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ABSTRACT 

Advanced liver fibrosis in chronic hepatitis C infection (HCV) is associated with a 

generalized impaired immune system. Many immune cells are affected in chronic liver disease, 

including CD8+ T cells. The Crawley lab reported CD8+ T cell hyperfunction in cirrhotic HCV-

infected individuals that persisted after effective antiviral therapy. To evaluate the link 

between CD8+ T cell dysfunction in advanced fibrosis, we adapted a hepatotoxic carbon 

tetrachloride (CCl4) murine model. We consistently observed severe fibrosis in CCl4-treated 

mice resembling fibrosis in chronic HCV infected individuals. After stimulation of PBMC, the 

proportion of granzyme B+, and IFN-γ+ CD8+ T cells in fibrotic mice was significantly higher 

than the controls, particularly naïve and central memory CD8+ T cells. This state of 

hyperfunction was sustained after liver insult removal and significant fibrosis regression to 

near normal tissue integrity. Sex differences were also studied in this model and were apparent 

after prolonged exposure to CCl4 and in the capacity to repair liver fibrosis. Following an 

ectopic challenge with cancer cells, tumor growth was significantly greater in fibrotic mice. 

Moreover, the response to immunotherapy was significantly delayed in CCl4-treated mice. In 

summary, we reported for the first time that circulating CD8+ T cells are hyperfunctional in a 

murine model of advanced liver fibrosis in response to a hepatotoxin. In this context, affected 

mice failed to control the growth of a tumor whose growth is known to be controlled by a 

robust CD8+ T cell response. In addition, the reduced responses to immunotherapeutic effects 

suggest deficiencies in antigen-specific CD8+ T cell responses. Therefore, this animal model 

might be useful to identify mechanistic targets with translational potential for immune 

restoring treatments in human chronic liver diseases with advanced liver fibrosis.  
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CHAPTER 1: INTRODUCTION 

1.1. The burden of chronic liver diseases 

There are many liver diseases that can be caused by metabolic disorders, alcohol 

consumption, viral hepatic infections, or cancer. The incidence of these diseases is on the rise, 

and globally, the most common liver disease is non-alcoholic fatty liver disease (NAFLD). 

The prevalence of NAFLD is increasing worldwide. It currently affects≈25% of the world 

population120, at approximately: 30% in the Middle East and South America, ≈24-27% in North 

America, Europe, and Asia, and 13% in Africa, and it continues to increase120. This increased 

prevalence of NAFLD has been reported in all age and racial groups47. High caloric intake, 

obesity, metabolic syndrome, insulin resistance, and/or type 2 diabetes are the most common 

causes of NAFLD. NAFLD is a silent disease that progresses slowly over ≈ 20 years and may 

lead to cirrhosis. Approximately 20-30% of NAFLD patients develop more complicated liver 

diseases such as non-alcoholic steatohepatitis (NASH)48, which develops more rapidly, and 

30% of those are more likely to develop cirrhosis119 and end-stage liver disease75. Viral 

hepatitis is the leading infectious cause of chronic liver disease, mainly caused by the hepatitis 

B virus (HBV) or the hepatitis C virus (HCV). According to the World Health Organization, 

it is estimated that approximately 257 million and 71 million people worldwide are living with 

chronic HBV and HCV, respectively. Many HCV-infected individuals have now experienced 

sustained virologic clearance with the use of effective direct-acting antivirals and the incidence 

of HBV infections has been reduced with vaccination where accessible. However, many 

people who are infected still remain at-risk of negative health outcomes associated with 

chronic liver diseases such as portal hypertension, end-stage liver disease, hepatocellular 

carcinoma (HCC), extrahepatic cancers, liver transplant, and susceptibility to re/co-infection. 



 

 2 

In 2013, the prevalence of NAFLD-related HCC was 4-22% worldwide75. Since then, it has 

been shown that the prevalence of NASH-related HCC in patients with HBV or HCV 

infections is on the rise as NAFLD cases continue to rise evermore88,82,6,98. In Canada, the 

prevalence of chronic liver diseases has risen from one in ten to one in four in a decade, 

suggesting ≈7 million Canadians have a form of liver disease (as reported by the Canadian 

Liver Foundation), and it is estimated this will increase by 20% between 2019 and 2030101.  

According to the Public Health Agency of Canada, ~ 600,000 individuals are currently infected 

in Canada with HBV and/or HCV, and mortality from viral hepatitis and liver cancer is 

increasing dramatically14. 

1.2. Healthy liver function 

The liver is located in the right upper quadrant of the abdomen and plays an integral 

role in the functioning of other organs of the digestive system such as the gallbladder, pancreas, 

and intestines, by filtering all blood for substances that pass through the stomach and enter the 

liver via the portal vein46. The liver is the largest solid organ in the body and plays a vital role 

in the health of the host, and unlike other solid organs, it has the capacity to completely 

regenerate itself66. It has a unique anatomical architecture with several types of cells that 

perform many hepatic functions that are mainly (≈ 60-80%) composed of parenchymal cells, 

hepatocytes, which are the primary epithelial cells of the liver and perform most of its 

metabolic functions. Non- parenchymal cells constitute ≈ 20-40% of the total cell population 

of the liver, including endothelial cells (50%), the second major cell type in the liver, Kupffer 

cells (20%), lymphocytes (25%), biliary (5%), and stellate (<1%) cells10,86. Liver sinusoidal 

endothelial cells (LSECs) are essential cell populations that have an important role both 
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metabolically and immunologically in the liver81,15. The liver has four main functions in the 

body: metabolic, immunological, vascular, and secretory/excretory68.   

1.3. Monitoring liver disease severity 

There are several clinical practices that are used as the standard of care for diagnosing 

and staging liver pathology and function. An elevation in the level of liver enzymes is the most 

common diagnostic practice used clinically as an initial red flag to diagnose any existence of 

liver damage31,99. Tissue imaging by ultrasound elastography (e.g.Fibro-scan) can be used to 

determine the extent of liver scarring based on measurements of liver thickness. This has 

largely replaced liver biopsy collection as the standard of care for HCV-infected individuals23. 

Serum biomarkers are increasingly being used as an additional non-invasive alternative tool to 

detect fibrosis progression in measuring the aspartate aminotransferase/platelet ratio index 

(APRI) and the Fibrosis-4 (FIB-4) index112. However, the cut-offs of liver fibrosis severity 

using these biomarkers vary depending on the liver etiology56,53. Extracellular vesicles (EVs) 

such as exosomes, microvesicles, and apoptotic particles are under investigation as potential 

biomarkers of liver disease progression96,69,11. However, there are inherent limitations in the 

usage of biomarkers to determine liver fibrosis severity compared to the direct evidence 

afforded by biopsies107. 

 Isolated core needle biopsies for histopathological assessment of liver tissue have long 

been standard for diagnosing and staging liver disease and detecting liver cancer. Microscopic 

evaluation of structural anatomy at the cellular level by either light or electron microscopy can 

identify and diagnose liver disease in mice and humans by a trained pathologist. Tissue section 

staining further aids histological observations, so when the biopsy is collected with a core 

needle, the connective tissue can be readily seen by histological staining with Masson’s 
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trichrome or reticulin23. Such staining shows the patterns of tissue damage such as fibrosis, 

inflammatory staging, and connective tissue deposition, and it can also be used for diagnosis 

and progression of treatment. Histology is a critical and efficient technique that is widely 

employed for liver damage diagnosis. However, a liver biopsy is the last and least preferred 

method for liver diagnosis due to its invasiveness and associated procedural risks. 

1.4. The liver as an immune organ  

1.4.a. Immunologic function of the liver 

The liver is a frontline immunological organ and plays an important role in innate and 

adaptive immunity. It has many resident cells of the innate and adaptive immune system, and 

immune cells repeatedly pass through the liver through circulation. When the blood enters the 

liver via the hepatic artery and portal vein, it might carry a potential pathogen51. Unlike the 

slow response of adaptive immunity, the liver as an innate immune organ responds quickly to 

any foreign particle entering through flowing blood. The role of the liver’s hepatic immune 

responses to detect and protect the host from a bacterial and viral infection when a foreign 

particle enters through the gut has been previously studied27. Hepatic sinusoid cell populations 

include endothelial cells, resident macrophages, Kupffer cells (KCs)122,45, resident natural 

killer cells (NKs) cells, dendritic cells (DCs), and fat-storing cells36. The contribution of these 

innate immune cells in the liver includes enhancing the body’s resistance to infection in 

producing acute phase proteins, nonspecific phagocytosis by KCs, killing of pathogen-infected 

cells by NKs, and pinocytosis of waste molecules such as collagens80. Adaptive immune cells 

in the liver participate in numerous immunological functions, such as the clearance of 

remaining activated T cells after inflammation subsides, the clearance of proliferative 

extrathymic T cells, the disposal of immune-mediated interaction waste, tolerance towards 
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self-antigens80, and, finally, the activation of CD8+ T cells by hepatocytes122,85,10,18. More 

importantly, T cells infiltrating the liver, particularly CD8+ T cells, have a major role in the 

clearance of hepatic viral infections97,80. B cells also play a role in mediating T cell functions 

in the liver through cytokine secretion, regulatory functions, and inflammation59-60.  

1.4.b. Immune tolerance  

It has been shown that hepatocytes play a critical role in capturing an antigen and 

mounting a robust immune response by activating liver resident lymphocytes; however, since 

the liver is receiving a third of the total blood volume, liver response is well maintained to 

inhibit a profound autoimmune reaction against any potential self-antigen molecules of oral 

food antigens or host-microbiota that enter through the gut. Specific cell-mediated immunity 

between the innate and adaptive immune cells is a highly regulated process. Recent studies 

suggest that as a tertiary lymphoid organ, the liver has a prominent role in the defence against 

harmful pathogens due to its well-organized innate immune system, involving hepatocytes that 

play a role in generating 80-90% of circulating acute-phase proteins123,80. Although many cells 

such as hepatocytes and endothelial cells can activate T cells by functioning as presenting 

antigen cells, they are  minimized in the liver due to its very suppressive cellular and micro-

environment, leading to premature T cell death and immune tolerance37,32.  

1.5. Chronic liver diseases and immune dysfunction 

It is well documented that despite their aetiologies, chronic liver diseases significantly 

impact host immunity. This impact is observed on both innate and adaptive immunity. Several 

studies have shown immune dysfunction associated with liver diseases such as viral infections, 

cirrhosis, and HCC. However, there are fewer reports that connect immune dysfunction with 
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fibrosis severity, and dysfunctional immunity remains poorly understood in the context of liver 

fibrosis severity.  

1.5.a. Non-alcoholic fatty liver disease (NAFLD) 

NAFLD is the most common form of chronic liver disease. Fatty liver disease is 

strongly associated with obesity and insulin resistance109,102. Some cases are associated with 

widely prescribed pharmaceutical drugs such as amiodarone, tamoxifen, and glucocorticoids 

used to treat breast cancer, depression, heart diseases, and inflammatory and immunological 

disorders. NAFLD is a metabolic disorder described as hepatic steatosis based on the 

histological finding of fat depositions in the liver mediated by triglycerides or lipid droplets 

(over 5% of the liver weight). In the absence of other aetiologies, it can be more pronounced 

alongside of other aetiologies of hepatic diseases. NAFLD morphology is classified as 

macrovesicular, with large fat droplets displacing the nucleus and cellular organelles35. Simple 

steatosis is the first stage of liver disease that arises with acute chemical or drug exposure, and 

it regresses after liver insult removal. However, in 30% of NAFLD patients, steatosis 

progresses to inflammatory non-alcoholic steatohepatitis (NASH) with prolonged and 

significant liver injury and is classified morphologically by microvesicular and/or 

macrovesicular steatohepatitis25,35,121,54. Steatosis may also result in fibrosis progression to 

cirrhosis. It is not yet known the circumstances that lead to such progression.   

1.5.b. Immune cells causing tissue damage 

Both circulating and resident innate immune cells play a role in the pathogenesis and 

clearance of hepatic viral infections. The association between a dysfunctional immune system 

and NAFLD has been studied for decades. Some studies have linked immune cells to the 



 

 7 

progression of NAFLD and NASH pathology. This occurs by involving many immune cells 

and their cytokine and chemokine production in activating hepatic stellate cells (HSC) and 

fibrogenesis100. Also, the involvement of innate immunity in NASH progression was shown to 

occur due to enhanced inflammation105.  

1.5.c. Effect of liver disease on the immune system 

Other researchers  have shown that fatty liver disease negatively impacts immune cell 

survival and function63. When the liver is injured, resting HSCs are activated, resulting in 

increased extracellular matrix components, including collagen (I and III). Then, the  damaged 

hepatocytes and resident and non-resident immune cells start to release inflammatory 

chemokines and cytokines. The accumulated fatty acids is a pathological and functional feature 

of NAFLD that are metabolic changes lead to intrahepatic CD4+ T cell death and accelerates 

HCC pathogenesis in mice and humans65. Multiple studies have shown the association between 

chronic liver diseases and systemic immunological dysfunction. These changes in immune 

function are associated with an environmental alteration in chronic liver diseases, resulting in 

dysfunctional immune cells. For instance, there is a significant change in the proportion of 

KCs, NK, and NKT cells in addition to an altered cytokine microenvironment locally and 

systemically; all of which are thought to contribute to liver disease progression in NAFLD, 

NASH, or HCC50. However, the association of liver fibrosis severity in non-infectious chronic 

liver disease on CD8+ T cells is less well understood.  

1.5.d. HCV infection  

The HCV virus is a double-enveloped, small (55-56nm), positive-sense, 

single-stranded RNA virus. It is a member of the Flaviviridae family, belonging to the genus 
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Hepacivirus, and a member of the species Hepacivirus C. Its envelope is well-structured and 

aids in its evasion of the immune system57. In the last few decades, seven genotypes of the 

HCV virus have been identified, defined as genotypes 1 - 7, and include 67 subtypes with 

global distributions5. The life cycle of the HCV virus involves four main steps to infect 

hepatocytes: cellular attachment and entry, translation, polyprotein processing, replication, and 

release from the infected cell. The process of HCV infection is complex and highly regulated 

via precise mechanisms; each step requires distinct host cellular machinery and viral 

factors30,16. While around 15-20% of those infected with the HCV virus can clear the infection 

spontaneously, over 80-85% develop chronic HCV infection. HCV transmission mainly 

occurs through blood-blood transmission, specifically via intravenous drug use, blood 

transfusion, other blood products, unsafe medical practices, perinatal and sexual transmission. 

The early symptoms of acute HCV infection are non-specific and not well characterized, so 

infected individuals often do not seek medical treatment. HCV infection is mostly 

asymptomatic (80% in infected individuals); however, ≈ 25% may develop some symptoms. 

The clinical outcomes of chronic HCV infection are metabolic liver disease, end-stage liver 

disease, liver cancer, reduced vaccination efficacy and liver transplant30.  

1.5.e. Current HCV Treatment   

The standard treatment for chronic HCV+ infection used to be pegylated-interferon 

alpha (PEG-IFN-𝛼) or PEG-IFN-𝛾 and ribavirin (RBV), achieving a sustained virologic 

response (SVR) rate of ~40-70%, depending on HCV genotype, within either 24 or 48 weeks 

of continuous treatment30. In 2011, direct-acting antiviral (DAA) therapy was officially 

licensed as an effective antiviral therapy for HCV infection and is now the standard of care in 

most developed countries. This treatment relies on blocking some of the HCV envelope 
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proteins or the serine protease complexes (NS3 and 4A) required for polyprotein cleavage 

steps30,67,49. The standard DAA medication is used alone, eliminating viral titers in blood and 

liver, with a 98% SVR efficacy across all HCV genotypes87,94. It was observed that innate 

immune cells contribute to HCV clearance with DAA therapy, showing an elevation in IFN 

responsiveness on peripheral NK cells in patients who achieved SVR compared to those who 

experienced a breakthrough infection3. DAA treatment-mediated HCV clearance decreases 

expression of type II and III IFN-stimulated genes (ISGs) while partially restoring immune 

cell responses, particularly virus-specific CD8+ T cell responses87,115. Liver fibrosis is the 

major consequence of HCV infection. Liver fibrosis progression in chronic HCV infection 

occurs very slowly within seven years; however, with ongoing liver insult, 16% of infected 

individuals with HCV can develop cirrhosis after 20 years of infection, with a risk of 41% 

developing cirrhosis after 30 years103. Nevertheless, fibrosis regression after DAA treatment 

is variable depending on liver stiffness measuring in Kilopascals (KPa), age, and duration of 

the infection. For example, HCV+ individuals with F2/3 fibrosis may revert almost fully to F1, 

but they might not if they are cirrhotic, particularly those with the highest kPa damage48,103. 

1.5.f.  Impaired immune functions in HCV infection  

Chronic liver disease significantly affects immune responses, impairing cells of both 

the innate and adaptive immune system. Since most acute-HCV infected individuals are 

asymptomatic, the innate immune responses to an early phase of HCV infection were studied 

in a chimpanzee model78. In the first few days post-HCV-infection, the expression of ISGs 

were significantly elevated, particularly among innate immune cells. Weak type I IFN 

responses, and low  titers of virus-neutralizing antibodies are the most observed signs in acute 

HCV infection, and the involvement of  adaptive immune responses takes between 8-12 weeks 
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to clear the infection in chimpanzee models, or they develop chronic infection79,3. Similarly, 

HCV-infected individuals who cannot clear the infection spontaneously by 12 weeks post-

infection are more likely to develop chronic HCV infection, confirmed with persistent 

viremia78,104. Many reports have shown the impact of HCV infection on immune cells such as 

macrophages, NKs, and DCs. Also, the dysfunctional and altered phenotype of virus-specific 

CD4+ T cells95 and impairment of terminally exhausted CD8+ T cells have been widely 

reported114.   

CD8+ T cells are affected significantly during acute and chronic HBV and HCV 

infections. For instance, many studies have shown that individuals with self-limiting HCV 

infection have an effective HCV-specific CD8 T cell response, whereas impaired and 

exhausted HCV-specific CD8+ T cells are a hallmark of chronic HCV108. The exhaustion of 

CD8+ T cells in HCV infection is observed in both bulk (generalized) or virus-specific T cells, 

identified by an increased expression of programmed cell death protein (PD-1) and, reduced 

interleukin-7 receptor 𝛼 (CD127) expression115. HCV-specific CD8+ T cell dysfunction in 

patients with chronic HCV infection was marked by impaired perforin induction and granzyme 

B expression74. In contrast, bulk CD8+ T cells showed a hypersensitivity in chronic HCV and 

HBV infections, particularly naïve CD8+ T cells. These immature CD8+ T cells were 

hypersensitive to TCR signalling during chronic viral disease2,12,111. 

1.6. Cytotoxic CD8 T cells  

CD8+ T cells are an essential part of adaptive immunity, playing a critical role in the 

defense against hepatic viruses, other intracellular pathogens, or cancer. The major 

mechanisms of cytotoxic T lymphocytes (CTL) CD8+ T cells used to kill infected or abnormal 
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cells via the secretion of pro-inflammatory and immunomodulatory tumor necrosis factor-

alpha (TNF-α),  interferon-gamma  IFN-𝛾 cytokines during viral infection, and the destruction 

of targeted cells by apoptosis mediated by cytotoxic granules such as perforin and granzymes 

as well as Fas/FasL or TNF-α death receptor signalling110. 

1.6.a. CD8+ T cell functions 

Upon antigen recognition by naïve T cells in lymphoid tissue, differentiated effector T 

cells express high levels of adhesion molecules and chemokine receptors displayed on infected 

cells. When effector CD8+ T cells recognize class I MHC-peptides, they bind to infected cells 

and kill them by using several mechanisms, such as inducing apoptosis by exocytosis of CTL’s 

granule proteins (granzymes, perforin, and TNF-α). Cytotoxic CD8+ T cells also release 

granzymes into the cytoplasm of targeted cells, activating caspases which induce apoptosis. 

Perforin protein facilitates the delivery of granules by making pores on the membranes of 

infected cells. CD8+ CTLs can also induce apoptosis by binding Fas ligands to death receptors 

to activate caspases in the cytoplasm of targeted cells. Secretion of the cytokine TNF-α is 

another mechanisms by which effector CD8+ T cells destroy cellular targets in order to 

eliminate viral infection, and increase immune cell recruitment.  

1.6.b. CD8 T cell exhaustion 

CD8+ T cell exhaustion was extensively studied in the chronic lymphocytic 

choriomeningitis virus (LCMV) mouse model in comparison with acute infections. In the acute 

phase of LCMV infection, naïve T cells undergo proliferation, clonal expansion, and 

differentiation into effector T cells. Typically, most effector cells die after viral clearance 

except a small subpopulation that differentiates into long-lived memory T cells. Each of those 
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subsets has a distinct epigenetic and transcriptional profile, depending on the status of the 

infection. Memory CD8+ T cells are cytotoxic polyfunctional CD8+ T cells, marked by 

elevated inducible cytokines, e.g., Interleukin (IL)-2, IFN-𝛾,  and TNF-𝛼. Those long-lived 

memory T cells are non-apoptotic, proliferative, and  increase CTL receptors and survival 

capacity without antigens. However, with persistent antigen stimulation, effector T cells 

become exhausted, thereby losing their killing function and failing to differentiate into 

memory T cells. Antigen-specific T cell exhaustion is defined by increased apoptosis, reduced 

proliferation capacity, and lower cytokine secretion such as IL-2, IFN𝛾, and TNF𝛼.  T cell 

exhaustion is observed in chronic diseases such as HIV, HCV, and HBV33,34,64,44. Exhaustion 

of CD8+ T cells can be determined by limited proliferation, upregulated ectonucleotidase 

CD39, altered transcriptional programs epigenetic profiles, altered expression of co-inhibitory 

molecules such as IL-10, and, finally, transforming growth factor beta (TGF-𝛽)114. In addition, 

elevation in the expression of PD-1 on CD8+ T cells is a hallmark of exhaustion in chronic 

illness and unregulated expression of CD127 on peripheral, chronic HCV-specific CD8 T 

cells108. It has been shown in Crawley’s lab that generalized impairment of CD8+ T cells in 

response to IL-7 stimulation in chronic hepatitis C virus infection, and the production of Bcl-

2 signaling is related to the degree of liver fibrosis92.  

1.6.c. CD8+ T cell hyperfunction 

Development of chronic disease can lead to aberrant adaptive immune activation. 

Generalized hyperfunction of immune cells is observed in chronic infectious diseases with 

persistent pathogen burden such as HCV2 and HIV9,  resulting in persistent antigen 

stimulation, leading to abnormal function of B and T lymphocytes. Non-specific T cell 

activation was observed a decade ago, defined by upregulated cytokine production in HIV 
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infection58. In addition to the general decline in CD4+ T cell numbers in chronic HIV infection, 

hyperfunction of T cells was also observed as a hallmark of persistent antigen activation and 

ongoing systemic inflammation. This hyperfunction of T cells was associated with increased 

T cell apoptosis, viral load, and increased activation marker expression during disease 

progression. These associations with T cell hyperfunction were only observed in a small 

proportion of CD8+ T cells and found mostly in activated HIV-specific or non-HIV-specific 

CD4+ T cells in untreated individuals 34. Another report observed hyperfunctional T cells in 

untreated HIV-infected patients, particularly in CD8+ T cells. This hyperfunction was observed 

in both HIV-specific and non-HIV-specific T-cell responses to cytomegalovirus (CMV), 

Epstein-Barr virus (EBV), adenovirus, and influenza), marked by significantly increased 

production of IFN-𝛾 and TNF-𝛼 on non-HIV-specific cells, associated with independent 

activation of CD8+ T cells after HIV-1 rebound9. 

The hyperfunction phenomenon of T cells with persistent antigen activation was 

further explored in chronic HCV infection. Chronic HCV infection alters circulating CD8+ T 

cells, resulting in hypersensitivity of naïve CD8+ T cells in response to TCR stimulation2. In 

naïve T cells, this was marked by reduced CD5 protein expression on the cell surface, a 

significant induction of p-ERK (phosphorylation patterns involved in differential responses), 

as well as elevation in activation markers CD25 and CD96 in chronic HCV infection. Also, 

there was a hyperreactive pre-immune repertoire on memory cells and an increase in the 

expression of granzyme B and IFN-γ on antigen-specific CD8+ T cells in response to different 

peptides (Mart-1, hTERT, CMV). In addition, this hyperactivation of immune cells was 

reported in association with advanced liver staging and cirrhosis, which are associated with 

adverse effects on the host immune system. It compromises the immune surveillance function 
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of the liver and more generally damages the function of peripheral and mucosal immune cells, 

when cirrhosis progresses from compensated to decompensated, leading to cirrhosis-

associated immune dysfunction. Immune cells play a role in cirrhosis progression either by 

mediating hepatocyte damage and/or impairing by progressive advanced liver fibrosis. 

Cirrhosis induces a general state of immunodeficiency and systemic inflammation derived 

from the disturbance of several crucial functions both hepatically and systemically. For T 

lymphocytes, cirrhosis causes upregulated co/stimulatory marker expression, increased 

persistent activated state, increased systemic pro-inflammatory cytokine concentrations, 

reduced proliferation, and reduced antigen dependent responses due to persisting stimulation 

of immune cells4. 

1.7. Advanced liver fibrosis models 

Mouse models are a useful tool for the study of liver fibrosis development. In the last few 

decades, many rodent models were developed for fibrosis research to mimic the clinical 

condition across aetiologies. These models can also help in the study of the pathogenic 

mechanisms of liver injury and advance the investigation of cellular and molecular interactions 

in liver disease. There are many ways to induce fibrosis in mice with hepatotoxins or high-fat 

diet (HFD) genetic models. The hepatotoxin carbon tetrachloride (CCl4) can induce liver 

fibrosis. CCl4 affects hepatocytes when metabolized by cytochrome P450 enzymes to the 

noxious trichloromethyl radical (CCl3-), disrupting the permeability of plasma, lysosomal and 

mitochondrial membranes. CCl3- causes lipid peroxidation and membrane alteration leading to 

centrilobular hepatocyte necrosis93. After the first injection of CCl4, acute and centrilobular 

hepatocyte necrosis are observed. This is followed by the proliferation of hepatocytes and 

nonparenchymal liver cells, whose fibrotic effects can be observed after a few injections. Of 
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note, CCl4-induced fibrosis can impact immune cells such as CD8+ T cells, CD4+ T cells, 

natural killer cells (NK), natural killer T cells (NKT), and B cells. According to a previous 

study, there was a slight increase in KCs and NK cells in CCl4-induced fibrosis in mice. 

Intrahepatic CD8+ T cell numbers increased two-fold in fibrotic mice, while IFN-γ production 

decreased, compared to the control group.  

1.8. Sex effects in liver fibrosis  

Although sex effects in liver fibrosis are still poorly understood, some studies have 

reported sex differences in liver diseases such as NAFLD91, HBV38, HCV52,8, and in HCC117,89. 

Multiple studies have reported that the risk of liver fibrosis progression in HCV infection in 

women is ten times less than in men83. On the other hand, a recent report showed little 

difference in the NAFLD progression in males and females (36% and 31%) in young people 

and (64% and 63%) in adults, respectively106. Thus, a consideration of sex effects in the design 

of liver fibrosis studies is likely necessary.  

1.9. Rationale and Hypothesis  

There is a generalized impairment of CD8+ T cells in chronic liver diseases. Our lab 

reported an association between dysfunctional CD8+ T cells and liver fibrosis severity for the 

first time. Bcl-2, an anti-apoptotic molecule, decreased with HCV-infected individuals with 

advanced liver fibrosis (F3, F4) compared to those with minimal fibrosis (F1, F2)92. The 

Crawley lab then found that CD8+ T cells were more hyperfunctional in HCV-infected 

individuals with advanced liver fibrosis than individuals with minimal liver fibrosis. This 

hyperfunctionality is characterized by increased secretion of perforin and degranulation of 

CD107a, and IFN-𝛾 on CD8+ T cells in HCV-infected individuals with advanced liver fibrosis. 
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These hyper-activate CD8+ T cells in individuals with advanced liver fibrosis were sustained 

after clearing the infection with direct-acting antiviral (DAA) medication111. There is an 

increase in liver cancer risk in humans with advanced liver fibrosis. Given the critical role of 

CD8+ T cells in anti-tumor responses, we will complement CD8+ T cell dysfunction studies in 

liver fibrosis to assess responses to cancer challenges in our model. We hypothesized that 

CD8+ T cells are dysfunctional in a murine model of advanced liver fibrosis, promoting 

cancer development. 

1.10. Objectives  

1- To determine the establishment of liver fibrosis in a murine model. 

2- To assess CD8+ cell function in liver fibrosis. 

3- To assess response to cancer challenge in mice with liver fibrosis.  
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CHAPTER 2: METHODS AND MATERIALS  

2.1. Animals:  

This project follows an approved animal use protocol #3003 with the Animal Care Veterinary 

Services, University of Ottawa, certified by the Canadian Council on Animal Care (CCAC). 

A total of 138 C57BL/6 mice were purchased from the Jackson laboratory and used in this 

thesis research in six independent experiments. Sixty-seven mice were female and 51 male. 

Experiments were started when the mice were 8-11 weeks old.  
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Table 1: Conducted studies of advanced liver fibrosis in a murine model 

 

Study* 
Number 

of Mice 
Sex 

CCl4 

Treatment 

Blood 

collection 
Study questions 

A 20 F 10 weeks weeks 6,9,10 
Fibrosis scoring (weeks8,10) 

CD8+ T cell functions (weeks6,9,10)** 

B 40 F 16 weeks week 12 

Fibrosis scoring (weeks12, 16) 

CD8+ T cell functions (week 12) 

CCl4 cessation (week 12) 

Response to a tumor (week 12) 

Response to immune therapy  

C 18 
11 M 

7 F 
19 weeks 

weeks 

0,4,8,12 

CD8+ T cell functions overtime*** 

Response to a tumor (week 12) 

D 12 M 9 weeks 
weeks 

0,4,9 

CD8+ T cell functions over time 

 

E 40 
20 M 

20 F 
26 weeks 

weeks 

0,4,19, 21 

CD8+ T cell functions over time 

CCl4 cessation (week 16) 

Response to a tumor (week 21) 

F 8 M 12 weeks 
weeks 

0, 4, 8,12 

CD8+ T cell functions over time 

Response to a tumor (week 14) 

*Study start dates A: Sep 2018; B: Dec 2018; C: June 2019; D: Sep 2019; E: Feb 2020, F: Feb 

2021.  

** Optimizing in vitro stimulation of CD8+ T cells: time course, conditions, titration etc.    

*** CD8+ T cell function over time (≈weeks 0, 4, 8,12, etc.) 

 

 

  



 

 19 

2.2. Hepatotoxin (CCl4) administration in mice   

To induce liver fibrosis in a murine model, we injected C57BL/6 mice, from the Jackson 

Laboratory, (≈ 11 weeks old) with a hepatotoxin. Bodyweight and physical condition were 

monitored twice weekly before each injection (Fig. 1). Mice were injected intra-peritoneally 

(i.p.) with either 1.0 ml/kg of carbon tetrachloride 99.9% (CCl4) (Sigma-Aldrich, USA) diluted 

to 50% in filtered (0.45 nm) olive oil (Bertolli oil, as CCl4 is hydrophobic) or only olive oil for 

the control group, twice a week for up to 12-16 weeks (Fig. 2A).  

2.3. Liver collection 

Mouse livers were collected from both study groups at different time points (weeks 4, 8, 12, 

16), depending on the study. Collected livers were fixed with 10% formalin, shaken gently for 

72 hours, transferred to 70% ethanol at 4°C, then paraffin-embedded and sectioned (Louise 

Pelletier Histology Core, University of Ottawa). The slides were stained with Masson’s 

Trichrome three-color stain for fibrosis scoring. Liver fibrosis severity was assessed by an 

expert pathologist (Nour Histopathology Consultation Services, Ottawa, ON, Canada), blinded 

to the sample identities and treatments. Scoring followed the Metavir system from no fibrosis 

(F0) to advanced fibrosis (F4), used in both humans and mice116.  

2.4. Blood collection and isolation of peripheral blood mononuclear collection 

PBMCs 

Mouse blood was collected from the saphenous vein into Microvette tubes CB 300 (Fisher 

Scientific, CA, USA) which contained the anticoagulant lithium heparin, and then transferred 

to 1ml of red blood cell (RBC) lysing buffer (Hypri-Max RBC lysing buffer, Sigma, Aldrich, 

USA) to collect peripheral blood mononuclear cells (PBMCs). After fiveminutes, cells were 
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washed twice with phosphate buffered saline (PBS) and centrifuged at 1600 revolutions per 

minute (RPM) with the break on. PBMCs were counted by trypan blue dye exclusion and 

concentrated at 1x106 cells/ml in complete RPMI (supplemented with 20% FBS + 

Penicillin/Streptomycin).  

2.5. Stimulating CD8+ T cells in vitro  

A high binding plate (Sarstedt, USA) was coated with CD3 antibodies (5ug/mL, clone: 145-

2cll, BD Pharmingen, BD Biosciences, San Diego, CA, USA) in PBS and incubated for one 

hour at 37°C. After washing the wells with PBS, cells were added and supplemented with anti-

CD28 antibodies (2ug/mL, clone: 37.51, BD Pharmingen, BD Biosciences, San Diego, CA, 

USA) for 48hr at 37°C.  

2.6. Flow cytometry analysis of CD8+ T cell phenotype and function 

2.6.a. Extracellular staining for CD8+ T cells phenotyping 

In the final six hours of cell culture, Brefeldin (Golgi plug, BD Biosciences, San Diego, CA, 

USA) and Monensin (golgi stop, BD Biosciences, San Diego, CA, USA) were added to inhibit 

protein transport. At this step, CD107a antibodies (APC, clone: 1D4B, Biolegend, San Diego, 

CA, USA) were also added. After six hours, cells were transferred to a V-bottom plate (Thermo 

scientific, USA) and washed once with PBS. Dead cells were labelled with the cell membrane 

permeating Zombie NIR (APC-Cy7, Biolegend, San Diego, CA, USA), a fixable viability kit 

(0.2:100 ul in PBS) for 30 minutes. Then,  cells were washed with PBS Mouse Fc block (clone: 

2.4G2, BD Pharmingen, BD Biosciences, San Diego, CA, USA) and added to PBMCs for 20 

minutes in the dark at 4°C to block non-specific antigen binding. To assess CD8+ T cells 

phenotypes, PBMCs were labeled with a cocktail of fluorochrome-conjugated anti-mouse 
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antibodies diluted in PBS/BSA (1%) (50ul/ well) for 20-25 minutes in the dark at 4°C. This 

cocktail included antibodies specific for activation markers such as PD-1 and NKG2D and 

surface markers to identify CD8+ T cell subsets: CD44 and CD62L. CD8 T cells were sub-

gated as: naïve (CD44-, CD62L+), effector (CD44+, CD62L-), and memory (CD44+, CD62L+). 

The antibodies of the cell surface labeling cocktail were purchased from Biolegend (San 

Diego, CA, USA): CD3-BV-510 (clone 17A2), CD4-AF700 (clone GK1-5), CD8a-BV785 

(clone 53-6.7), CD19-Pe-Cy5 (clone 6D5), CD107a-APC (clone 1D4B), CD44-BV241 (clone 

IM7), CD62L-PE (clone MEL-14), PD-1-PE-Cy7 (clone 29F.1A12), or from Horizon, BD 

Biosciences (San Diego, CA, USA): NKG2D-BV711 (clone CX5).  

2.6.b. Intracellular staining of CD8+ T cells  

After the surface labeling, cells were fixed and permeabilized according to manufacturer 

instructions (BD Biosciences San Diego, CA, USA): 100 ul/well of fix and perm buffer for 15 

minutes, followed by washing with PBS/BSA (1%) for intracellular staining. To measure 

CD8+ T cell function, intracellular antibodies for TNF-α (FITC, clone MAb11), IFN-γ+ 

(BV650, clone 4S.B3) and granzyme-B (Texas red, clone GB11) (1 ul/ well each) were diluted 

in 1x perm wash buffer (100 ul/well) for 30 minutes. Cells were then washed with 1x perm 

wash, re-suspended in PBS/BSA (1%) 100 ul/well, and analyzed using a BD LSEFortessaTM 

flow cytometer. 

2.7. Tumor implantation in mice  

In 1975, the use of transplantable colon cancer was published in different strains of mice, 

specifically the adenocarcinoma MC38 cancer cell line. Since it is well known that CD8+ T 

cells regulate tumor growth, we challenged the CCl4-induced fibrosis model with the MC38 
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cancer cell line and anti-CTLA-4 and anti-PD-1 antibody-based immunotherapy to assess CD8 

T cell responses to tumor growth. An evaluation of cancer development in vivo is a test of 

CD8+ T cell function in liver fibrosis. CD8+ T cell anti-tumor responses principally resolve 

responses to ectopic cancers derived from MC38 cells. This cancer model is also responsive 

to some degree to the effects of immunotherapy. Thus, we developed a murine model of liver 

fibrosis to study further the impact of chronic liver disease on the immune system, particularly 

CD8+ T cells. Furthermore, the model will help  explore the responsiveness of immune cells 

to tumor growth in vivo.   

2.7.a. Assessing tumor growth in vivo  

To examine CD8+ T cell responses to an ectopic cancer in vivo, the control and CCl4-treated 

mice were challenged with a colon adenocarcinoma cell line (MC38) (from Michele Ardolino), 

derived from C57BL/6 mice. MC38 cells were expanded in vitro in DMEM supplemented 

with 10% FBS one week or two weeks prior to in vivo injection to achieve culture confluency. 

Tumor cells were implanted subcutaneously in the left flank of the abdomen with 1x105, 3x105 

or 1x106 cells in 100 ul PBS, depending on the study. Once palpable, ectopic tumor growth 

was measured (length x width x height x 0.52) with a caliper every two days until the mice 

reached a humane end point (i.e. tumor reached 15 mm in diameter, animals were in distress, 

or tumor ulceration was observed, whichever came first). Tumor growth assessment occurred 

in tandem with twice weekly oil treatment (control), ongoing CCl4 treatment or following CCl4 

cessation, depending on the study.  

2.7.b. Assessing the effect of immunotherapy on tumor growth   
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In study B, when tumors volume reached approximately 75mm3,90,43 mice were injected with 

checkpoint inhibitors (anti-PD1 + anti-CTLA-4 antibodies) (from Leinco) 200 ug of each ab/ 

injection every two days, three injections in total. Tumor outgrowth was monitored as 

described above. 

2.8. Data Analysis  

Flow cytometry data were analyzed using FlowJo 10.6 software (Tristar, USA). Graphs and 

statistics were generated using GraphPad Prism 7.0 software (San Diego, San Jose, USA). 

Data are presented as means ± standard deviation (SD), and statistical analyses were 

conducted by paired or unpaired two tailed Student’s t-test, one-way ANOVA followed by 

Dunnett’s post-test or two-way ANOVA as appropriate. p<0.05 was considered statistically 

significant. 
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CHAPTER 3: RESULTS  

3.1. Monitoring the effect of CCl4 treatment on mouse growth and health 

 Mice were injected i.p. with either olive oil (controls) or the hepatotoxin CCl4 (1.0 ml/kg 

in olive oil) for up to 12 weeks to induce advanced liver fibrosis55,93. Previous studies have noted 

transient effects on body weight of i.p. CCl4 treatment in rodents28,24. In all studies conducted here, 

mouse body weight was measured twice per week to monitor mouse health before injection. Mice 

receiving CCl4 did not lose weight (Fig. 1). Rather, mice gained weight compared to their control 

baseline throughout the protocol. Occasional significant drops in weight of CCl4-treated mice were 

observed in the first two weeks of injections, but they were transient and did not reach statistical 

significance. Overall, the well-being of mice indicated no significant effects after CCl4 exposure, 

and mice did not show any signs of distress except a slight drop in body weight within 72 hours of 

CCl4 exposure. This was noted consistently in all six independent studies that were conducted in 

this project (Fig. 1).  
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Figure 1. No significant difference in body weight gain between control and CCl4-treated mice 

over time. 

C57BL/6 mice were injected i.p. with either filtered olive oil alone (control, black) or 1 ml/kg 

body weight CCl4 in filtered olive oil (red), twice a week for up to 12 weeks. Body weights were 

measured weekly and are expressed here as relative change (%), compared to weight at week 0, 

reflecting study E. Mouse weights are represented as group means (±𝑆𝐷). There was no 

statistically significant difference between the treated groups, as determined by the one-way 

ANOVA test. The experiment depicted is representative of six studies conducted with similar 

results.  
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3.2. CCl4-induced advanced liver fibrosis in a mouse model  

3.2.a. Liver fibrosis severity in CCl4-treated mice  

After administering the hepatotoxin CCl4 in mice for ≈12-16 weeks, depending on the study, livers 

were collected, formalin-fixed, and paraffin-embedded, sectioned, and stained for the scoring of 

fibrosis by a pathologist. Masson’s Trichrome  staining is used selectively to distinguish between 

collagen fiber deposition in the liver (in blue) and other hepatic structure in the background such 

as hepatocytes, muscles, and fibrin (in red). As expected, histology images of control mice showed 

no detectable liver fibrosis (i.e. F0), or minimal fibrosis (F1) (Fig. 2B). In CCl4- treated mice, 

fibrosis could be detected at weeks 4 and 7 post CCl4, progression of minimal fibrosis detected 

(F1/F2), described as mild diffuse bridging fibrosis. With the continued CCl4 treatment, mice 

exhibited progression to advanced liver fibrosis, with most scored at F3 (e.g. 3/5 mice in study B) 

across all six experiments by ≈12 weeks, characterized as bridging fibrosis with focal necrosis. 

Other CCl4- treated mice were graded as F4, marked by severe diffuse thick fibrosis with focal 

necrosis and connected septa (Fig. 2C-E). These results were seen repeatedly in all independent 

studies, and no sex effect was observed (study B, C) (Fig. 2F). These results indicate that advanced 

liver fibrosis is consistently induced in C57BL/6 mice, following CCl4 administration. 

Furthermore, mouse liver pathology resembled, in part, the same pathology observed in livers of 

HCV-infected patients17, confirming the suitability of this murine model of advanced liver fibrosis.  
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Figure 2. The hepatotoxin CCl4 induces advanced liver fibrosis in C57BL/6 mice. 

A. Schematic experimental design of CCl4 murine model of advanced liver fibrosis. Mice aged 

9-11 weeks old (C57BL/6, weighing ≈18g for females and ≈25g for male) were injected 

intraperitoneally (i.p.) with either filtered olive oil alone for control or (1ml/kg body weight) CCl4 

in (3:1) filtered olive oil for treated mice, twice a week for up to ≈12-16 weeks. Blood was 

collected (saphenous) from both groups at the beginning of the experiment (week 0) and every 

four weeks during the treatment (weeks 4, 8, 12), to assess circulating CD8+ T cell phenotype and 

functions. B-E. Histology images show liver fibrosis severity. Following euthanasian, livers 

were harvested from selected euthanized mice every four weeks to assess liver fibrosis progression 

during the treatment and to identify the peak of liver fibrosis. Liver fibrosis severity is indicated 

in the stages occurring to the Metavir (F-score) system: F0 = no fibrosis, F1/2 = minimal liver 

fibrosis, F3/4 = advanced fibrosis. Masson Trichrome three colors staining is represented by 

scanning microscopy at 10x magnification. When the pathologist reported fibrosis F0/F1 = (F0.5), 

F3/F4 = (F3.5). Representative images of collected tissue sections from livers from controls B) 

Control 12 weeks, and CCl4-treated mice at C) 7 weeks; D) 10 weeks; E) 15 weeks. F. A summary 

of liver fibrosis severity scores for mice administrated oil or CCl4 for 12-16 weeks is shown 

(studies B, C, E). Data are shown with group as means (±SD), and statistically significant 

differences were determined using a two-tailed unpaired Students’ t-test (**p<0.001). This 

experimental design and histology staining were conducted repeatedly in all independent studies 

that were conducted in this project (Table 1) 
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3.1.b. Fibrosis regression in a liver fibrosis mouse model  

To evaluate liver fibrosis regression, CCl4 injections were ceased at the peak of fibrosis (typically 

≈12 weeks post CCl4 initiation, Fig. 3A). As shown in Table 1, we tested this in two independent 

studies (B, E, Table 1). In study B, no significant fibrosis was detected after 12-16 weeks of oil 

injections in control mice (n=11), with most scoring F0/1 (9/11 mice) and two scoring moderate 

fibrosis F2 (2/11 mice). The CCl4-treated group, however, developed a significant amount of 

fibrosis compared to the oil control group at week 12 as shown in 3.1.A. By week 16, fibrosis 

severity significantly reversed to control levels (F1) (study B), while those mice that continued to 

be administered the hepatotoxin maintained tissue pathology consistent with advanced liver 

fibrosis (Fig. B-C). Nevertheless , in study B with only females, there was significant regression 

between week 12-16 (four weeks post cessation) scoring mostly F1 (3/4 mice) (Fig. 3D). More 

surprisingly, in terms of sex differences, fibrosis regression was more evident in male (F1) than 

female (F2) mice after CCl4 cessation when CCl4 was stopped at week 16 and assessed until mice 

were euthanized, depending on the end point of each mouse (week 24-30) (study E, Fig. 3E).  
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Figure 3. Fibrosis progression and regression in CCl4-treated mice. 

A. Schematic experimental design of CCl4 continuation and cessation in a murine model of 

liver fibrosis. C57BL/6 mice were injected (i.p.) twice a week with only filtered olive oil or 1ml/kg 

of the hepatotoxin CCl4 in filtered olive oil for up to 16 or 20 weeks depending on the study, study 

B and E respectively. At week 12, the CCl4 treated group was divided into two groups: one group 

continued to be administrated CCl4, while CCl4 treatment was stopped in the other group. This 

design was conducted in study B (n=40 female mice), and E (n=40 mice, 20 females and 20 males) 

to evaluate liver fibrosis regression. B-C. histology images show liver fibrosis regression. Liver 

fibrosis severity in CCl4-treated mice eight weeks -post CCl4 cessation or continuation. Masson 

Trichrome three color staining is represented by scanning microscopy at 10x magnification. D. 

Liver fibrosis regression in CCl4-hepatotoxin model in female. In study B, CCl4- treated mice 

continued CCl4 treatment for an additional four weeks or CCl4 treatment was stopped. The graph 

represents fibrosis severity of livers collected from these mice, compared to severity scores 

recorded at the peak of fibrosis (i.e. week 12), female mice (n=25, control=11, CCl4-treated 

mice=14). From both groups, livers harvested for scoring at weeks 12 and 16, four weeks post-oil 

(blue) and CCl4 (red) continuation or cessation (black). Data are presented as means (±SD), 

statistical significance between the two groups was determined using a two-tailed unpaired 

Students’ t-test (*p<0.05 or **p<0.001). E. fibrosis progression and regression in CCl4-treated 

mice in males and females. In male or female mice (study E), liver fibrosis was scored in oil 

control mice (blue) at week 12 and >24 weeks, post- CCl4 continuation (red) or cessation (black), 

24-32 weeks of treatment, (n=40, 20 males and 20 females. Data are presented as means (±SD), 

statistical significance between the two groups was determined using a two-tailed unpaired 

Students’ t-test (*p<0.05 or **p<0.001). 
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3.2. Peripheral CD8+ T cell hyperfunction in advanced liver fibrosis  

3.2.a. Induction of cytolytic molecules in advanced liver fibrosis 

HCV-infected individuals with advanced liver fibrosis present bulk CD8+ T 

hyperactivation (as assessed using the degranulation marker CD107a)111.Therefore, we assessed if 

CCl4-induced liver fibrosis also induced CD8 T cell hyperactivation. Blood was collected at peak 

liver fibrosis (≈week12), and PBMCs were stimulated with anti-CD3/28 for 48 hrs until CD8 T 

cells were assessed for CD107a expression. This stimulation significantly induced detectable 

CD107a in control mice. No differences were observed between control and CCl4-treated mice in 

the proportion of CD107a+ cells in circulating CD8+ T cells with one exception, (study B) (Fig. 

4C) where there was a significant reduction in the detection of CD107a+ on bulk CD8+ T cells in 

CCl4-treated mice (p<0.05) (Fig. 4D). These results were seen in multiple experiments, indicating 

there were no changes in CD107a detection on bulk CD8+ T cells in CCl4-treated mice compared 

to the controls.  
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Figure 4. The percentage of CD107a+ CD8+ T cells at the peak of advanced liver fibrosis in 

CCl4 -treated mice does not increase. 

 A. Representative example of FACS contour plots displays gating strategy used to identify 

CD8+ T cell population. First gated on lymphocytes by FSC-A and SSC-A; singlets by FSC-H 

and FSC-A, viability by using live/dead marker, then excluding B lymphocytes by using CD19 

marker to define positive CD8 T cells. Top panel shows control sample (blue), bottom panel 

shows CCl4-treated mouse sample (red). B. Representative figure of gating strategy to assess the 

expression of CD107+ CD8+ T, using the unstimulated sample. C. Peripheral blood mononuclear 

cells (PBMCs) were stimulated with anti-CD3/CD28 (5mg/mL)/ (2ug/mL) antibodies for 48 

hours, then labeled with functional antibodies for CD107a+ CD8+ T cells. The proportion (%) of 

CD107a+ CD8+ T cells in controls and CCl4-treated mice. C. Study C; D. Study B. Results from 

control and CCl4-treated mice are shown in blue and red, respectively. Data are presented as 

means (±SD), statistical significance between the two groups was determined using a two-tailed 

unpaired Students’ t-test to compare CCl4-treated mice vs. controls (*p<0.05). 
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Expression of the cytolytic molecule granzyme B (GrzB) was assessed in bulk CD8+ T 

cells in the control and CCl4-treated mice. After stimulating PBMC in vitro, GrzB expression was 

significantly induced by anti-CD3/28 in both treated groups across all experiments compared to 

unstimulated samples. In Exp A, however, unlike CD107a expression, the proportion of GrzB+ 

CD8+ T cells was significantly higher (p >0.05) in CCl4-treated mice compared to the controls at 

the peak of liver fibrosis (Fig. 5B). This hyperfunction of GrzB+ CD8+ T cells was detected again 

in study C in the CCl4-treated mice, which developed advanced liver fibrosis scored with ≥F3 

(Fig. 5C). When we looked to CD8+ T cell subpopulation, we found all CD8 T cell subsets (naïve, 

effector, central memory) were contributing in observed hyperfunction of GrzB in CCl4-treated 

mice compared to the controls (Fig. 5E). These results were observed consistently across all six 

independent experiments in both sexes of CCl4-treated mice, suggesting that advanced liver 

fibrosis is associated with GrzB+ CD8+ T cell induction with all subsets contributing to this 

hyperfunctionality. While % CD107a+ CD8+ T cells did not reflect the hyperfunction mediated by 

liver fibrosis, the proportion of GrzB+CD107a+ cells in bulk CD8+ T cells was three  times higher 

in fibrotic mice than the controls at week 12, with over 50% of GrzB+ CD8+ T cells co-expressing 

CD107a+(Fig. 5F).  
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Figure 5. Increased proportion of Granzyme B in advanced liver fibrosis in CCl4 -induced 

at week12. 

A. Representative FACS contour plots of gating strategy to assess the expression of GrzB + CD8+ 

T cells, using the unstimulated sample. PBMCs were stimulated with anti-CD3/CD28 antibodies 

for 48 hours, then labeled with functional antibodies GrzB+ CD8+ T cells and assessed by flow 

cytometry on bulk CD8+ T cells. B. Study B, C. Study C, the proportion of GrzB+ CD8+ T cells in 

CCl4-treated mice (in red) and control mice (in blue). D. Gating strategy for CD8+ T cell 

subpopulation using the surface markers CD62L and CD44 to distinguish CD8+ T cell subsets as 

following as:  naïve (CD44low, CD62L+), effector (CD44+, CD62L-), and memory (CD44+, 

CD62L+). E. GrzB expression on CD8+ T cell subset in CCl4-treated mice compared to controls. 

F. Increased proportion of bi-functional CD107a + GrzB+ CD8+ T cells in CCl4-treated mice with 

advanced liver fibrosis (in red) and control mice (in blue) (study C). Data are presented as (±SD), 

statistical analysis determined using (*p<0.05, or **p<0.001) a two-tailed unpaired Students’ t-

test to compare CCl4-treated mice vs. controls. 
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3.2.b. CD8+ T cell cytokine expression in advanced liver fibrosis 

The induction of the immunomodulatory interferon- (IFN-𝛾) cytokine was also measured 

at the peak of liver fibrosis (≈week 12) on bulk CD8+ T cells. The proportion of IFN-𝛾+ cells 

significantly increased in both groups after in vitro stimulation with anti-CD3/28 compared to 

unstimulated cells. In study B, the percentage of IFN- 𝛾+ CD8+ T cells was significantly elevated 

in CCl4-treated mice, all of whom scored ≥F3 compared to control oil mice (p>0,05, Fig. 6B). In 

study C, there was a trend (p=0.06) towards an elevated proportion of IFN- 𝛾+ CD8+ T cells in 

CCl4-treated mice with advanced liver fibrosis compared to the controls. This high expression of 

IFN- 𝛾+ on circulating CD8+ T was also seen in other studies that were conducted for this project 

with effector CD8+ T cells being the most contributing subset in this hyperfunctionality (Fig. 6D). 

These data show that CD8+ T cell hyperfunctionality is associated with liver fibrosis severity in 

this mouse model, confirming findings in HCV-infected humans wherein CD8+ T hyperfunction 

was described as an increased percentage of IFN- 𝛾+ CD8+ T cells with advanced liver fibrosis, 

particularly effector CD8+ T cells111. We also found an elevated proportion of IFN- 𝛾+ CD8+ T 

cells co-expressing CD107a and GrzB in fibrotic mice, with a proportion twice what was observed 

in the controls, demonstrating their pronounced poly function (Fig. 6D). No sex effect was 

observed in the assessment of IFN- 𝛾+ expression.  
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Figure 6. Increased proportion of IFN-𝜸+ CD8+ T cells in advanced liver fibrosis in CCl4-

model.  

A. Representative FACS contour plots of gating strategy to assess the expression of IFN-𝛾+ CD8+ 

T cells, using the unstimulated sample. PBMCs were stimulated with anti-CD3/CD28 antibodies 

for 48 hours, then labeled with functional antibodies IFN-𝛾+ CD8+ T cells and assessed by flow 

cytometry on bulk CD8+ T cells. B. Study B, C. Study C, the percentage of IFN-𝛾+ CD8+ T cells 

in CCl4-treated mice (in red), and control mice (in blue). D. IFN-𝛾+ expression on CD8+ T cell 

subsets in CCl4-treated mice compared to controls. E. Increased oligo-functional CD8+ T cells 

(CD107a+ + IFN-𝛾+ + GrzB+) in advanced liver fibrosis. Data are presented as (±SD), statistical 

analysis determined using (*p<0.05, or **p<0.001) a two-tailed unpaired Students’ t-test to 

compare CCl4-treated mice vs. controls. Where relevant, statistical trends are indicated (p<0.07). 
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The proinflammatory cytokine, tumor necrosis factor-𝛼 (TNF-𝛼) in bulk CD8+ T cells was 

assessed at the peak of liver fibrosis severity. In response to anti-CD3/28 stimulation in vitro, the 

proportion of TNF-𝛼+ cells increased significantly in both groups. In study B, we noticed a 

significant reduction in the proportion of TNF-𝛼+ bulk CD8+ T cells in CCl4-treated mice 

compared to oil controls at the peak of liver fibrosis (p>0.0006), and this contrasted to the IFN- 𝛾 

data, in the same experiment. However, in experiment C, no alterations were observed in the 

expression of TNF-𝛼 on circulating CD8+ T cells between CCl4-treated mice or controls after 12 

weeks of treatment. These inconsistent data, perhaps due to technical reasons related to flow 

cytometry, make it difficult to draw a definitive conclusion as to whether there is an association 

between TNF-𝛼 production and advanced liver fibrosis (Fig. 7).  
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Figure 7. No change in TNF-𝜶+ CD8+ T cells in advanced liver fibrosis in CCl4 model.  

A. Representative FACS contour plots of gating strategy to assess the expression of TNF-𝛼+ CD8+ 

T cells, using the unstimulated sample. PBMCs were stimulated with anti-CD3/CD28 antibodies 

for 48 hours, then labeled with functional antibodies TNF-𝛼+ CD8+ T cells and assessed by flow 

cytometry on bulk CD8+ T cells.  B. Study B. C. study C, the percentage of TNF-𝛼+ CD8+ T cells 

in CCl4-treated mice (in red), and control mice (in blue). PBMCs were stimulated with anti-

CD3/CD28 antibodies for 48 hours, then labeled with functional antibodies for TNF-𝛼 + CD8+ T 

cells. Data are presented as (±SD), statistical analysis determined using (*p<0.05, or **p<0.001) 

a two-tailed unpaired Students’ t-test to compare CCl4-treated mice vs. controls.
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3.2.c. Induction of CD8+ T cell activation markers expression in advanced liver fibrosis in CCl4 

model. 

In this model of liver fibrosis, we also investigated PD-1 expression, an inhibitory molecule 

expressed early after activation on CD8+ T cells. First, the baseline level of PD-1 expression did 

not differ between the study groups. At week 12, in study B, we did not observe any change in the 

induction of PD-1 expression on bulk CD8+ T cells with significantly elevated levels in fibrotic 

mice compared to the controls (p=0.02). In experiment B, both groups of mice increased PD-1 

expression following stimulation, but there were no significant differences between groups 

(p=0.08) (Fig. 8B). This shows CD8+ T cells are equivalently activated in advanced liver fibrosis. 
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Figure 8. No change in the expression of PD-1 CD8+ T cells in advanced liver fibrosis in 

mice. 

Representative FACS contour plots of gating strategy to assess the expression of PD-1+ CD8+ T 

cells, using the unstimulated sample. PBMCs were stimulated with anti-CD3/CD28 antibodies for 

48 hours, then labeled with activation marker PD-1+ CD8+ T cells and assessed by flow cytometry 

on bulk CD8+ T cells.  B. Study B, the percentage of PD-1+ between CCl4-treated mice (in red) 

and control mice (in blue). Data are presented as (±SD), statistical analysis determined using 

(*p<0.05, or **p<0.001) a two-tailed unpaired Students’ t-test to compare CCl4-treated mice vs. 

controls.  
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The expression of NKG2D, another activation marker and regulatory protein, was assessed 

in the presence of advanced liver fibrosis. We observed that the induction of NKG2D was 

significantly lower in mice treated with CCl4 compared to control mice at the peak of liver fibrosis. 

These results were unexpected but consistent in three independent studies (A, B, and C), performed 

in this model of liver fibrosis (Fig. 9A-B). These results indicate that advanced liver fibrosis might 

have a noticeable impact on this indicator of T cell activation and regulation. 
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Figure 9. NKG2D expression in advanced liver fibrosis model.  

A. Representative FACS contour plots of gating strategy to assess the expression of NKG2D+ 

CD8+ T cells, using the unstimulated sample. PBMCs were stimulated with anti-CD3/CD28 

antibodies for 48 hours, then labeled with activation marker NKG2D+ CD8+ T cells and assessed 

by flow cytometry on bulk CD8+ T cells. B. Study B. C. Study C. The percentage of NKG2D+ 

between CCl4-treated mice (in red) and control mice (in blue). Data are presented as (±SD), 

statistical analysis determined using (*p<0.05, or **p<0.001) a two-tailed unpaired Students’ t-

test to compare CCl4-treated mice vs. control mice. 
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3.3. CD8+ T cell hyperfunction with progressive liver fibrosis  

3.3.a. Cytolytic molecule expression over time: CD107a+/ GrzB+ 

It has been documented that early signs of fibrosis can be detected in the mouse liver after 

two to three weeks of CCl4 exposure whereas severe scarring and excessive tissue deposition are 

evident with the continuous toxic treatment after four to six  weeks, depending on the dosage, 

frequency, and route of exposure55.  In this project we have shown that in this model the fibrosis 

score of the liver is F1/2 at seven weeks and achieved F3/4 after 12 weeks of treatment with CCl4 

(Fig. 2). To better associate CD8+ T cell hyperfunction with the attainment of advanced liver 

fibrosis, the initiation and dynamics of CD8+ hyperfunction was assessed over time. To achieve 

this during the early phases of liver injury (i.g. minimal fibrosis), blood samples were collected at 

early time points (weeks 0, 4, 8) in four independent experiments (Table 1). After in vitro 

stimulation with anti-CD3/28, the degranulation marker CD107a was detected in controls and 

CCl4-treated mice in all four studies  (weeks 0, 4,8), yet no statistical significance was observed 

between the two groups and no sex effects were detected in most of the studies (three out of four). 

Study C was the only exception a more significant reduction was observed in CCl4-treated mice 

than in the controls (Fig. 4D). Over time, there was a transient trending in the induction of CD107a+ 

CD8+ T cells eight weeks after CCl4 treatment, but it was not observed earlier or later in liver 

fibrosis progression (Fig. 10). This indicates that fibrosis progression is not associated with the 

expression of CD107a+ CD8+ T cells and at the peak of liver fibrosis (week 12), as shown in (Fig. 

4A).  
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Figure 10. No change in CD107a+ CD8+ T cells detection in liver fibrosis progression.   

Blood was collected from mice at 4-, 8-, and 14-weeks post CCl4 administration. PBMCs were 

stimulated with anti-CD3/CD28 antibodies for 48 hours, then labeled with functional markers 

CD107a+ CD8+ T cells and assessed by flow cytometry on bulk CD8+ T cells. Study C, the 

proportion of IFN-𝛾+ CD8+ T cells in CCl4-treated mice (in red) and control mice (in blue) (n=18). 

Data are presented as (±SD), statistical analysis determined using (*p<0.05, or **p<0.001) a two-

tailed unpaired Students’ t-test to compare CCl4-treated mice vs. control mice. 
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The induction of GrzB+ was measured at early time points (weeks 0, 4, 8) in liver fibrosis 

progression. In vitro stimulation with anti-CD3/28 significantly induced the expression of GrzB+ 

in both study groups, although the timing when this occurred in the CCl4 protocol (i.g. weeks 4 or 

8) was variable across studies. In experiment C, the proportion of GrzB+ cells in bulk CD8+ T cells 

was significantly greater in CCl4-treated mice than controls in both sexes, after four weeks of the 

treatment (p>0.03). This difference was two fold higher in treated mice than the controls at the 

peak of liver fibrosis at week 14 (p>0.002) (Fig. 11). Overall, these data show that progressive 

liver fibrosis occurs alongside a mounting hyperfunction of CD8+ T cells marked by GrzB+ 

expression. This significant increase in GrzB+ CD8+ T cells in CCl4-treated mice at earlier time 

points of receiving the liver insult suggests a strong association between GrzB+ up-regulation and 

liver fibrosis severity.  
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Figure 11. Increased GrzB+ CD8+ T cells expression in liver fibrosis progression.   

Blood was collected from mice at 4-, and 14-weeks post CCl4 administration. PBMCs were 

stimulated with anti-CD3/CD28 antibodies for 48 hours, then labeled with functional markers 

GrzB+ CD8+ T cells and assessed by flow cytometry on bulk CD8+ T cells. Study C, the proportion 

of IFN-𝛾+ CD8+ T cells in CCl4-treated mice (in red) and control mice (in blue) (n=18). Data are 

presented as (±SD), statistical analysis determined using (*p<0.05, or **p<0.001) a two-tailed 

unpaired Students’ t-test to compare CCl4-treated mice vs. control mice. 
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3.3.b. Cytokine expression: IFN- 𝛾/TNF𝛼 

Following in vitro stimulation and intercellular staining, no change was observed in the 

proportion of IFN-𝛾+ bulk CD8+ cells in response to stimulation between CCl4-treated mice and 

control mice. In early stages of liver fibrosis,   weeks 0, 4, 8,  all four independent experiments 

displayed an increasing  trend of IFN- expression in Study C (p=0.06, Fig. 12). However, at the 

peak of liver fibrosis (week12/14), a significant elevation was observed in the percentage of IFN-

𝛾+CD8+ in fibrotic mice than in the controls (Fig. 6 A-B). These findings indicate that while the 

proportion of IFN-𝛾 CD8+ cells was elevated at the peak of fibrosis, this was not observed through 

the period of fibrosis progression.  
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Figure 12. No change in IFN-𝜸+ CD8+ T cells expression in liver fibrosis progression.  

Blood was collected from mice at 4-, 8- and 14-weeks post CCl4 administration. PBMCs were 

stimulated with anti-CD3/CD28 antibodies for 48 hours, then labeled with functional markers IFN-

𝛾+ CD8+ T cells and assessed by flow cytometry on bulk CD8+ T cells. Study C, the proportion of 

IFN-𝛾+ CD8+ T cells in CCl4-treated mice (in red) and control mice (in blue) (n=18). Data are 

presented as (±SD), statistical analysis determined using (*p<0.05, or **p<0.001) a two-tailed 

unpaired Students’ t-test to compare CCl4-treated mice vs. control mice. 
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At the peak of liver fibrosis, ≈week 12, we noted that there was hyperfunction defined by 

the expression of GrzB+ and IFN-𝛾+ but not in TNF-𝛼 expression (Fig. 7). Therefore, the 

proportion of the immunomodulatory cytokine TNF-𝛼 on CD8+ T cells between CCl4-treated mice 

and the controls was also assessed during liver fibrosis progression (weeks 0, 4, 8) in four 

independent experiments. After anti-CD3/28 stimulation, no change in the expression of TNF-𝛼+ 

on bulk CD8+ T cells was seen at earlier time points (weeks 4 and 8) in three out of four 

experiments. In experiment C, however, the proportion of TNF-𝛼+ CD8+ T cells significantly 

increased in CCl4-treated mice at early fibrosis (week 4), and significantly decreased in experiment 

D at week 9 only. These  inconsistent results between the two groups were not observed later at 

the peak of liver fibrosis, suggesting this change might be transient (Fig. 13). This is confirmed 

given the overall lack of elevated TNF-𝛼+ cells at the peak of fibrosis in several studies (Fig. 7).  
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Figure 13.  No change in TNF-𝜶+ CD8+ T cells expression in liver fibrosis progression.   

Blood was collected from mice at 4-, 8- and 14-weeks post CCl4 administration. PBMCs were 

stimulated with anti-CD3/CD28 antibodies for 48 hours, then labeled with functional markers 

TNF-𝛼+ CD8+ T cells and assessed by flow cytometry on bulk CD8+ T cells. Study C, the 

proportion of TNF-𝛼+ CD8+ T cells in CCl4-treated mice (in red) and control mice (in blue) (n=18). 

Data are presented as (±SD), statistical analysis determined using (*p<0.05, or **p<0.001) a two-

tailed unpaired Students’ t-test to compare CCl4-treated mice vs. control mice. 
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3.3.c. Activation markers: PD-1/NKG2D 

 PD-1 expression on CD8+ T cells was measured during liver fibrosis progression (weeks 

4, 8). There was no difference in the proportion of PD-1+ CD8+ T cells between CCl4 treated-mice 

compared to controls at weeks 4 and 8 in four independent experiments. The only exception was 

week 4 in study C when there was a significant general increase in the percentage of PD-1+ CD8+ 

T cells in CCl4 treated-mice as opposed to the controls (p>0.03) before this gap between the  two 

groups almost disappeared to control levels in later weeks of treatment (Fig. 14). This suggests 

this significant expression was transient, and it might not be associated with the severity of liver 

fibrosis.   
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Figure 14. No change in PD-1+ CD8+ T cells expression in fibrosis progression.  

Blood was collected from mice at 4, 8 and 14 weeks post CCl4 administration. PBMCs were 

stimulated with anti-CD3/CD28 antibodies for 48 hours, then labeled with functional markers PD-

1+ CD8+ T cells and assessed by flow cytometry on bulk CD8+ T cells. Study C, the proportion of 

PD-1+ CD8+ T cells in CCl4-treated mice (in red) and control mice (in blue) (n=18). Data are 

presented as (±SD), statistical analysis determined using (*p<0.05, or **p<0.001) a two-tailed 

unpaired Students’ t-test to compare CCl4-treated mice vs. control mice. 
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After 12 weeks of the treatment with CCl4, expression of the activation marker NKG2D 

was significantly lower in CCl4-treated mice compared to controls upon in vitro stimulation with 

anti-CD3/28 in multiple studies (Fig. 9). Therefore, we measured the proportion of NKG2D+ CD8+ 

T cells during liver fibrosis progression (weeks 0, 4, 8). No changes were observed in the 

percentage of NKG2D between CCl4-treated mice and controls during liver fibrosis progression 

(i.g. weeks 4, 8) whereas at the peak of liver fibrosis, there was a statistical significance between 

the two groups marked by a significance reduction in CCl4-treated mice compared to the controls 

(Fig. 15). This implies an association between the severity of liver fibrosis and bulk CD8+ T cell 

activation, particularly NKG2D, alongside hyperfunction (e.g. IFN-𝛾 and GrzB).  
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Figure 15. Lower NKG2D+ CD8+ T cells expression in liver fibrosis progression.  

Blood was collected from mice at 4-, 8- and 14-weeks post CCl4 administration. PBMCs were 

stimulated with anti-CD3/CD28 antibodies for 48 hours, then labeled with functional markers 

NKG2D+ CD8+ T cells and assessed by flow cytometry on bulk CD8+ T cells. Study C, the 

proportion of NKG2D+CD8+ T cells in CCl4-treated mice (in red) and control mice (in blue) 

(n=18). Data are presented as (±SD), statistical analysis determined using (*p<0.05, or **p<0.001) 

a two-tailed unpaired Students’ t-test to compare CCl4-treated mice vs. control mice. 
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3.4. CD8+ T cell function following liver fibrosis regression  

3.4.a. Cytolytic molecules induction in advanced liver fibrosis: 4-7 weeks post CCl4 cessation 

In this project we report that liver fibrosis in the CCl4 model can regress within 4 weeks 

following the removal of the liver insult. Therefore, we sought to determine whether CD8+ T cell 

hyperfunction was sustained following fibrosis regression. This was addressed in experiment E. 

After inducing advanced fibrosis in mice, treatment was discontinued in some mice at week 16, 

and CD8+ T cell function was assessed after 4 and 7 weeks. Four weeks post-CCl4 cessation, 

following in vitro stimulation, no statistical significance was observed in the proportion of 

CD107a+ bulk CD8+ T cells among with or without continuation or in controls. However, it was 

significantly detectable on bulk CD8+ T cells in female mice with the ongoing treatment of CCl4 

p= 0.04. Seven weeks post-CCl4 cessation, significant changes were observed in the detection of 

CD107a+ on peripheral CD8+ T cells in fibrotic mice with or without CCl4 continuation compared 

to controls in both sexes. These results of maintained elevation of the degranulation CD107a+ on 

circulating CD8+ T cells were seen in HCV+ individuals with advanced liver fibrosis (F3/4) 

compared to minimal fibrosis (F1/2) long after SVR, showing the long term of chronic liver 

diseases and advanced liver fibrosis are associated with hyperfunction of CD107a+ on bulk CD8+ 

cells regardless of liver etiology. 
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Figure 16. Hyperfunctional CD107a+ CD8+ T cells with liver fibrosis regression.  

CD8+ T cell functions were assessed at weeks19 and 21 after some mice stopped receiving the 

liver insult (CCl4). A. 4 and 7-weeks post-cessation, B. Sex effect (4 weeks post-cessation) C.  Sex 

effect (7 weeks post-cessation). Isolated PBMCs were stimulated anti-CD3/CD28 antibodies for 

48 hours, then labeled with the functional marker of CD107a+ CD8+ T cells and assessed by flow 

cytometry. The proportion of CD107a+ CD8+ T cells in control (in black), stopped-CCl4 mice (in 

blue), and continued-CCl4 mice (in red). Data are presented as (±SD), statistical analysis 

determined using (*p<0.05, or **p<0.001) a two-tailed unpaired Students’ t-test to compare CCl4-

treated mice vs. control mice. 
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Four weeks post-CCl4 cessation after in vitro stimulation, induction of GrzB+ in CD8+ T 

cells was higher in mice treated with CCl4- treatment, regardless of treatment cessation, compared 

to controls in both sexes. However, there was no significant difference between the mice that were 

continuously treated with CCl4 and those in which treatment was stopped, which might be due to 

the high degree of individual variation (Fig. 17A). When the data was divided based on sex, there 

was a clear sex effect in terms of GrzB+ production on bulk CD8+ T cells. There was a general 

trend towards increased GrzB+ CD8+ T cells in males and  the expression of GrzB+ on circulating 

CD8+ T cells was trending in mice with continuous CCl4 treatment than in the controls (p=0.07). 

GrzB+ expression was also towards increasing in continuously CCl4-treated compared to the 

stopped-CCl4-treated male mice, while there was no difference between the mice with stopped-

CCl4 treatment and the control male mice (Fig. 17B). In females, on the other hand, there was a 

dramatic increase in the expression of GrzB+ CD8+ T cells in mice with continuous CCl4 treatment 

compared to the controls (p> 0.001). For the mice with stopped-CCl4 treatment, however, there 

was a significant reduction compared to the controls and mice with continuous-CCl4 treatment four 

weeks post-CCl4 cessation (p> 0.001, and 0.001 respectively) (Fig. 17B). This elevated production 

of GrzB+ was not detected and returned to control levels seven weeks post-CCl4 cessation and 

continuation (Fig.  17A, C). This indicates that chronic liver insults (up to 19 weeks of treatment) 

can result in the sustained tendency to over express GrzB+ on stimulated CD8+ T cells in the 

circulation with ongoing liver insult and significantly less with the removal of the liver insult , and 

this effect is more evident in female mice. 
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Figure 17. Sustained GrzB+ hyperfunction in bulk CD8+ T cells after liver fibrosis 

regression.  

CD8+ T cell functions were assessed at weeks 19 and 21 after some mice stopped receiving the 

liver insult (CCl4). A. 4 and 7-weeks post-cessation, B. Sex effect (4 weeks post-cessation) C.  Sex 

effect (7 weeks post-cessation). Isolated PBMCs were stimulated anti-CD3/CD28 antibodies for 

48 hours, then labeled with the functional marker of GrzB+ CD8+ T cells and assessed by flow 

cytometry. The proportion of GrzB+ CD8+ T cells in control (in black), stopped-CCl4 mice (in 

blue), and continued-CCl4 mice (in red). Data are presented as (±SD), statistical analysis 

determined using (*p<0.05, or **p<0.001) a two-tailed unpaired Students’ t-test to compare CCl4-

treated mice vs. control mice. 
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3.4.a. Cytokine expression in advanced liver fibrosis: 4-7 weeks post CCl4-cessation 

After observing CD8+ T cell hyperfunction in the expression of IFN-𝛾+ in response to anti-

CD3/28 stimulation, we assessed its expression four and seven weeks post-CCl4 cessation. The 

proportion of IFN-𝛾+ CD8+ T cells significantly increased after in vitro stimulation. However, four 

weeks post-CCl4 cessation, there was no statistical significance in the expression of IFN-𝛾 on bulk 

CD8+ T cells among the three study groups (controls, CCl4- stopped, and continued) in both sexes 

(Fig. 18 A, B). This is unexpected as we had the best of intentions that the liver would regress, and 

we still did not  see the hyperfunction that was observed multiple times at the peak of liver fibrosis 

(week 12-14) (Fig. 6). However, seven weeks post-CCl4 cessation, the proportion of IFN-𝛾+ CD8+ 

T cells were not statistically different in the continuous-CCl4 fibrotic mice compared to both the 

CCl4-cessation mice and the controls. Meanwhile CCl4-cessation resulted in significantly more 

IFN-𝛾+ CD8+ T cells compared to the controls (p>0.04), and it is more outstanding in males (Fig. 

18 A, C). This long-lasting hyper-functionality of IFN-𝛾+ seven weeks post-CCl4 is similar to what 

the lab has shown in HCV-infected individuals with advanced liver fibrosis after treatment, 

indicating that chronic advanced liver fibrosis has a profound effect on IFN-𝛾+ bulk CD8+ T cells 

even after the removal of the liver insult.  
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Figure 18. Sustained IFN-𝜸+ hyperfunction in bulk CD8+ T cells after liver fibrosis 

regression.  

CD8+ T cell functions were assessed at weeks 19 and 21 after some mice stopped receiving the 

liver insult (CCl4). A. 4 and 7-weeks post-cessation, B. Sex effect (4 weeks post-cessation) C.  Sex 

effect (7 weeks post-cessation). Isolated PBMCs were stimulated anti-CD3/CD28 antibodies for 

48 hours, then labeled with the functional marker of IFN-𝛾+ CD8+ T cells and assessed by flow 

cytometry. The proportion of IFN-𝛾+ CD8+ T cells in control (in black), stopped-CCl4 mice (in 

blue), and continuous-CCl4 mice (in red). Data are presented as (±SD), statistical analysis 

determined using (*p<0.05, or **p<0.001) a two-tailed unpaired Students’ t-test to compare CCl4-

treated mice vs. control mice. 



 

 78 

3.5 Immune response in vivo 

3.6.a. Tumor growth in advanced liver fibrosis  

Individuals with advanced liver fibrosis are at high risk of cancer and negative outcomes, 

and their specific response are impaired that systemic CD8+ T cell hyperfunction is associated with 

impaired immunosurveillance. After demonstrating the hyperfunction of CD8+ T cell responses in 

advanced liver fibrosis, we investigated if this dysfunction reflected a poorer CD8+ T cell response 

in vivo. MC38 cancer cells were used in this model as they are  known to be mediated by robust 

CD8+ T cell responses70. The MC38 cancer cells are derived from grade III adenocarcinoma 

induced chemically in females C57BL/6 mice 21; therefore, these studies were conducted 

exclusively on female mice. 

To determine if systemic generalized CD8+ T cell hyperfunction in advanced liver fibrosis 

affected the response to a tumor challenge, in study B (female mice), once CD8+ T cells 

hyperfunction was evident at week 12, mice were challenged with a low dose of MC38 tumor cell 

lines (1 x 105 cells in 100ul PBS) at week 16 and 4 weeks post-CCl4 continuation. Once palpable, 

tumor growth was measured every two days until mice reached the endpoint (tumor size: ≈15 

mm).  

When CD8+ T cell hyperfunction was observed at the peak of liver fibrosis, we also 

evaluated tumor growth in the context of liver fibrosis progression and regression, so some mice 

stopped receiving CCl4 while others kept receiving the hepatotoxic treatment. Four weeks post-

CCl4 cessation, mice were challenged with the same dose of MC38 tumor cells (1 x 105 cells in 

100ul PBS). Tumors were detectable after ≈10 days, and the growth in fibrotic mice after CCl4 

cessation was bigger (volume = ≈50 mm3) compared to the controls (volume = ≈5 mm3) (Fig. 
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19B). However, tumor growth was significantly greater in CCl4-treated mice with continuation 

compared to the controls (p<0.05). This suggests that advanced liver fibrosis and its systemic CD8+ 

T cell hyperfunction is associated with an impaired response to tumors through an as  yet unknown 

mechanism. This impaired response is sustained somewhat following liver insult removal, yet 

constant liver insult exacerbates this association.  

Mice were also challenged with more cells of the MC38 cancer cell line (3 x 105) at the 

peak of liver fibrosis (week 12), resulting in similar tumor growth between CCl4-treated mice and 

the controls. With a threefold dose, tumors grew within seven days, which was faster than the 

lower dose. Tumor size was twofold bigger (volume = ≈80 mm3) in all CCl4-treated mice (n = 5) 

compared to the controls (volume = ≈40 mm3), but with no statistical significance due to the 

variation within the control group (Fig. 20 D). These data confirm what we have seen in our 

previous experiments, namely and that advanced liver fibrosis impairs specific immune responses 

mediated by CD8+ T cells, resulting in rapid tumor growth. 
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Figure 19. Tumor growth in advanced liver fibrosis following CCl4 continuation and 

cessation.  

A. Schematic experimental design of tumor implantation in murine model of liver fibrosis. Mice 

underwent the standard CCl4/oil treatment regimen (Fig. 2A) for up to 12-16 weeks. Mice were 

assessed for responses to tumors either with implantation at ai) week 12: the peak of liver fibrosis 

at week ≈12, or at aii) week 16: after 4 weeks of CCl4 continuation or cessation and when CD8+ 

T cells were hyperfunctional. Mice were challenged with MC38 a colon adenocarcinoma cell line 

subcutaneously (s.c. in the right flank of the abdomen with 1x105, 3x105, or 1x106 cells, at the peak 

of liver fibrosis week 12 (studies B, C, and F). In different studies, treated mice were divided into 

two groups with CCl4 continuation or stoppage up to 16 or 20 weeks, (studies B, and D 

respectively) and then challenged with MC38 cancer cells. B. CCl4 cessation, C. CCl4 

continuation. Female mice were injected with MC38 (1x 105) cells at the peak of liver fibrosis 

(week 12). Tumor growth was bigger in stopped-CCl4 mice (in red) than in the control (in black), 

and it was greater in continuous-CCl4 mice (in red) than stopped-CCl4. D. A higher dose (3 x 105) 

of MC38 cells was injected in female mice at the peak of liver fibrosis (week 12). Data are 

presented as (mean ±SEM), statistical analysis determined using (*p<0.05, or **p<0.001) a two 

way ANOVA to compare tumor volume in CCl4-treated mice vs. control mice.   
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3.6.b. Immune checkpoint blockade in advanced liver fibrosis  

To evaluate responses to immunotherapy,  a high dose tumor challenge was conducted. 

Tumor measurement confirmed that a dose of 1 x 106 cells of MC38 resulted in an equivalent 

growth and size of tumors in both the controls and CCl4-treated mice, thereby facilitating the 

comparison of responses to immunotherapy. With the highest dose of MC38 cancer cells (1 x 106), 

five days post-implantation, tumors grew rapidly in both CCl4-treated mice and the control mice, 

reaching almost the same size (volume ≈75 mm3). Then, both groups of mice were injected with 

the immunotherapy (anti-PD1 + anti-CTLA-4 antibodies) every two days for a total of three-

injections. The response to the checkpoint inhibitors in the control group (four  mice) started after 

the second injection of the immunotherapy. After the completion of the immunotherapy injections, 

the tumor size was reduced and nearly undetectable 16 days post-implantation, after the 

completion of the immunotherapy injections. In CCl4-treated mice, however, there was a delayed 

response to PD-1+CTLA-4 antibodies, with tumor size regressing only after the 3rd injections. 

Moreover, by the experimental endpoint, 16 days post-implantation, the tumor volume reduced to 

≈25 mm3 in fibrotic mice. This suggests that advanced liver fibrosis and its systemic CD8+ 

dysfunction is associated not only with impaired control of tumor growth but also delayed 

responses to immunotherapy (Fig. 20).  
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Figure 20. Sustained liver insult accelerates ectopic tumor growth.  

When tumor size and volume (≈75 mm3) were similar, CCl4- treated mice (n=5) and control mice 

(n=4) were injected with anti-PD1 + anti-CTLA-4 checkpoint inhibitor antibodies every two days 

with three injections total. While the control mice responded to the immunotherapy after the first 

injection, there were delayed response in CCl4- treated mice. 
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CHAPTER 4: DISCUSSION 

We have developed a CCl4-induced murine model of advanced liver fibrosis to investigate 

the phenotype and functions of circulating CD8+ T cells.  Our data show that we can successfully 

induce advanced fibrosis in the C57BL/6 strain and that this is reversible within four-weeks of 

CCl4 cessation. In addition, peripheral CD8+ T cells are hyperfunctional in this model, which 

characterized by elevated induction of IFN-𝛾+ and GrzB+ CD8+ T cells in circulation as well as 

their subsets, particularly naïve and central memory CD8+ T cells. As we have shown in our CCl4-

treated mouse model, this hyperfunctional  state is a hallmark of impaired CD8+ T cell functions, 

resulting in poor responses to tumor growth and immunotherapy in vivo in comparison to controls; 

moreover, it is worse with ongoing liver insult.   

4.1. Inducing advanced liver fibrosis in C57BL/6 murine model  

Liver fibrosis was induced in mice by administrating the hepatotoxin CCl4 (1.0 ml/kg) in 

C57BL/6 mice (i.p.) for up to 12-16 weeks as previously described93, and mice were able to handle 

this long-term treatment without any significant mortality (32 weeks). We used the C57BL/6 strain 

of mice due to the availability of many transgenic lines that would allow us to conduct more 

mechanistic studies in the future. Although some literature indicated the C57BL/6 mouse strain 

develops a mild to intermediate fibrosis severity in response to CCl4 treatment for up to 8-12 

weeks26,55,93,113, we found advanced liver fibrosis can be induced in C57BL/6 mice in both sexes, 

and all mice achieved advanced liver fibrosis (F3/4) after this prolonged treatment period. 

Furthermore, treated mice developed advanced fibrosis tolerably and consistently across six 

independent studies conducted in this thesis research project.  
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Liver fibrosis regression was also measured in this model in two independent studies, one 

with female mice and the other with male and female mice. With 12 weeks of exposure to the 

hepatotoxin, followed by four-weeks of CCl4 cessation, it was evident liver fibrosis severity 

reversed to minimal levels (F1), while fibrosis severity was maintained with continued exposure 

to the liver insult (F3/4). It is also worth noting that these results were observed in females as well 

as males. This data is consistent with a report in rats that showed spontaneous recovery from CCl4-

induced liver fibrosis after cessation within 28 days, marked by decreased levels of collagen, 

fibrotic tissue degranulation, and increased apoptosis of activated HSCs in the liver40. Our results 

indicate that advanced fibrosis in this strain of mice (C57BL/6) is reversible within four weeks 

after administrating CCl4 for 12 weeks. However, in study E, when male and female mice were 

treated for prolonged periods of time with the hepatotoxin (16 weeks) and livers were collected at 

8-16 weeks post CCl4 cessation and continuation, sex differences were observed in terms of liver 

fibrosis regression. In this study, liver fibrosis significantly regressed to F1 in three out of four 

male mice. In contrast, fibrosis severity remained intermediate in half of the female mice with F2 

(n=2) or F3 (n=2) 8-16 weeks after the removal of the liver insult. It is difficult to explain why 

fibrosis severity was still higher in female mice after CCl4 cessation than male mice in the same 

study or the previous one, where advanced fibrosis was regressed in females to control levels 

(study B). Nevertheless, this persisted fibrosis in females (study E) might be because of the 

prolonged period of exposure to CCl4, where mice were administered CCl4 for longer than 12 -

weeks. It has been proposed that the reversibility of cirrhosis depends on the level of fibrotic matrix 

in advanced or end-stage cirrhotic liver tissue in CCl4 -induced fibrosis in the rat model. 

Specifically, the remodelling of liver tissue following cirrhosis in rats administered CCl4 for eight 

weeks is histologically different (early micronodular) compared to those treated for 12 weeks 
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(micronodular) up to 366 days post CCl4 cessation. Moreover, the recovery from cirrhosis in rats 

administered CCl4 for up to 12 weeks is incomplete after 366-days after CCl4-cessation41. In 

humans, fibrosis/cirrhosis regression depends on the severity of fibrosis and the time of viral 

elimination. For instance, there is a possibility for cirrhotic compensated patients with HCV 

infection to regress to F3, but it is irreversible in decompensated cirrhosis, stromal patients with 

vascular alteration29.  

Moreover, in study E, with CCl4 continuation for up to 16 weeks, we show for the first 

time the novelty of this CCl4 murine model in terms of handling the hepatotoxin (1 ml/kg 

twice/week) to induce advanced liver fibrosis while tolerating the hepatotoxin for extended periods 

of time (~30 weeks) without any observation of morbidity or mortality. Previous studies indicated 

increased mortality and differences in weight gains in rats between the CCl4-treated group and the 

controls1,24.  

4.2. Associated hyperfunctional CD8+ T cells with advanced liver fibrosis 

CD8+ T cells play a crucial role in cell-mediated antiviral response to HCV 

infection108,115,79,78; however, it is not known yet why the majority of HCV+ individuals fail in the 

clearance of the virus. The impairment and terminal exhaustion of HCV-specific CD8+ T cell 

responses  has been reported in several liver diseases, particularly in HCV+ individuals115. While 

many publications have focused on HCV-infected individuals with minimal liver fibrosis, some 

have reported immune cell dysfunction in HCV infection with cirrhosis62,13. Furthermore, we and 

others have reported generalized CD8+ T cell hyperfunction in HCV+ infection with advanced 

fibrosis111,2. This project showed that circulating CD8+ T cell functions at the peak of CCl4-induced 

liver fibrosis in mice were marked by elevated IFN-𝛾+ and GrzB+ bulk CD8+ T cells. This elevation 

was observed after 12 weeks of CCl4 treatment compared to the control mice, yet no significant 
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changes were observed in earlier weeks of treatment, except for one study showing high induction 

of GrzB+. These results were seen repeatedly in six independent studies, suggesting a strong 

association between bulk CD8+ T cell hyperfunction and advanced liver fibrosis though the 

mechanisms are still unknown. Similarly, in a CCl4-induced cirrhosis rat model, a general 

activation of monocytes, B and T cells, an alteration in the phenotype of circulating T cells in 

cirrhotic rats after 12-18 weeks of the exposure to CCl4, as well as a significant elevation in the 

production of IFN-𝛾+ on circulating T helper cells upon activation in cirrhotic rats was observed. 

Also, there was an elevation in the induction of pro-inflammatory TNF-𝛼 on monocytes and DCs 

in cirrhotic mice compared to the controls rats118,72,71. These data suggest chronic liver insult-

induced cirrhosis is associated with dysfunctional innate and adaptive immune cells that 

compromise the host immune system. 

4.3. CD8+ T cell subsets contributing to immune hyperfunction in advanced liver fibrosis  

 We investigated the function of CD8+ T cell subsets in a murine model of advanced liver 

fibrosis. Interestingly, we found that naïve and central memory CD8+ T cells were the most 

contributing subsets in circulating CD8+ T cell hyperfunction in advanced liver fibrosis. Reported 

initially in 2015, there was an alteration in the phenotyping of naïve and memory-like bulk CD8+ 

T cells in chronic HCV-infected individuals in comparison to healthy or treated individuals who 

were, hyperactive to TCR signalling2.  The Crawley lab also reported pronounced hyperfunction 

in naïve CD8+ T cells in humans111. Specifically, there was an elevation in the production of the 

pro-inflammatory IFN-𝛾+ and the degranulation marker CD107a+ CD8+ T cells in chronic HCV-

infected individuals with advanced liver fibrosis after DAA treatment. This hyperactivation of 

non-specific T cells in chronic liver disease implies biological “distraction” for circulating immune 

cells, resulting in impaired immune responses against antigen-specific HCV infection and tumors. 
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Therefore, advanced liver fibrosis has a negative impact on CD8+ T cell functions, specifically 

naïve CD8+ T cells. However, the mechanisms of this activation need to be elucidated more in the 

future.  

 The Crawley lab has reported the influence of the liver stage on circulating CD8+ T cell 

functions in HCV infection. In 2016, an association was shown between anti-apoptotic molecule 

Bcl-2 expression and liver fibrosis severity in response to IL-7 stimulation, wherein HCV-infected 

individuals with advanced liver fibrosis (F3/4) produced significantly less Bcl-2 compared to those 

with minimal fibrosis (F1/2)92. In 2019, it was reported that non-specific CD8+ T cells were 

hyperfunctional in HCV patients with advanced liver fibrosis compared to minimal fibrosis, 

marked by significant expression of IFN-𝛾+, CD107a+, and perforin. Notably, this phenomenon of 

hyperfunction remained even after DAA treatment. Moreover, preliminary RNA-sequencing 

analyses in the lab indicate significant differences in expression of over 400 genes after stimulation 

of bulk CD8+ T-cells in vitro in treated-naïve HCV-infected individuals with minimal liver fibrosis 

in comparison to cirrhotic individuals, suggesting the link between the severity of liver fibrosis 

and CD8+ T cell gene expression patterns. Those genes were involved in apoptosis, cell cycling, 

metabolism, replication, and activation. The pattern of those gene expressions was persistent post 

antiviral therapy, confirming that chronic HCV infection with cirrhosis results in long-lasting 

dysfunctional CD8+ T cells. According to unpublished data, the hyperfuntional IFN-𝛾+, and GrzB+ 

CD8+ T cells in HCV-infected individuals with advanced liver fibrosis are showing signs of 

apoptosis as measured by Caspase 3 and Annexin-V detection following treatment with apoptosis-

inducing Fas ligand (Crawley, unpublished). This supports previous reports that HCV infection is 

associated with increased apoptosis of hepatocytes and HCV-specific CD8 T cells as well as 

apoptosis of activated peripheral B, CD4+ and CD8+ T cells 39,20,61.  
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4.4. Activation markers of CD8 T cells in advanced liver fibrosis  

It is well documented that activation and inhibitory markers highly regulate CD8+ T cell 

responses against viral infection, particularly HCV infection. Nakamoto et al. reported that 

HCV-specific cytotoxic T lymphocytes in circulation showed an elevation of inhibitory receptors 

such as PD-1 and CTLA-474. However, in our model of advanced liver fibrosis, we did not observe 

any change in PD-1 expression in bulk CD8+ T cells between the CCl4-treated mice and the 

controls. This was confirmed in a recent study that showed no elevation of exhaustion markers on 

bulk T populations in HCV individuals with advanced liver fibrosis76.  

 The activation marker NKG2D is induced on the surface of cytotoxic CD8+ T cells in 

response to stressors or following TCR activation84. NKG2D acts as a CD28 co-stimulatory 

receptor to boost T cell function upon TCR activation42. NKG2D ligands are expressed on many 

tumor cell lines, and they mediate immune surveillance of melanoma, suggesting the involvement 

of the NKG2D receptor in anti-tumor immunity. NKG2D expression was assessed in our model 

of advanced liver fibrosis, and was significantly and unexpectedly lower in CCl4-treated mice upon 

in vitro TCR stimulation compared to the control mice. This significant reduction in fibrotic mice 

was seen repeatedly in a few studies. It was reported that downregulated NKG2D expression was 

also observed on circulating CD8+ T cells in gastric cancer patients compared to the controls, and 

this is further associated with CD8+ T cell impairment against tumors77. It was also shown that 

NKG2D ligand plays a role in restoring CD8+ T cells functions in the absence of helper T cells84. 

In a recent study, tumor growth was significantly reduced in mice by targeting NKG2D+ T cells, 

suggesting the use of NKG2D signalling as a new immunotherapeutic due to its wide expression 

on malignancies19. These results of significantly reduced NKG2D expression on circulating CD8+ 
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T cells may be used as a hallmark of dysfunctional and impaired CD8+ T cells in advanced liver 

fibrosis, yet the mechanisms are still not known. 

4.5. Sustained hyperfunction of CD8+ T cell in severe fibrosis after liver insult removal  

Liver fibrosis in HCV+ infected individuals might or might not regress, depending on the 

severity. Those with low severity are more likely to regress to F1, while other with advanced liver 

fibrosis or cirrhotic-infected individuals with HCV may not experience any improvement at all 73. 

It was shown in a previous report that HCV+ individuals with advanced liver fibrosis had 

hyperfunctional bulk CD8+ T cells compared to those with minimal fibrosis, and that this is long-

lasting even after DAA antiviral therapy. To be specific, the proportion of IFN-𝛾, CD107a, and 

perforin remained significantly elevated in those with advanced fibrosis in comparison with 

minimal and healthy donors111. In the CCl4 mouse model, liver fibrosis regressed from F3/4 to 

F1/2, compared to the control mice within four weeks, and interestingly, CD8+ T cells remained 

hyperfunctional long after CCl4 cessation, expressing a high percentage of GrzB+, IFN-𝛾+, and 

CD107a+ CD8+ T cells in CCl4-treated mice eight weeks post-cessation. This implies that the 

impact of chronic liver insult results in long-lasting hyperfunctional bulk CD8+ T cells. In chronic 

LCMV infection in mice, it was reported that exhausted T cell subsets had a distinct transcriptional 

and epigenetic landscape and because they were terminally dysfunctional and genetically 

imprinted, they failed in the response against viral infection and cancer growth.  Therefore, 

prolonged exposure to liver insult results in sustained hyperfunctional CD8+ T cells, particularly 

in GrzB expression, degranulation, and activation, and this hyper-functionality may not be 

reversible in mice or humans. This mimics the retention of CD8+ T cell hyperfunction observed in 

DAA-treated HCV+ individuals with cirrhosis, implying cirrhotic individuals are at elevated risk 

of having poor immune responses.  
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4.6. Sex differences in a mouse model of advanced liver fibrosis 

Sex effects have been reported in several liver diseases such as NAFLD91, HBV38, 

HCV52,8,83, and HCC117. It has been reported that the rate of liver fibrosis progression in women is 

ten times less than in men22. In our mouse models, the initial hyperfunction of CD8+ T cells was 

observed and conducted in females. When a small group of males was included in the preceding 

experiment, some previously reported differences were seen, suggesting sex effects in this murine 

model7. For the first time, we closely studied the sex effect  in the CCl4-induced advanced liver 

fibrosis model. In terms of body weight, both sexes briefly lost less than 10% of their body weight 

when the CCl4 treatment was initiated. However ,while there was a slight, transient drop in the 

bodyweight of female CCl4-treated mice at weeks two to three.. The female mice regained weight 

to equal that of the controls. Male CCl4-treated mice, however, started to lose weight slightly at 

weeks six, and did not regain weight to control levels over time though they did yet continue to 

gain weight at the same rate. The initial signs of hyperfunction of CD8+ T cells observed in this 

model were conducted in females. When a small group of males was included in the previous 

study, some differences between the sexes were observed, suggesting there are sex effects in this 

murine model. We found some changes in the hyperfunctional CD8+ T cells in terms of sex effect, 

wherein the induction of GrzB+ cells was significantly higher in fibrotic female mice but not in 

males. On the other hand, IFN-𝛾+ production in male mice that stopped receiving CCl4 was greater 

than the controls. The pathology analyses of all mice in these studies confirmed that there are no 

differences in liver fibrosis progression and the severity of fibrosis between the sexes. However, 

only study E showed fibrosis regression might be faster in males than females. Nevertheless, it is 

still challenging to determine the association between sex and the degree of CD8+ T cell 

hyperfunctions in mice with advanced liver fibrosis because although we did the experiment twice, 
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the data did not agree. The data implies there might be some effects, so further study is needed to 

understand sex effects in liver diseases better.  

4.7. Tumor growth in advanced liver fibrosis  

 We measured the response of hyperfunctional CD8+ T cells to tumor growth and 

immunotherapy in CCl4-induced advanced liver fibrosis in vivo in mice. We showed that tumor 

out-growth was more rapid in fibrotic mice compared to the controls, and it was significantly 

greater in continued CCl4 mice compared to those after CCl4 cessation. As discussed earlier, as a 

consequence of chronic liver fibrosis, CD8+ T cell hyperfunction shows abnormal functions, 

characterized by high induction of pro-inflammatory cytokines and significant reduction of 

activation markers, which suggests these cells are impaired. Tumor growth strongly indicates that 

severe fibrosis not only has a negative impact on host immune response, resulting in larger and 

faster tumor growth, but also that a state of CD8+ T cells hyperfunction is associated with cancer 

growth in fibrotic mice through unknown mechanisms. Moreover, continued liver insult 

exacerbates this association, particularly in cirrhotic HCV-infected individuals who are at the 

highest risk of having HCC. These data confirm that individuals with advanced liver fibrosis might 

suffer such impaired specific immune responses mediated by CD8+ T cells resulting in rapid tumor 

growth and delayed response to immunotherapy.  

To conclude, our project of advanced liver fibrosis murine model shows that cytotoxic 

CD8+ T cells are hyperfunctional marked by elevated induction of IFN-𝛾 and GrzB in the 

circulation in liver-insult induced liver fibrosis. This indicates the association between the stage of 

liver fibrosis and CD8+ T cell hyperfunction, which is a hallmark of dysregulated immune cells. 

This associated dysregulation of immune cells with advanced liver fibrosis has been reported by 

our lab and others in cirrhotic individuals with HCV infection even after being cured with antiviral 
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therapy. This highlights the severe consequences of immunodeficiency and liver complications 

such as liver decompaction, hepatocellular carcinoma, liver failure or death that cirrhotic HCV-

infected individuals might suffer. Furthermore, we showed these dysregulated CD8+ T cells failed 

in the clearance of tumor cells and poor responses to immunotherapy. This implies that advanced 

fibrosis impacts not only the immune responses of individuals with HCV infection but also that 

they face a high risk of impaired specific immune responses to co-infection or hepatocellular 

carcinoma. This might explain why some individuals with chronic liver diseases are poor 

candidates for immunotherapy unless we can find a way to restore their immunity.  
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CHAPTER 5: FUTURE DIRECTIONS  

In this project, we established advanced liver fibrosis in a C57BL/6 murine model of 

hepatotoxin-mediated chronic liver injury, to assess the responsiveness of peripheral CD8+ T cells 

during fibrosis progression and at the peak of liver disease severity. Our most important findings 

are that circulating CD8+ T cells are hyperfunctional, marked byelevated IFN-𝛾 and GrzB 

expression in advanced liver fibrosis compared to the controls. More interestingly, naïve and 

central memory CD8+ T cells were significant contributors to this hyperfunction. It is unknown 

yet whether this phenomenon would be replicated in aetiologies of advanced chronic liver disease 

such as those with fatty liver disease. Moreover, it is questionable whether these hyperfunctioanl 

CD8+ T cells are still proliferative when triggered by antigen exposure and an immune response, 

particularly given the outcomes of the tumour challenge in this study. This can be addressed by 

conducting in vitro proliferation assays of cytotoxic CD8+ T cells after 12 weeks of treatment with 

the hepatotoxin CCl4. Elevated markers of apoptosis in CD8+ T cell has been reported in chronic 

diseases such as HBV, HCV, and HIV39,20,61. It would be valuable to observe whether these 

hyperfunctional CD8+ T cells are also apoptotic and dying in our murine model of advanced liver 

fibrosis.  

 If we find that CD8+ T cells are less proliferative in fibrotic mice as expected, then we 

could adjust the panel and add some exhaustion markers to study whether those hyperfunctional T 

cells are also exhausted using additional markers alongside PD-1. For example, add exhaustion 

markers CD39 and Tim3 while removing markers from the current panel in which no changes 

between treated mice and the controls were observed (e.g. CD107a, NKG2D, TNF-𝛼). Exhaustion 

markers can be a potential strategy to restore T cell functions in chronic liver disease. Moreover, 
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it is possible to study other functions, activation, or phenotyping markers of CD8+ T cells in the 

future by adding markers of interest to the panel.  

We and others reported liver fibrosis regression in a CCl4-induced advanced fibrosis 

murine model after 12 weeks of the treatment. However, another unexpected finding was the sex 

difference in liver fibrosis regression after a prolonged period of 8-16 weeks post liver insult 

cessation. Unlike an earlier study in which advanced liver fibrosis was reversed to F1 in females 

four weeks post CCl4 cessation, in larger cohort of mice, we found advanced fibrosis persisted in 

females after 8-16 weeks post liver insult removal compared to the controls and males. This 

suggests longer periods of liver insult results in irreversible severe fibrosis. However, we did not 

do this experiment more than once and it was limited by a small number of mice. It would be 

interesting to repeat it in a larger number of mice to confirm this finding.  

The use of the CCl4 model has some limitations that should be acknowledged. The duration 

of establishing fibrosis in this model, taking around 8-12 weeks to induce advanced fibrosis in 

mice, prevents us from addressing some research questions in isolation. Due to a shortage of time 

and the number of mice, we tried to address two research questions simultaneously, assessing 

fibrosis regression and tumor growth in an advanced liver fibrosis model. Although we did our 

best to evaluate fibrosis regression after tumor implantation, livers were harvested when mice 

reached the end point (i.e. peak tumor volume), so some livers had a longer time to reverse than 

others. Therefore, it would be better in the future if all livers were collected and scored at the same 

time to eliminate any unnecessary variations.  

Sustained hyperfunction of CD8+ T cell in advanced liver fibrosis eight weeks post liver 

insult removal is an important aspect in this project of CCl4-induced advanced liver fibrosis. This 

was after mice were treated with CCl4 for 19 - 21 weeks. However, if we had more mice, it would 
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have been better to first study whether the hyperfunction of CD8+ T cells is reversible once it was 

observed at week 12 of the CCl4 treatment. For instance, mice could be bled two- and four-weeks 

post CCl4-continuation or cessation to determine how long the state of hyperfunctional CD8+ T 

cells would last with and without the hepatotoxin. Then, we could aim for longer periods with the 

treatment. It might show whether chronic liver insult results in long lasting dysfunctional CD8+ T 

cells, or not. Such information will build our knowledge about our mouse model of advanced 

fibrosis and chronic liver disease. 

Hyperfunction of CD8+ T cells is a hallmark of immune cell dysregulation in advanced 

liver fibrosis. Our research showed that dysfunctional CD8+ T cells were not able to control tumor 

growth in vivo; additionally, the responses to immunotherapy were poor in our model of advanced 

liver fibrosis compared to the controls. Indeed, sex differences have been a struggle in studying 

tumor growth in vivo in the murine model of advanced fibrosis.  In our preliminary data, we used 

the MC38 tumor cell line, which was originally derived from a female mouse in a cohort of female 

mice and the results showed a clear difference in tumor growth between CCl4-treated mice and the 

controls. However, when we had another cohort of mice of both sexes, the difference of tumor 

growth between the two groups was affected, and we speculate that this is due to the tumor cell 

line used. We tried to use a male-derived B16F10 tumor cell line, but the result was not as 

noticeable as it was in females. Since these are two completely different cell lines, more 

optimization for the B16F10 cell line is required to adequately evaluate any potential sex effects 

in this model.  
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