focus was to observe overall T cell infiltration differences, sex differences and the relationship
between T cell infiltration and liver injury severity. After 20 weeks of diet feeding, HFMCDD-fed
mice demonstrated increases in the proportions of intrahepatic CD4" and CD8" T cells in
comparison to controls. Interestingly, these changes were resolved after 4 weeks of diet cessation.
Furthermore, it was observed that CD4" T cells from controls expressed greater IFN-y* than
HFMCDD-fed or post-HFMCDD cessation mice (Fig 18D-G). When analyzing samples for
double positives, no significant increases in the proportions of CD4*GrzB*, CD4'IFN-y",
CD8*GrzB*, CD8IFN-y* or GrzB*IFN-y* T cells were observed (Fig 18H-I).

When studying sex differences, we observed greater proportions of infiltrated CD4* and
CD8* T cells in HFMCDD-fed males in comparison to HFMCDD-fed females. Males also
demonstrated partial resolution 4 weeks post-HFMCDD cessation (Fig 19A-B). Lastly, positive
correlations were shown between CD4" and CD8" T cell count per area and liver injury scores (ie.
fibrosis, steatosis), although CD4" T cell infiltration proved stronger correlations with liver fibrosis
and steatosis scores (r = 0.734 and 0.580, respectively) than CD8" T cell infiltration (r = 0.528 and

0.350, respectively) (Fig 20A-D).
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Figure 18: Increased CD4*and CD8* T cell infiltration in HFMCDD-fed mice, which resolve
after 4 weeks of diet cessation. Mice were fed a HFMCDD ad libitum for 20 weeks, after which,
were returned to the standard chow diet for an additional four weeks. After 20 weeks and 4 weeks
post-HFMCDD cessation, livers were collected and prepped for triple IF staining. Representative
liver triple IF-stained histology images for A) control, B) HFMCDD-fed mouse and C) HFMCDD-
mouse 4 weeks post-HFMCDD cessation. Percentage of total cell detections for D) CD4, IFN-y
and GrzB and E) CD8, IFN-y and GrzB. Cells/area for F) CD4, IFN-y and GrzB and G) CD8,
IFN-y and GrzB. Cells/area for H) CD4" T cells and 1) CD8" T cells expressing double positives.
Data are presented as group means £SD. Statistical analysis was carried out by two-way analysis
of variance (ANOVA) followed Dby  Tukey-Kramer test for multiple comparisons
(*p<0.05,**p<0.01,*** p<0.001,****p<0.0001). Scale bar =50 pM.
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Figure 19: Increased CD4* and CD8* T cell infiltration in males. Mice were fed a HFMCDD
ad libitum for 20 weeks, after which, were returned to the standard chow diet for an additional four
weeks. After 20 weeks and 4 weeks post-HFMCDD cessation, livers were collected and prepped
for triple IF staining. Increased A) CD4" and B) CD8" T cell infiltration in HFMCDD-fed males
compared to females, and resolution in the regression study group. Data are presented as group
means £SD and statistical analysis was carried out by two-way analysis of variance (ANOVA)
followed by Tukey-Kramer test for multiple comparisons (*p<0.05).
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Figure 20: CD4* and CD8* T cell infiltration correlates with liver fibrosis and steatosis. Mice
were fed a HFMCDD ad libitum for 20 weeks, after which, were returned to the standard chow
diet for an additional four weeks. After 20 weeks and 4 weeks post-HFMCDD cessation, livers
were collected and prepped for triple IF staining. The relationships between liver fibrosis severity
and A) CD4" T cells and B) CD8" T cells, and between liver steatosis severity and C) CD4* T
cells and D) CD8" T cells are shown. Data are presented as group means £SD. Statistical analysis
was carried out by correlation analysis followed by non-linear regression.
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CHAPTER 4: DISCUSSION

In this thesis, both human and mouse models of liver disease were used to study the impact
of MASLD/MASH on circulating and intrahepatic CD4" T cells, specifically function and
infiltration, with the addition of its implications on CD8" T cells. MASLD/MASH patients with
advanced liver fibrosis demonstrated CD4* T cell hyperfunction, with elevated IFN-y and TGF-
expression, compared to those with minimal fibrosis and healthy controls. The HFMCDD mouse
model reliably mimics MASH-related liver pathology, inducing advanced steatosis and fibrosis,
with moderate ballooning and inflammation. Advanced liver injury was accompanied by bulk, Tcm
and Teem CD4* T cell hyperfunction, characterized by increased proportions of IFN-y* and
GrzB*CD4" T cells. While CD4" and CD8" hyperfunction was transient in nature in HFMCDD-
fed males, in females, it was persistent until 2 weeks after returning to a regular chow diet. These
findings suggest that CD4" T cell hyperfunction is associated with advanced liver injury, both

fibrosis alone as well as fibrosis with steatosis, in chronic liver disease.

4.1 CD4* T cell function in MASLD/MASH patients

MASLD is now the most common chronic liver disease worldwide (32%), predominantly
affecting men (40%) compared to women (26%)*. Individuals with T2DM, are twice more likely
to develop MASLD, with a prevalence of 65% within this group’®%. The lipotoxicity associated
with MASLD causes metabolic dysfunction, insulin resistance, prompting the secretion of
adipokines and proinflammatory cytokines, and cellular damage, triggering immune cell
infiltration into the liver and fibrogenesis®. It was also found that many immune cell abnormalities
occur throughout the progression of MASLD to MASH, such as increased expression of IFN-y*

and TGF-B*CD4" T cell subset!!213%140 |n this thesis, we observed elevated expression of IFN-y
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and TGF-B in bulk circulating CD4" T cells in MASLD/MASH individuals with advanced liver

fibrosis in comparison to those with minimal fibrosis or healthy individuals (Fig 2F-G).

In MASLD pathogenesis, an important contributing factor is body fat distribution, which
greatly differs between both sexes. Females accumulate subcutaneous adiposity, while males
accumulate visceral adiposity, promoting localized inflammation and accelerating liver fibrosis
progressiont*%137, Males also tend to exhibit more severe steatosis/steatohepatitis, more advanced
fibrosis, elevated pro-inflammatory cytokine levels, higher liver tumour incidence and increased
overall mortality, making them more susceptible to developing MASH, cirrhosis and HCC8%°,
These sex differences are related to hormonal changes associated with age, as men typically
develop MASLD during adulthood, with a decline after middle age (50-60 years old) and women
develop MASLD after menopause (~50 years old)®. This phenomenon occurs due to the reduction
of estrogen levels in women following menopause, thus losing the protective effect of estrogen
against the progression of MASLD. Estrogen typically inhibits the proliferation of HSC, thus
preventing the development of fibrotic tissue in the liver!*. In this study group, the mean age of
MASH-diagnosed men with minimal and advanced liver fibrosis were 47.6 and 67.0 years old,
respectively. While in MASH-diagnosed women, the mean age was 46.4 and 61.7 years old,
respectively (Table 2), which parallels with the hormonal changes observed in menopause.

However, small sample sizes here restricted the capacity to conclude sex effects in T cell functions.

4.2 CCls-induced liver fibrosis murine model

Since HCV cannot infect wild-type rodents, the hepatotoxin model using CCls was
developed to replicate HCV-induced liver fibrosis, in the absence of viral infection*'811°, Long-
term exposure to CCls is known to cause hepatotoxicity with resulting fibrosis, cirrhosis and

eventual HCC, and progressive loss of hepatic function. The causes of CCls-induced liver injury
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include toxic effects caused by reactive metabolites, ROS, inflammatory responses and imbalances
between cellular damage and repair, which all contribute to inflammation, oxidative stress and
fibrosis. The ensuing oxidative stress will additionally initiate the production of inflammatory
cytokines, hepatocyte death, inflammation, and further promotes hepatic fibrogenesis'#>. The
accumulation of fibrotic tissue over time is increasingly associated with immune dysfunction,
specifically the Th17/Treg ratio which increases as fibrosis advances, and contributes to their poor
clinical outcomes®>!43, The Crawley lab has been able to induce advanced liver fibrosis (F3-F4) in

C57BL/6 mice after 12-16 weeks of hepatotoxin administration in 10 consecutive cohorts'%%10%,

In this thesis, the first cohort of C57BL/6 mice were injected twice weekly (i.p.) with CCl4
for a duration of 21 weeks. During this treatment, advanced liver fibrosis was induced (Fig 5D),
predominantly developing F3 fibrosis in males (Fig 5E), and highly variable scores (F0-4) in
females (Fig 5F). In a secondary cohort, mice followed the same treatment for a duration of 16
weeks and produced similar results (Fig 5G-1). These findings seem consistent with those found
in rats exposed to CCls injections, where it was found that the severity of liver fibrosis in females
was less significant than that of males. It is believed that the antifibrogenic effect of estrogen plays
a protective role against CCls by suppressing the synthesis and release of cytokines (e.g. TGF-p)
and growth factors (e.g. PDGF), thus altering HSC activation and proliferation.** Similarly, in
HCV-infected individuals, it was found that men tend to develop more severe liver fibrosis than

women, although these sex differences did not persist after DAA therapy*°.
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4.3 CD4* T cell function in CCls-induced liver fibrosis murine model

During chronic HCV infection, both HCV-specific CD4" and CD8" T cells become
functionally exhausted*®. This T cell exhaustion is in part caused by the loss of HCV-specific
CD4* T cells, which are subsequently required for the induction of effector CD8" T cell
functions'#"1#8, As central mediators of adaptive immunity, CD4" T cells facilitate both CD8" T
cell responses and antibody responses to viral pathogens®4. By producing cytokines, such as IFN-
v and IL-2, CD4" T cells direct the differentiation of CD8" T cells, which are key players in viral
control and release immunoregulatory cytokines®4°. In the Crawley lab, the CCls-induced liver
fibrosis murine model demonstrated an association with generalized CD8* T cell hyperfunction,
characterized by increases in the proportions of IFN-y" and GrzB*CD8" T cells in treated mice
compared to controls'®. Preliminary data also suggested that a significant increase in the
proportions of GrzB*CD4* T cells was found in CCls-treated mice (Crawley, unpublished).
Interestingly, studies by Sun et al., showed that this CCls model impairs CD4" T cells, and triggers
an imbalance in the ratio of intrahepatic Tregs/Th17 cells, contributing to the progression of
fibrosis via HSC activation°. In this thesis, we observed a transient increase in the proportions of
bulk circulating GrzB* and TNF-a"CD4* T cells at the 18 week-timepoint of CCls treatment of
one of our cohorts (Fig 6F-G). Unlike the first 5 cohorts previously studied in the CCls model,
CD8" T cell hyperfunction was not replicated here, and this may reflect in these data, that show

CD4" T cell hyperfunction was either transient or absent.

4.4 HFMCDD-induced liver injury murine model
The HFMCDD model closely mimics the histopathological features of human MASH, with
ballooning hepatocyte degeneration in addition to fat accumulation, inflammation and

fibrosis'?3124, The combination of a high-fat diet and methionine and choline deficiencies,
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respectively promotes weight gain and liver damage, and impairs metabolic pathways, thus
promoting weight loss and liver fibrosis, reflective of the progression to MASH!?°, Moderate
inflammation and ballooning as well as advanced steatohepatitis (S3) are expected after 3 weeks
of this diet feeding, and moderate (F1-2) and advanced liver fibrosis (F3) after 6-9 and 12 weeks,
respectively*?. Relative to other high-fat diet models, the HFMCDD induces chronic liver disease
pathologies relatively quickly and induces advanced fibrosis within 12-16 weeks. This is also a
comparable time frame to that of CCls model, which requires a minimum of 12 weeks to start
seeing altered immune functions and advanced liver injuries'®. The added value of the HFMCDD
model is that it highlights that severe steatosis, achieved within 4 weeks while absent in CCly,
resulted in either transient or lasting T cell hyperfunction. Therefore, steatosis, in addition to

advanced fibrosis, also has a role in inducing T cell hyperfunction.

Combining the findings of two male cohorts, we observed progression of liver damage, as
measured by steatosis and fibrosis, with moderate-to-advanced fibrosis (mean F3+SD) and
steatosis (mean S2-3+SD) at 16 weeks of diet feeding (Fig 10B), and advanced fibrosis (mean
F4+SD) and advanced liver steatosis (mean S3+SD) at 21 weeks of diet feeding (Fig 8F). Then, a
similar pattern of liver damage was observed in females at 16 weeks, with moderate-to-advanced
liver fibrosis (mean F2-3+SD) and advanced liver steatosis (S3+SD) (Fig 10B). However, females
did not progress as much as males, with moderate-to-advanced liver fibrosis (mean F2-3+SD) and
advanced liver steatosis (S3£SD) developed at 21 weeks of diet feeding (Fig 9E). Multiple studies
have pointed out sex differences in the pathophysiology of MASLD, which seem to be reflected
in this mouse model. For example, in humans, males are more likely to developing MASH, fibrosis
and cirrhosis, and are diagnosed with HCC two to four times more often than females®®. These

differences are thought to be caused by the hormonal fluctuations associated with menopause, after

65



which, females lose the protection against liver damage provided by estrogens®®#+13, By the end
of the experiment, the female mice were approximately 31 weeks old and approaching the

equivalent age of menopause in mice, which begins around 9 months (36 weeks) of age®®™.

After a period of 21 weeks on an HFMCDD, the first cohort of males and females were
returned to a regular chow diet to evaluate potential liver injury regression and associated T cell
phenotyping over 4 weeks. The mean fibrosis score of males reduced from F4 to F3, a clinically
relevant decrease given its association with HCC risk in humans, and steatosis reduced to control
levels (S0-2). In females, fibrosis scores remained unchanged, while steatosis completely resolved
(Fig 11A-B). Clinically, it is possible to reverse the fat accumulation in the liver by managing
metabolic factors, such as weight, cholesterol, blood pressure and blood sugar, but once MASH
progresses to advanced fibrosis (F3-F4) and cirrhosis, the damage is permanent'®2. Estrogen
deficiency, as observed in menopause, also slows down wound healing and tissue remodelling
processes, thus potentially preventing liver fibrosis regression in this model*>. These experiments
clearly indicate the potential for tissue repair and remodelling against advanced steatosis in

MASLD, with a predominance for females.

4.5 CD4* T cell function in HFMCDD-induced liver injury murine model

In MASLD and MASH, CD4" and CD8" T cells have been shown to promote MASLD
progression by inducing inflammation, hepatocyte death and fibrosis, through the secretion of IFN-
v, perforin and granzymes’%%2, A humanized mouse model for diet-induced MASLD showed that
subsets of CD4" T cells, specifically 1L-17-secreting Th17 and IFN-y-secreting Thl, play a key
role in the progression of steatosis to fibrosis and correlate positively with disease progress in
MASH-HCC'™72, Recent HFMCDD studies in the Crawley Lab demonstrated CD8" T cell

hyperfunction in diet-fed males, characterized by an increase in the proportions of IFN-y* and
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GrzB*CD8" T cells, after only 4 weeks, which was sustained until end of treatment at 20 weeks.
Similarly, in females, there was CD8" T cell hyperfunction after 8 weeks of HFMCDD feeding,

sustained until 2 weeks post-HFMCDD cessation*®,

In the first cohort of males, after 4 weeks of HFMCDD feeding, there was a transient
increase in the proportions of GrzB*CD4" T cells and a trending increase in IL-17°CD4" T cells
(Fig 12E-F). This correlates with a timepoint at which advanced steatosis is expected to have
developed, in the absence of fibrosis!?. Similarly to CD8* T cells, no CD4* T cell hyperfunction
was maintained in males during the regression period. In the first cohort of females, there was a
transient increase in the proportions of IFN-y"CD4" T cells after 8 weeks of HFMCDD feeding
(Fig 15A), and a persistent increase in the proportions of GrzB*CD4" T cells (Fig 15B). This CD4"
T cell hyperfunction was maintained until 2 weeks post-HFMCDD cessation (Fig 17B), identically
to CD8* T cells, at a timepoint where we have observed complete steatosis reversal, while fibrosis
remained unchanged. In addition to these sex differences in bulk CD4" T cell hyperfunction, there
were increased proportions in Tcm and Teem GrzB* CD4* T cells at week 8 in males (Fig 12G),
which was not observed in females. Due to experimental errors, we were unable to perform CD4*
T cell functional analyses at week 4, the timepoint at which we observed CD4* T cell hyperfunction
in males. Sex differences could therefore not be performed and an additional cohort of HFMCDD
females was studied. In this second cohort, we observed transient increases in the proportions of
IFN-y* and GrzB*CD4" T cells only after 12 weeks of HFMCDD feeding (Fig 16A-B), and, we
were, therefore, unable to replicate the earlier findings. Conclusive sex differences in this study
regarding T cell hyperfunction could not be established due to the variability in the results between
cohorts, and further experiments would need to be conducted. Interestingly, this model adds an

association between T cell hyperfunction and liver steatosis, complementing the one made to liver
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fibrosis in previous cohorts of the CCls model. These findings appear to parallel established
research, stating that CD4" T cell dysfunction is associated with the progression of steatosis-to-
fibrosis in MASLD/MASH. Furthermore, this highlights steatosis as a potential therapeutic target

to overcome immune dysfunction in those affected by MASLD and its complications.

4.6 T cell infiltration in HFMCDD-induced liver injury murine model

MASLD is the leading cause of CLD worldwide, with a prevalence of 32% in the adult
population, predominantly affecting men®. About 20-30% of those diagnosed with MASLD will
develop the progressive inflammatory form of the disease, MASH, characterized by steatosis,
ballooning, and inflammation. One of the key histopathological features of MASH is elevated
immune cell infiltration, such as T cells, NK cells and macrophages, but how these contribute to
MASLD pathophysiology remains to be understood’”'!2%54 Both murine and human studies,
demonstrated significant increases in intrahepatic CD4" and CD8" T cells, as well as macrophages
(CD68"), which localized to fibrotic regions, suggesting a role for CD4* T cells in diet-induced
liver inflammation and steatosis-to-fibrosis progression’. It was also found that intrahepatic
infiltration of CD8" T cells and macrophages is driven by CD4* T cells, while the depletion of

CD4* T cells reduced immune infiltration, inflammation and fibrosis®3.

In this thesis, C57BL/6 mice were fed a HFMCDD for a duration of 21 weeks, then returned
to a standard chow diet for an additional 4 weeks for liver regression studies. After the initial 21
weeks, there were increases in intrahepatic CD4* and CD8" T cells in comparison to controls,
confirming previous reports listed above. These changes seemed to have resolved themselves
following 4 weeks of liver injury regression (Fig 18D-G). There were also increased proportions
of infiltrated CD4" and CD8" T cells in males compared to females, which resolved after regression

as well (Fig 19A-B). In order to prevent autofluorescence from interfering with triple IF staining,
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proper tissue perfusion needs to be performed since red blood cells naturally fluoresce across
multiple wavelengths, rendering it difficult to distinguish assay fluorescence from endogenous
fluorescence'®. Unfortunately, the liver sections collected from the CCla4 study groups were not
perfused and could not be stained for these experiments. Although, there is little research
discussing sex differences in intrahepatic T cell infiltration, studies have demonstrated fewer
immune cells, specifically NK cells, in the liver of female mice with MASLD than males>®. Most
importantly, positive correlations were observed between liver injury scores (fibrosis and steatosis)
and CD4" and CD8" T cell infiltration (Fig 20 A-D). This parallels studies that found a positive
correlation between T cell infiltration and the deterioration of liver function, where the number of
T cells (and macrophage infiltrates) was significantly higher in patients with hepatic
dysfunction®®’. The immunohistochemistry findings from this thesis highlight T cell infiltration in
the progression and regression of liver injury, namely steatosis, in MASH. In addition to the
aforementioned, this further highlights steatosis as a potential therapeutic target to also overcome

excessive T cell infiltration, which can exacerbate chronic liver disease progression.
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CHAPTER 5: FUTURE DIRECTIONS

In this project, we were able to demonstrate CD8* and CD4" T cell hyperfunction in a diet-
induced liver injury murine model, in addition to liver injury severity and infiltration. According
to Matsumoto et al., in C57BL/6 mice, moderate inflammation and ballooning with advanced
steatohepatitis (S3) are expected after 3 weeks of feeding, followed by moderate (F1-2) and
advanced liver fibrosis (F3) by 6-9 and 12 weeks of feeding, respectively*?®. Due to a limited
number of experimental mice, livers were only collected and stained for histology and triple IF at
endpoint (20 weeks), and after returning to a regular chow diet for 4 weeks. It would be important
to collect livers at the aforementioned timepoints throughout the experiment, in order to confirm
the development of liver injury as expected. This would also allow us to associate liver injury with
T cell hyperfunction and infiltration, with the addition of histological evidence to further support

the flow cytometry results.

Another important experimental focus would be adding CD4* T cell subsets, specifically
Thl, Th17 and Treg markers, to the flow cytometry and triple IF staining panels. Many studies
have demonstrated that these subsets play important roles in the development of chronic liver
disease. For example, in MASLD, a positive correlation was found between subsets of peripheral
CD4" T cell subsets (Thl and Thl7) and the severity of liver injury (steatosis, hepatocyte
ballooning and lobular inflammation)’™. Furthermore, research done by Her et al, demonstrated
that 1L-17-secreting Th17 and IFN-y-secreting Thl cells play a key role in the progression of
steatosis to fibrosis and correlate positively with disease progress in MASH-HCC'2. The balance
between Th17 and Tregs within the liver is also vital to disease progression, where Th17 produces
pro-inflammatory cytokines via secretion of IL-17A, while Tregs relieves inflammation by

suppressing T cell activation and differentiation’"*, By adding these subset markers to the staining
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panels, it would allow us to study the relationship between these T cells and how its dysfunction,

if evident, interplays with disease progression.
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