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Abstract

Hepatocellular carcinoma (HCC) is the third most lethal cancer and sixth most commonly
diagnosed cancer worldwide. The landscape of advanced HCC treatments has been evolving
rapidly in recent years. Systemic therapies have emerged from single-agent treatment
combined with immune checkpoint inhibitors (ICIs) and molecular-targeted therapies such as
atezolizumab-bevacizumab or durvalumab-tremelimumab. Although ICIs demonstrate
tremendous promise for the treatment of HCC patients, their response rates are modest (~15%).
This highlights the urgent need for identifying effective biomarkers to predict patient response.

Therefore, understanding the immune evasive mechanism of HCC is urgently needed.

Increasing evidence indicates that oncogenic pathway activation is associated with generating
an unfavourable tumour microenvironment with consequent immunotherapy resistance. Our
study identified a critical oncogenic KRAS (Kirsten rat sarcoma viral oncogene homolog)
signalling pathway involved in immune evasion in an antigen-expressing c-Myc®F /Tp53K0
HCC mouse model by data-independent acquisition mass spectrometry (DIA-MS) proteomics.
We identified that wild-type Kras was highly upregulated in immune-escaped tumours, with
concurrent activation of its ligand-driven EGFR and its downstream MEK/ERK signalling.
Likewise, endogenous Kras overexpression in this model led to an increase in tumour burden
with shorter survival time of mice, implicating the regulatory role of KRAS signalling in
immune evasion. Clinically, wild-type Kras was overexpressed in HCC at both mRNA and

protein levels and associated with tumour recurrence and poorer patients’ survival.

Using single-cell RNA sequencing (scRNA-seq) analysis, we demonstrated that wild-type
KRAS hampered the recruitment of dendritic cells, leading to defective T-cell activity via
suppression of the interferon (IFN) responses. Activation of KRAS/MEK/ERK signalling
impaired HCC recognition by T cells via downregulation of major histocompatibility complex
class I (MHC-I)-driven antigen presentation. To elucidate the underlying molecular
mechanisms, we employed a novel in vivo CRISPR/Cas9 system targeting MEK1/2, a
downstream effector of KRAS. MEK1/2 knockout reversed the immunosuppressive effects of

wild-type KRAS, enhancing IFN responses, antigen presentation, and CD8" T cell recruitment.

Moreover, our study proposed a new combinational therapy targeting wild-type KRAS to

enhance immunotherapy efficacy in HCC. The combination therapy involving the KRAS
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inhibitor MRTX0902, MEK inhibitor trametinib, and anti-programmed cell death protein 1
(PD-1) treatment demonstrated increased intra-tumoral CD8" T cell infiltration and improved

survival outcomes.

This data, together with the observation showing upregulation of this signalling pathway in
PD-1-treated tumours, suggest a rational therapeutic strategy with a combination of KRAS

inhibitor with ICIs.

(384 words)
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Chapter 1. Introduction



1.1 Hepatocellular carcinoma (HCC)

The liver is an essential metabolic organ with a remarkable regenerative ability to sustain tissue
homeostasis. In addition to modulating carbohydrate, protein, and lipid metabolism, the liver
also removes waste products via bile production. Hepatocellular carcinoma (HCC) is the most
common type of liver cancer worldwide. It accounts for 75-85% of primary liver cancers, 90%
of which are associated with cirrhosis. When HCC develops, the liver fails to regenerate fully,

and aberrant liver tissues are not eliminated.

1.1.1 Epidemiology of HCC

HCC is the third leading cause of malignancy-related mortality (8.3%) and the sixth most
commonly diagnosed cancer worldwide. The incidence of HCC is the highest in Eastern Asia,
South-Eastern Asia, and Western Africa (Figure 1.1). With regard to gender, the incidence and
fatality rates of men are 2—3 times higher than those of women, with the highest prevalence in
the 45-60 years age group (Sung et al., 2021). In terms of global incidence, there are around
850,000 newly diagnosed HCC cases and over 830,000 deaths annually (Figure 1.2). The
prevalence of HCC in greater China alone accounts for about 50% and 45% of the global new
liver cancer cases and related deaths, respectively (Zou et al., 2022). In Hong Kong, liver cancer
is the third most lethal cancer (1530 reported cases), accounting for 10.3% of all cancer-related
deaths (Census and Statistics Department, 2022). A report from the International Agency for
Research on Cancer (2020) predicted that there would be more than a million cases of HCC by
2025.

Globally, Asian, elderly, and male populations are at the highest risk of HCC. However, the
epidemiology of HCC is changing progressively. In recent years, the success of hepatitis B
virus (HBV) vaccination and hepatitis C virus (HCV) antiviral treatment has resulted in a 20%
decrease in the incidence rate and reduced mortality rate in ‘traditional’ high-risk areas,
including Eastern Asia and Southeast Asia. Nevertheless, the prevalence of HCC and its related
deaths in European and North American countries are consistently increasing. This can be
attributed to the rapid development of non-alcoholic fatty liver disease (NAFLD) and non-
alcoholic steatohepatitis (NASH) due to high fat and sugar intake in dietary habits. HBV-
related HCC, which is prevalent in China, belongs to the proliferative subclass with poor

differentiation and highly aggressive features. In contrast, HCV-, alcoholic-, and NASH-



associated HCCs in the West are characterised by moderate to well-differentiated cancers with

low levels of vascular invasion.

The prognosis of HCC is poor, and most cases are detected at an advanced stage, resulting in
high morbidity and mortality rates (Golabi et al., 2017). According to the BRIDGE study,
approximately 9% and 55% of HCC cases in China were diagnosed at intermediate and
advanced stages, respectively. In North America, 14% and 12% of patients were diagnosed at

intermediate and advanced stages, respectively.
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1.1.2 Aetiology of HCC

Most cases of HCC arise from cirrhosis and chronic inflammation. The risk factors for HCC
can be classified into four main categories: chronic viral infection, chemical exposure,
metabolic syndrome, and chronic liver disease. Although the contribution of risk factors varies
among regions, HBV and HCV remain dominant risk factors for HCC. Alcoholic- and NASH-
related HCCs are becoming progressive risk factors for developing late-stage HCC. NAFLD is
a growing risk factor, affecting 25% of the global population, particularly in Western countries.
NAFLD is currently the leading cause of cirrhosis in the United States. About 20%-30% of
NAFLD proceeds to NASH. The global incidence of NASH-associated HCCs surpasses that
of HCV-related HCCs (25% versus 2.8%; Huang, El-Serag, & Loomba, 2021). Other risk
factors for HCC include aflatoxin B1 intake, alcohol abuse, aristolochic acid exposure, diabetes

mellitus, and tobacco use (Mohammadian et al., 2018).

1.1.2.1 Chronic viral infection

Chronic HBV, HCV, and hepatitis D (HDV) infections are the leading causes of HCC. Chronic
hepatic viral infection disrupts the host immune system and promotes HCC progression via
chronic inflammation, oxidative stress induction, and dysregulation of oncogenic signalling
pathways. Chronic inflammation produces reactive oxygen species (ROS) and
proinflammatory cytokines, which damage liver cells at genetic and metabolic levels, resulting

in cell death. Repeated cell death and regeneration cycles increase the chance of chromosomal



instability and genetic mutations in hepatocytes, such as Telomerase reverse transcriptase
(TERT) and B-catenin (CTNNBI), leading to HCC tumorigenesis. Viral proteins also activate
cell signalling pathways that mediate cell growth and division and inhibit tumour suppressor
genes and cell cycle checkpoints such as Tumour protein P53 (7P53) and retinoblastoma
protein. The most commonly dysregulated oncogenic signalling pathways include Nuclear
factor kappa-light-chain-enhancer of activated B cells (NF-xB), Wnt/B-catenin,
RAF/MEK/ERK, and PI3K/AKT/mTOR pathways.

1.1.2.2 Hepatitis B virus (HBV)

HBYV is a DNA virus transmitted vertically or through exposure to infectious blood or body
fluids. This can result in both acute and chronic infections. Chronic HBV infection contributes
to approximately 272,000 cases of HCC and 265,000 deaths. Approximately 3.5% of the global
population is infected with HBV, with a high prevalence in Eastern and South-Eastern Asia.
The lifetime risk of developing HCC in HBV carriers is 10 to 100-fold greater than that in non-
infected individuals, approximately 9.6% and 60.2% for HBV carriers with positive HBsAg
and double positivity for HBsAg and HBeAg, respectively.

HBV primarily affects the liver by integrating hepatitis B covalently closed DNA (ccDNA)
into the host hepatocyte genome and replication, leading to liver damage, fibrosis, and cirrhosis.
The principal mechanisms of HBV DNA integration in HCC progression include oncogene
activation, dysregulation of tumour suppressor genes, production of truncated HBV proteins,
and induction of chromosomal instability. The most frequently affected chromosomes include
chromosomes 8pll1, 10, and 17. Additionally, HBV integration can cause various genomic
alterations in the early and late stages of HCC. Whole genome sequencing revealed that
Synaptotagmin-12 (SY7'12), Glycine Amidinotransferase (GATM), and Fibronectin 1 (FNI) are
recurrent hotspots of early onset HBV-related HCCs, while Signal transducer and activator of
transcription 1 (STAT1), Albumin (ALB), Mixed-lineage leukaemia 4 (MLL4), and TERT are
commonly involved in the late-onset group (Yan et al., 2015). Cofactors, including
demographic characteristics, viral infections, and environmental conditions such as aflatoxin
exposure, diabetes, and obesity, also increase the risk of development among HBV carriers (EI-

Serag, 2012).

In recent decades, the incidence rates of HBV infection and associated HCC cases have been

alleviated owing to the success of universal HBV vaccination of newborns and effective



treatment (Lin & Kao, 2021). The WHO has established a global target of a 90% vaccination
rate to eradicate hepatitis B by 2030 (World Health Organisation., 2020). High-risk countries,
including China, Mongolia, and Vietnam, have achieved >90% coverage of the HBV
vaccination by 2020. In China, the Shanghai Hepatitis B Immunization Program has achieved
great success, reducing HCC prevalence by 49.2% and 51.9% in males and females
respectively (Yu et al.,, 2022). These findings prove that universal HBV vaccination in
newborns is feasible with high coverage rates and effectively prevents both HBV infection and

HCC in populations.

1.1.2.3 Hepatitis C virus (HCV)

HCV is a hepatotropic ribonucleic acid (RNA) virus. Hepatitis C affects approximately 1% of
the global population, with a high prevalence in Northern America and Europe (Sun et al.,
2021). Moreover, about 90 % of HCV-associated HCCs are preceded by liver cirrhosis, a risk
factor for HCC progression (Gallage et al., 2021). Unlike HBV, HCV does not integrate into
the host genome. The primary mechanisms of HCV in carcinogenesis involve persistent
inflammation; dysregulation of mitogenic, angiogenic, and metastatic pathways; oxidative
stress induction, and aberrant lipid metabolism. Currently, no vaccine is available for HCV.
The introduction of direct-acting antiviral therapy (DAA) has altered the scenario of HCV-
associated HCC. A sustained virologic response rate of over 90 % in DAA-treated HCV
carriers reflects the effective eradication of HCV and is associated with a significant decline in
the risk of HCC. Kanwal et al. (2017) reported that patients who developed sustained virologic
response after receiving DAA, regardless of the cirrhotic background, are associated with a
reduced risk for HCC compared to those who did not (0.9 vs 3.4 HCC per 100 person-years).
However, the risk of HCC remains high in patients with advanced cirrhosis after DAA therapy

and consistent HCC surveillance is required.

1.1.3 Molecular classification of HCC

HCC progression from cirrhosis involves a step-wise accumulation of somatic mutations and
copy number variations in driver genes. Recent advances in next-generation sequencing (NGS)
have enabled researchers to analyse genomes and identify driver gene mutations in HCC
(Figure 1.3). The primary driver alterations can be categorised into telomere maintenance
(TERT), cell cycle regulation (7P53, CDKNA2, CCNDI), Wnt/B-catenin pathway (CTNNBI,
AXINI), RTK/RAS/ERK, and PI3K/AKT/mTOR pathways (FGF19, VEGFA, RPS6KA3,
PIK3CA, KRAS, NRAS), oxidative stress (NFE2L2, KEAPI), and epigenetic modification

6



(ARID1A4, ARID?2). The most common driver gene is the reactivation of TERT, specifically in
its promoter region, which is observed in approximately 60% of early HCC cases. In addition,
some tumours show aberrant activation of the transforming growth factor- (TGF-p) pathway

or inactivating mutations in TGF-J related genes such as SPTBNI.

HCC was classified into ‘proliferative’ and ‘non-proliferative’ classes based on genetic,
epigenetic and phenotypic properties. The proliferative class (~50%) is associated with poorer
differentiation, aggressive tumours, frequent vascular invasion, and poor clinical outcomes. It
is characterised by HBV aetiology and the activation of RTK/RAS/ERK, PI3K/AKT/mTOR,
MET signalling, and chromosomal instability. The non-proliferative class (~50%) is associated
with alcohol- or HCV-related HCC and comprises less aggressive, heterogeneous, and
moderately differentiated tumours. Recent classifications by The Cancer Genome Atlas
(TCGA) network further divided the molecular landscape into three integrative clusters:
iCluster 1 and iCluster 3, representing two subclasses of the proliferative class, and iCluster 2,
which belongs to the non-proliferative class. iCluster 1 demonstrated stem cell and progenitor
markers like EPCAM. iCluster 3 was featured with 7P53 mutation and activation of Wnt/TGF-
B signalling transduction. iCluster 2 showed a higher frequency of TERT promoter mutations

and activation of Wnt/B-catenin signalling.
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1.1.4 Treatment regimens for HCC

HCC is characterised by high heterogeneity in genetic, epigenetic, histopathological and
immunological levels and the therapeutic options for HCC patients are determined by the
tumour characteristics (Gallage et al., 2021). The Barcelona Clinic Liver Cancer (BCLC)
staging system is considered a standard clinical staging system. It has been endorsed by the
American Association for the Study of Liver Diseases (AASLD) and the European Association
for the Study of the Liver (EASL). The BCLC staging system incorporates the size and number
of tumours, liver function and patient performance status. HCC patients were classified into

five stages: BCLC stage 0 to D with specific algorithms to guide treatment decisions.

Recently, the new 2022 BCLC strategy was updated in accordance with the advances in HCC
treatment (Figure 1.4). These updates include the stratification of the heterogeneous BCLC-B
group, the introduction of new immunotherapy options as the first-line treatment for patients
with BCLC-C, and the consideration of liver transplant for individuals meeting the local
extended liver transplant criteria or after successful downstaging with transarterial
chemoembolisation (TACE). The concept of treatment-stage migration has also been
introduced, which suggests the consideration of treatment for a more advanced stage when

first-line treatment is not feasible due to patient profile or disease progression.

The most effective curative treatment for HCC is available when the disease is detected early.
According to the staging system, resection, liver transplantation, and local ablation are the
standard treatments for patients with Stage A HCC. However, liver cancer is often
asymptomatic or lacks obvious symptoms, leading to late-stage diagnosis. Additionally, the 5-
year recurrence rate of HCC patients after resection is about 70%, while most HCC relapses
result in a more advanced tumour stage (Lacaze & Scotté, 2015). Patients at the intermediate
stage (Stage B) preferentially receive TACE as first-line treatment. Systemic therapies are
administered to intermediate- and advanced-stage HCCs (Stage C). In recent years, systemic
therapies have emerged from single-agent treatment to combining immune checkpoint
inhibitors with molecular-targeted therapies. Sorafenib remained the primary first-line
treatment for advanced HCCs for the past decade. In 2020, the FDA approved a combination
of atezolizumab and bevacizumab (targeting Programmed death-ligand 1; PD-L1 and Vascular
endothelial growth factor; VEGF) for patients with advanced HCC without systemic therapy
experience. Recently, the HIMALAYA trial demonstrated the superiority of Single

Tremelimumab Regular Interval Durvalumab (STRIDE) regimen over sorafenib, providing a
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new and promising first-line treatment option. In this section, the currently available treatments

and limitations are discussed.

1.1.4.1 Hepatic resection

Hepatectomy remains the standard treatment for patients with resectable HCC (BCLC: Early
stage A). The criteria for liver resection depend on the quality of the underlying liver
parenchyma and the extent of resection. Liver resection is recommended for patients with a
single tumour, a tumour size of less than 3 cm and no cirrhotic background. The subsequent 5-
year survival rate of patients undergoing liver resection can be as high as 70%. The
perioperative death after liver resection is lower than 5%, yet the risk of liver decompensation
ranges from 10% to 12%. Liver decompensation can be predicted by the extent of hepatectomy,
portal hypertension and the Model for End-Stage Liver Disease (MELD) score >9. The latest
EASL guidelines did not exclude surgery for patients with portal hypertension if the patient
has a MELD score <9, but emphasised a higher risk of liver decompensation and associated

mortality. However, the recurrence rate of HCC within five consecutive years is about 70%.

1.1.4.2 Liver transplantation

Liver transplantation provides the best long-term benefits for patients, with a 5-year survival
rate of over 70% and a recurrence rate of less than 10%. It enables the removal of both
detectable and undetectable intrahepatic lesions while simultaneously addressing the
underlying liver disease. Thus, liver transplantation offers a better choice of treatment over
liver resection. However, liver transplantation is limited by the supply of available organs, the
need for immunosuppression over a lifetime, and the high dropout rates of patients awaiting
available transplants. The Milan criteria, published in 1996, defined the standard of liver
transplantation as patients with a single tumour <5 cm or 3 c¢cm in diameter at most or up to
three lesions. Downstaging therapies, such as locoregional or systemic therapies, have been
suggested to reduce the patient’s tumour burden to fit the Milan criteria. The successful rates
of downstaging treatments range from 24% to 90%, yet generate significant posttransplant
outcomes with low recurrence rates. Therefore, the 2022 BCLC guidelines updated the
suggestion of liver transplant for BCLC-B HCC patients who met the Milan criteria after

receiving downstaging treatments.



1.1.4.3 Local ablation treatment

For early-stage patients who are not eligible for resection or liver transplantation, ablation
treatment is the standard approach. Ablation induces tumour necrosis through radiofrequency
ablation (RFA), microwave ablation (MWA) or percutaneous ethanol injection (PEI). Although
RFA remains the first-line technique for ablation with an over 90% complete response, MWA
is now replacing RFA due to its ability to ablate larger lesions ranging from 3 to 5 cm. Ablation
is the recommended treatment choice for individuals with very early-stage HCC (solitary HCC
<2 cm) and Child-Pugh stage A liver disease who are unsuitable candidates for liver
transplantation. Studies have shown that ablation can result in a long-term survival comparable
to that of surgical resection. For patients with multinodular early-stage HCC (<3 nodules, all
<3 cm) and who cannot receive liver transplants, the latest BCLC guidelines recommended

ablation over resection.

1.1.4.4 Transarterial chemoembolisation (TACE)

Arterial-directed therapies targeting the tumour blood vessels derived from the hepatic artery
have become the primary treatment for intermediate-stage BCLC-B patients with multiple
nodules. TACE is recommended among individuals with no angiogenic and metastatic HCC.
TACE combines chemotherapeutic drugs such as doxorubicin and radio-opaque agent Lipiodol
or drug-eluting beads to block the tumour blood supply from the hepatic artery and facilitate
the drug delivery to the tumour site. The survival benefits of TACE and drug-eluting beads-

TACE treatment can be achieved up to over 28 and 44 months respectively.

1.1.4.5 Systemic therapy

HCC is characterised by its heterogeneity and numerous genomic alterations affecting multiple
signalling pathways, including Wnt/B-catenin, Sonic hedgehog, Notch, RAF/MEK/ERK,
PI3K/AKT/mTOR, and VEGF signalling. Targeting these aberrant molecular activations has

demonstrated therapeutic benefits in patients with HCC.

Sorafenib has stood as the sole effective systemic therapy for advanced HCC (BCLC-C group)
since its first launch in 2007. Nevertheless, sorafenib offers only marginal improvements in
survival compared to the best supportive care. Patients with advanced HCC still experience
poor survival rates (<15% with a five-year survival rate; Wang & Li, 2019). In recent years,

significant advances in the development and approval of new systemic therapies have changed
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the systemic treatment landscape of advanced HCC, providing numerous options for first- and
second-line therapies. The 2022 BCLC guidelines updated the first-line treatment with the
combined use of atezolizumab and bevacizumab, as well as durvalumab-tremelimumab, in
front of the use of sorafenib or lenvatinib if feasible. Currently approved second-line therapies,
such as regorafenib, cabozantinib, ramucirumab, and a combination of nivolumab and
ipilimumab, have been explicitly assessed in patients with prior sorafenib treatment. When the
second-line and combinational therapies fail to cure the tumour, clinical trials of the potential
therapeutic targets are recommended. Regrettably, supportive care from family and friends

remains the sole treatment option for patients with terminal HCC.

1.1.4.5.1 Atezolizumab and bevacizumab

In the 2022 BCLC guidelines, atezolizumab (anti-PD-L1) and bevacizumab (anti-VEGF)
became the standard of first-line treatment for advanced HCCs with no prior systemic therapy.
This was the first combinational treatment of molecular-targeted drugs and immunotherapy
approved by the FDA. In the IMBravel50 clinical trial, atezolizumab and bevacizumab offered
better progression-free (6.8 months versus 4.3 months for sorafenib) and overall survival
benefits (67.2% versus 54.6% of overall survival rate at 12 months; Finn et al., 2020).
Moreover, analyses comparing the IMbravel50 and HIMALAYA trials indicated that
atezolizumab-bevacizumab showed a better overall response rate (29.8% vs 20.1%) and less
risk of related mortality (34% vs 22%) than durvalumab-tremelimumab when compared to

sorafenib.

1.1.4.5.2 Durvalumab and Tremelimumab

Durvalumab (anti-PD-L1) and tremelimumab (anti-cytotoxic T lymphocyte—associated antigen
4; CTLA-4) were approved by the FDA after the combinational immune checkpoint inhibitors
(ICIs) showed a superior outcome over sorafenib (overall survival 16.4 months vs 13.8 months).
In the phase IIl HIMALAY A trial, the STRIDE regimen was adopted to treat 782 patients with
advanced HCCs. This regimen enables tremelimumab to induce the proliferation of CD4" and
CD8" T cells, thereby increasing the effectiveness of subsequent PD-L1 inhibition by
durvalumab. A remarkable 36-month overall survival rate was achieved in 30.7% of patients.
Patients who followed the STRIDE regimen developed fewer grade 3-4 adverse events than
those who received sorafenib (25.8% vs. 36.9%). Durvalumab was also evaluated as a single-

agent therapy in the trial and demonstrated no inferior survival outcome compared to sorafenib.
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In addition, the STRIDE regimen offers an alternative for those who are ineligible for

atezolizumab-bevacizumab.

1.1.4.5.3 Sorafenib

Sorafenib was the initial FDA-approved multi-kinase inhibitor, among several others, used to
treat advanced-stage HCC since 2007. It is an orally active multi-kinase inhibitor, that
effectively targets Receptor Tyrosine Kinase (RTK) receptors, for example, vascular
endothelial growth factor receptor (VEGFR), platelet-derived growth factor receptor (PDGFR),
and drivers of cell proliferation, such as RAF kinase. In the SHARP trial, the response rate of
sorafenib was only 12%, plus the overall survival benefit offered by sorafenib was only three
months more than placebo (10.7 months versus 7.9 months, HR 0.69; 95% CI 0.55-0.87;
P <0.001). Nevertheless, grade 3-4 adverse events, including anorexia, diarrhoea and weight
loss, were reported in half of the sorafenib-treated patients, leading to a withdrawal rate of

~15% (Llovet et al., 2021).

1.1.4.5.4 Lenvatinib

Lenvatinib is a receptor tyrosine kinase inhibitor which targets VEGFR1-3, fibroblast growth
factor receptors (FGFR1-4), PDGFR-a, rearranged during transfection (RET) and KIT
receptors. It was associated with a better performance than sorafenib, with a response rate of
42%. In addition, an improved median overall survival of 13.6 months was attained by
lenvatinib compared to 12.3 months for sorafenib in the REFLECT trial (Kudo et al., 2018).
The frequency of grade >3 adverse events was higher in lenvatinib-treated patients than in

sorafenib-treated patients (57% vs. 49%).

1.1.4.5.5 Second-line treatments

When first-line treatments fail to cure advanced HCCs or develop resistance to drugs, second-
line therapies are introduced as alternative therapeutic options for patients. Tyrosine kinase
inhibitors such as regorafenib and cabozantinib, the anti-VEGF monoclonal antibody
ramucirumab, and the combination of nivolumab and ipilimumab are recommended for post-

sorafenib-treated patients.
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1.2 Liver immunology
The liver is a ‘tolerogenic’ organ due to its chronic exposure to various antigens in numerous

physiological processes. These include filtering pathogens in the blood and purification of toxic
wastes and foreign agents from gastrointestinal traits. Tolerance has been developed in innate
and adaptive immune responses to prevent autoimmune damage from non-specific antigens,
while adequate immunosurveillance is still required for pathogenic infection and malignant
cells. The liver possesses the highest population of resident macrophages (Kupffer cells; KCs)
in the body and has a high abundance of antigen-presenting dendritic cells (DCs), natural killer
cells (NK cells), natural killer T cells (NKT cells), and gamma delta (yd) T cells. It is
characterised by a greater ratio of CD8" T cells to CD4" T cells than that in the periphery. In
the context of a healthy adult liver, these liver-resident immune populations play crucial roles
in modulating inflammation and preserving organ homeostasis. Pattern recognition receptor
expressed by hepatocytes and KCs binds to microbial-associated molecular patterns (MAMPs)
and damage-associated molecular patterns (DAMPs) in the blood from the portal vein of the
liver. These immunogenic molecules are then phagocytosed and degraded by KCs and
hepatocytes. Blood detoxification regulates the rest of the body from an excess immune
response and establishes a unique immunosuppressive microenvironment within the liver.
Consequently, immune tolerance arises from intricate interactions between liver-resident cells
and peripheral leukocytes, resulting in the limited or incomplete activation of CD4" and CD8"
T cells. The immunosuppressive environment is sustained by a complicated cytokine milieu
characterised by basal proinflammatory cytokines (interleukin; IL-2, IL-7, IL-12, IL-15, and
IFN-y), which are offset by anti-inflammatory cytokines (IL-10, IL-13, and TGF-f).

1.2.1 Cancer-immunology and the ‘cancer-immunity cycle’

The first concept of ‘immuno-oncology’ can be traced back to Dr. William B. Coley, the Father
of Immunotherapy, who utilised the immune system for sarcoma cancer treatment in the late
19™ century. The idea of immuno-oncology aims at boosting the host’s sole immune system to
combat cancer. Various immunotherapies have been developed based on the cancer—immunity
cycle, as suggested by Chen and Mellman in 2013 (Figure 1.5). The 7-step framework depicts
a series of stepwise events by which the immune system recognises the cancer cell antigens

and eradicates cancer cells.

The cancer-immunity cycle begins with oncogenesis, in which the transformation of normal

cells into cancer cells leads to the release of neoantigens. The tumour-associated antigens
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(TAAs) are captured by antigen-presenting cells (APCs), for example, DCs (Step 1). DCs then
process the TAAs and present the peptides that bind to major histocompatibility complex
(MHC)-I and -II to T cells (Step 3). The priming of effector T cells triggers the activation of
effector T cell response against TAAs (Step 3). These TAAs are now recognised as foreign
antigens. The activated effector T cells migrate to the tumour site (Step 4) and infiltrate the
tumour (Step 5). Activated T cells recognise the foreign TAAs and bind specifically to cancer
cells through the interaction between T-cell receptors, and MHC-I is present on the cancer cell
surface (Step 6). Ultimately, T cells eliminate target cancer cells (Step 7). The dying cancer
cells release additional TAAs and continue the cycle. As each cycle progresses, more antigens

are released, leading to an expanded immune response over time.

Trafficking of
T cells to tumors

@‘:’ {CTLs)

Priming and activation
(APCs & T cells) =~
©)

I.J’S‘\, Infiltration of T cells
e into tumors
(CTLs, endothelial cells)

Cancer antigen /7 | 2
presentation @-J
(dendritic cells/ APCs)

mf

~/  Recognition of
cancer cells by T cells
(CTLs, cancer cells)

=
(1 ™y |"? )
Release of =
cancer cell antigens Killing of cancer cells
{cancer cell death) (Immune and cancer cells)

Figure 1.5 The cancer immunity cycle. (Chen and Mellman, 2013)
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1.2.2 Immunotherapy

Immunotherapies have been pioneered in cancer treatments in recent decades (Figure 1.6).
Various immunotherapies have been developed: ICIs, adoptive cell transfer therapy, chimeric
antigen retrieval T cell (CAR-T) therapy, as well as therapeutic vaccines. Currently, the
inhibitory therapeutics targeting immune checkpoints PD-1/PD-L1 and CTLA-4 demonstrated
the most significant progress in immunotherapy. Atezolizumab-bevacizumab and the STRIDE
regimen have become the front-line treatments for successful outcomes in the IMbrave150 and
HIMALAYA trials. Recently, the MORPHEUS-liver study demonstrated that the addition of
tiragolumab (ICI that targets T cell immunoreceptors with immunoglobulin and ITIM domains
(TIGIT)) in standard-of-care atezolizumab plus bevacizumab resulted in improved ORR
(42.5% vs 11.1%) and progression free survival (PFS; 11.1 months vs 4.2 months), compared
to control arms. Tiragolumab is thus suggested to be a potential enhancer of atezolizumab and
bevacizumab. Other immuno-oncology therapeutic targets include T cell immunoglobulin

domain and mucin domain 3 (TIM-3), and lymphocyte-activation gene 3 protein (LAG-3).

Despite the latest remarkable advances, only a few patients could obtain long-lasting clinical
benefits; thus, substantial therapeutic challenges remain. In the Checkmate 459 trial, the
response rate to anti-PD-1/PD-L1 treatment was only 15% (Yau et al., 2019). Furthermore,
about 30% of HCCs demonstrated intrinsic resistance to ICIs (Kim et al., 2021). The non-
responders of ICIs developed accelerated tumour progression, deteriorated liver functions and
poor prognosis (Mohr et al., 2021). The main reason for the unresponsiveness to ICIs can be
attributed to the non-specificity in provoking an immune response due to the significant inter-
and intra-tumoral heterogeneity and lack of tumour antigens (Sharma, Hu-Lieskovan, Wargo,
& Ribas, 2017). Using single-cell RNA sequencing (scRNA-seq), Ma et al. (2019) linked the
heterogeneity at levels of tumour cells, tumour microenvironment and patient prognosis. This
study identified differentiated intra-tumoral heterogeneity based on the expression of cancer
stemness genes. Tumours with high heterogeneity were correlated with worse clinical
outcomes and weaker cytotoxic characteristics. In addition, the lack of reliable predictive

markers limits the efficacy of immunotherapy (Gallage et al., 2021).
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Figure 1.6 Evolving systemic therapeutics for advanced HCCs. (Yang et al., 2023)

1.2.3. Immune evasive mechanism of HCC

Chronic inflammation in the liver, often associated with underlying liver diseases like cirrhosis
and hepatitis, contributes to immune dysfunction and loss of tolerance towards tumour antigens
(Figure 1.7). Aberrant antigen presentation in chronic inflammation is mediated by alterations
in APCs and excessive expressions of co-inhibitory molecules. Such a typical inflammatory
environment, characterised by immunosuppression via IL-10 and TGF-f release produced by
KCs, myeloid-derived suppressor cells (MDSCs) and regulatory T cells (Tregs), is beneficial
for the onset of HCC. Immune evasion occurs throughout the tumorigenesis, progression and
later metastasis of HCC (Nguyen et al., 2022). It is generally accepted as the consequence of
the failure of immune surveillance, attributed to the dysfunctional tumour immune

microenvironment (TIME). It is a complex process involving multiple strategies the tumour

employs to evade immune surveillance.

+
+
- Hepatocellular
carcinoma
@

Figure 1.7 The counteracting forces regulate the balance between tumour progression
and tumour elimination. (Makarova-Rusher et al., 2015)
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1.2.3.1 Tumour intrinsic mechanisms of immune evasion

Tumour intrinsic mechanism of immune escape can be attributed to (1) inadequate T cell
response due to deficit antigen processing and presenting machinery (APM) and MHC-I
downregulation; (2) activation of oncogenic WNT/B-catenin signalling pathway; (3) activation
of RAF/MEK/ERK and PI3K/AKT/mTOR signalling cascades; 4) disruption of intrinsic
interferon-gamma (IFN-y) signalling pathway.

(1) Inadequate T cell response due to deficit APM and MHC-I downregulation

Downregulation of MHC-I is commonly found in 40-90% of human cancers and is often
associated with worse prognosis and unsatisfactory ICI response rate. High human leukocyte
antigen (HLA) class I expression is an independent prognostic factor for HCC. It is associated
with CD3" cell infiltration and lower recurrence rate (Umemoto et al., 2015). The importance
of MHC-I downregulation in cancer is correlated with the number of tumour-infiltrating
lymphocytes, and thus, T cell-mediated cytotoxicity. The complex machinery of MHC-I can

be dysregulated at the genetic, epigenetic, transcriptional or post-translational levels.

Dysfunctional MHC-I regulation can be classified into soft and hard lesions, based on MHC-I
expression. In contrast, the former is therapeutically treatable, and the latter is intractable due
to somatic deficits (Taylor & Balko, 2022). Soft lesions in MHC-I can be created via epigenetic,
transcriptional, and post-transcriptional silencing, autophagy degradation, and activation of the
ERK pathway. NF-kB, STATs, Interferon-regulatory factors (IRFs), and NLR Family CARD
Domain Containing 5 (NLRCS) are interferon (IFN) pathway-related MHC-I transactivators.
Downregulation of both type I and II IFN pathways or suppression of these critical regulators
leads to downregulation of MHC-I. Furthermore, activation of the ERK pathway negatively
influences MHC-I expression by suppressing STAT1 and IRF activity. The expression of APM
genes can also be downregulated through epigenetic silencing, such as the hypermethylation
of NLRCS5 and the promoter region of MHC-I. A panel of microRNAs has been reported to
suppress the expression of MHC-I chain-related molecules A/B (MICA/B) in HCC at the post-
transcriptional level (Wu et al., 2014). The downregulation of MHC-I expression via these
mechanisms could be reversed by a potential combination of inhibitors, such as MEKi and

HDACI, combined with IClIs.



Somatic defects, such as loss of heterozygosity, mutations in APM components and MHC-I
heavy chain, and IFN pathway defects, lead to hard lesions in MHC-I expression. Loss of
heterozygosity of the HLA allele, observed in 17% of multifocal HCC cases, impairs the ability
of the MHC to present neoantigens (Dong et al., 2020). Lei et al., (2018) reported HLA class I
antigen loss with underlying deletion across f2-microglobulin (B2M) locus and HLA class I
heavy chain defects in 50% of sarcomatoid HCC cell lines. A genome-wide association study
on HBV-related HCC suggested a correlation between genetic variants in HLA-DQ and STAT4
and the risk of HCCs (Jiang et al., 2013). Moreover, a comprehensive whole genome analysis
revealed 9.1% JAKI mutations and 45.5% alterations in the JAK/STAT pathway in the HCCs
(Kan et al., 2013). Loss of function mutations in the JAK/STAT pathway leads to the
downregulation of the regulators of APM components, such as NLRC5 and IRFs.

(2) Activation of oncogenic WNT/B-catenin signalling pathway

In an analysis of gene expression profiles of HCC patients, the ‘CTNNBI1 mutation’ gene
signature was characterised by immune exclusion (cold tumour) (Kurebayashi et al., 2018).
The CTNNBI1 mutation group showed lower T cell enrichment with downregulation of T cell
chemoattractant C-C motif chemokine ligand 4 (CCL4) (Sia et al., 2017). Activation of the
WNT/B-catenin signalling pathway in the murine HCC model was recently reported to promote
immune escape and resistance against anti-PD-1 therapy (de Galarreta et al., 2019). Via
downregulating Ccl5, WNT/B-catenin signalling exploits anti-tumour CD8" T cell response
and suppresses dendritic cell recruitment. Over 30% of HCC patients carrying the CTNNBI
mutant are predicted to resist the anti-PD-1 treatment (Pinyol et al., 2019). Moreover, a clinical
analysis using NGS for genotype HCC patients undergoing IClIs revealed that activated WNT
HCCs were associated with shorter PFS (Harding et al., 2019). In this study, 50% of wild-type
CTNNBI patients developed a response to anti-PD-1 or anti-PD-L1 therapy, whereas none of
the ten patients with CTNNBI activation responded. Collective data suggest that CTNNB1
alteration could represent a novel biomarker for ICI prognosis in HCC patients. Intriguingly, a
recent clinical trial found no inferiority in the overall response to ICIs in HCC tumours with -
catenin activation. Ogawa et al. (2022) reported that no significant difference was found in the
overall response rate (ORR: 8% vs 12.5%), PFS (6.6 vs 7.6 months) and disease control rate
(DCR: 68% vs 87.5%) between HCC patients carrying wild-type and mutant CTNNBI in the
treatment of atezolizumab-bevacizumab. The comparable survival outcomes between the

patient groups with wild-type and mutant CTNNB1 showed that combining atezolizumab-
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bevacizumab might improve immunosuppressive TIME influenced by CTNNBI mutation. In
the latest immunogenomic classification of HCC published in 2023, Montironi et al. further
divided patients with activated CTNNBI into ‘immune-excluded’ and ‘immune-like’
subclusters. About two-thirds of the patients with CTNNBI mutations have immune exclusion.
In contrast, one-third have high immune infiltrates due to the domination of high IFN signalling
and type I antigen-presenting genes. These two distinct patterns in CTNNBI mutation are
associated with differentiated immune evasive mechanisms and might explain the comparable
response rates of the wild-type and mutant CTNNB1 groups upon ICI treatment. More
investigations are needed to confirm the reliability of using WNT/CTNNB1 mutation status as

a biomarker for ICI response.

(3) Activation of RAF/MEK/ERK and PI3K/AKT/mTOR signalling cascades

In the transcriptome-based classification of HCC, the proliferative group of HCC was
characterised by the activation of RAF/MEK/ERK, PI3K/AKT/mTOR and MET signalling.
Loss of PTEN, which leads to PI3K/AKT activation, also correlates with resistance to the ICIs
(Peng et al., 2016). In a murine melanoma model, deficient Pten expression, which activates
PI3K signalling, led to decreased T cell infiltration to the tumour site and consequently
impaired T cell-mediated tumour killing. In melanoma patients, PTEN loss was linked to
reduced T cell infiltration within tumours, resulting in a less favourable response to anti-PD-1
immunotherapy. Currently, there is no published evidence suggesting that PTEN promotes
immune escape in HCC. Nevertheless, PTEN alterations have been observed in 7% of human
HCC patients, making it a potential therapeutic target. Further research is required to determine

whether tumour-specific loss of PTEN leads to immune escape in HCC.

ERK signalling is activated in over 50% of HCC cases, leading to unrestrained cell proliferation.
Few studies have reported the functional role of ERK signalling in HCC. Yet, the mechanisms
of ERK-induced immune escape are widely reported in other cancers, such as lung cancer,
colon cancer and melanoma. As the downstream signalling of oncogenic Rat sarcoma virus
(RAS), MEK/ERK induces the expression of PD-L1 on tumour cells. This increases PD-1/PD-
L1 levels, leading to T-cell exhaustion and apoptosis. In the presence of activated ERK,
epidermal growth factor (EGF) induces the secretion of cytokine IL-10 and TGF-f3 and recruits
Tregs and tumour-associated macrophages (TAMs) to the tumour site, aggravating the

immunosuppressive TIME (Salaroglio et al., 2019). Furthermore, activation of the ERK
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pathway negatively influences MHC-I expression by suppressing IFN signalling, as explained

above.

(4) Disruption of intrinsic interferon-gamma (IFN-y) signalling pathway

In the immunogenomic classification of HCC patients, ~65% of HCC cases belong to the ‘non-
inflamed’ class, characterised by downregulated IFN signalling and low immune activation
(Montironi et al., 2023). The other ~35% of HCC cases presented with high IFN signalling and
an increased number of checkpoint molecules. As previously described, a defective IFN-y
signalling pathway leads to dysfunctional antigen presentation and MHC-I downregulation in
tumour cells. IFN-y also affects cell-mediated anti-tumour responses by inducing the
production of the T-cell chemoattractants chemokine (C-X-C motif) ligand 9 (CXCL9),
CXCLI10, and CXCLI11 for immune activation (Gallage et al., 2021; Kaplan et al., 1998). Low
IFN-y expression is associated with poor prognosis and advanced tumour stage in HCC patients.
IFN-y, released from T cells infiltrating the tumour, activates the JAK/STAT1/IRF1 pathway
to induce PD-L1 in tumour cells. Li et al. (2018) reported a synergistic effect of tumour necrosis
factor-o (TNF-a)) on IFN-y-induced PD-L1 expression in HCC cells via upregulation of IFN-y
receptors. Moreover, the loss of [FN-y pathway molecules correlates with resistance to anti-
CTLA-4 and anti-PD-1/PD-L1 treatments in melanoma (Spranger & Gajewski, 2018). IFN-y
is a multifunctional cytokine with anti-proliferative and anti-apoptotic properties

(Jhunjhunwala et al., 2021).

1.2.3.2 Tumour extrinsic mechanisms of immune evasion

Crosstalk between tumour cells and the TIME is also a critical factor for immune escape in
HCC. The immunosuppressive TIME acts as an external driver of immune evasion via (1) the
presence of immunosuppressive immune cells; (2) promoting T cell exhaustion via
upregulation of co-inhibitory signals; (3) disruption of extrinsic IFN-y signalling pathways; (4)
metabolically hostile tumour microenvironment; (5) gut microbiota that suppresses the immune

microenvironment.

(1) Presence of immunosuppressive immune cells and cytokines
Cytotoxic CD8" T cells, CD4" T cells, and NK cells collaborate to maintain immune
surveillance. In contrast, the abundance of immune cells in HCC, such as MDSCs, Tregs, and

TAMs, contributes to immune evasion and promotes tumour progression. MDSCs are a
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heterogeneous population of immature myeloid cells with strong immunosuppressive activity.
MDSCs are recruited via the similar chemotactic mechanisms as their myeloid counterparts,
which involve CCL2, CCL5, CXCL1, CXCLS5, CXCL6, CXCL8, CXCL6, CXCLS8, CXCLI12.
Several cytokines, such as IL-6, IL-1B, GM-CSF, G-CSF, VEGF and MCP-1, have also been
reported to induce MDSC accumulation in preclinical models of HCC. MDSCs impede the
proliferation and activation of effector T cells via depriving essential amino acids and secretion
of immunosuppressive VEGF, TGF-f, Indoleamine 2,3-dioxygenase (IDO) and arginase 1
(Argl). They also disrupt T cell receptor (TCR) signalling via releasing reactive oxygen and
nitrogen species. The ligand of the immune checkpoint TIM-3, Galectin-9 expressed on
MDSCs, binds to TIM-3 on T cells, leading to T cell exhaustion. Moreover, the presence of a
high abundance of MDSCs in HCC promotes the transformation of naive T cells into Tregs
and drives their development via IL-10, TGF-B and CD40-CD40L interaction. MDSCs can
impair the cytotoxicity of NK cells by interacting with them through the NKp30 receptor, and

they can also interact with Kupffer cells to enhance the expression of PD-L1.

Tregs maintain autoimmune tolerance by inhibiting the excessive immune response in a healthy
liver. However, the hyperactivation of Tregs exploits the T cell-mediated immune response.
Tregs can be recruited by various chemokines, including CXCR3-CXCL9/CXCL10/CXCL11-
CXCR3, CCL3/CCL4/CCL5-CCRS, CCL17/CCL22-CCR4, CCL20-CCR6 and CCL27-
CCRI10 (Ozga, Chow & Luster, 2021), and is activated by the binding of TCR with IL-10 and
TGF-B. Tregs damage the cytotoxicity of CD8" T cells via the release of granzyme A, B, and
perforin, and inhibition of TNF-a and IFN-y. Qiu et al. (2020) suggested a role for Annexin A2
in promoting immune escape via recruitment of Treg cells in HCC. Furthermore, Treg cells
constitutively express immune checkpoints PD-1, CTLA-4, and TIM-3 and secrete inhibitory
molecules, including IL-10 and TGF-f.

TAMs originate from circulating bone marrow-derived monocytes and are mainly recruited by
the CCL2-CCR2 and CCL5-CCRS axes. The presence of high levels of TAMs with a high ratio
of M2 to M1 polarisation has been linked to poor prognosis in HCC (Dong et al. 2019; Fu et
al. 2019). Similar to MDSCs, M2-polarised TAMs induce the immunosuppressive factors IL-
10, TGF-B, VEGF, IDO, and Argl. In HCC, M2-TAMs are the primary cellular sources of PD-
L1. The regulation of PD-L1 expression in TAMs differs from that in tumour cells. It is
primarily induced by TNF-a and is upregulated by GM-CSF and IL-10 (Glorieux et al., 2021).
Tumour cells can also upregulate the expression of PD-L1 in TAMs via NF-kB and STAT3-
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related pathways (Zhang et al. 2020). A report revealed that Hedgehog signalling could induce
PD-L1 on M2-TAMs in the HCC (Petty et al., 2021). Lu et al. (2022) suggested that glycolytic
metabolism is involved in PD-L1 upregulation on tumour macrophages, and the blockade of
PD-L1 restores the antitumorigenic properties of macrophage. Intriguingly, Zong et al. (2019)
reported that IL-1f secreted by M1-TAMs could induce PD-L1 expression in HCC tumour
cells via transcription factor p65 and IRF1 (Zong et al., 2019). TAMs also promote T cell
exhaustion by upregulating TIM-3 on the cell surface, further promoting TAM-mediated HCC
progression via the NF-xB/IL-6 axis (Yan et al. 2015). TAMs also interact with other
immunosuppressive cells, including Tregs and MDSCs. TAMs contribute to immune evasion
through the secretion of CCL17, CCL18, and CCL22, which attracts CCR4" and CCR8" Treg
cells (Ozga et al., 2021). MDSC:s also can transform into M2-TAMs. Crosstalk between TAMs
and MDSCs further exacerbates immunosuppression in the TIME via the positive feedback
production of IL-10 by MDSCs and reduced production of IL-6 and IL-12 by macrophages.
The alteration of cytokines favours the development of T helper 2 (Th2) cells, orchestrating
type 2 immune response. The co-culture of MDSCs and macrophages subsequently decreases

MHC-II expression in macrophages, thereby impeding their antigen presentation function.

(2) Promoting T cell exhaustion via upregulation of co-inhibitory signals

The effector function of T cells is balanced between the co-stimulatory and co-inhibitory
signals to prevent an excessive immune response. Under normal conditions, T cells transiently
induce inhibitory receptor expression upon activation. However, under chronic antigen
presentation and prolonged T cell activation, increasing co-inhibitory molecules expressed on
the T cell surface drives T cell exhaustion. T cell exhaustion is strongly correlated with a poor
prognosis in HCC. Exhausted T cells are characterised by increased checkpoint co-inhibitory
receptors, reduced expression of anti-tumour cytokines, production of tumour-promoting
chemokines, and high apoptosis rates; the more co-inhibitory receptors expressed by T cells,

the more serious the dysfunction.

The PD-1/ PD-L1 interaction has been widely studied and has become the first target of cancer
immunotherapy. A large number of PD-1" CD8" T cells within the tumour indicates a poor
prognosis and an increased likelihood of recurrence (Shi et al., 2011). Overexpression of PD-
L1 suggests a high risk of operative recurrence in patients with HCC (Qiang Gao et al., 2009;
Tan et al., 2022). PD-1 is expressed by activated T cells, NK cells, Tregs, DCs, and monocytes.
It interacts with PD-L1 on tumour cells or TAMs and promotes CD8" T cell apoptosis (Lauko
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et al., 2021). In addition, PD-1/ PD-L1 interaction inhibits T cell infiltration and reduces anti-
tumour cytokines, including TNF-a, IFN-y and IL-2. CTLA-4 is constitutively expressed by
Treg cells and activated T cells. By competing with the co-stimulatory receptor CD28 for
binding to CD80 and CD86, CTLA-4 prevents T cell proliferation in HCC (Seidel et al., 2018;
Freed-Pastor et al., 2021). TIM-3 is expressed in CD4" and CD8" TILs, TAMs, and NK cells.
Its interaction with the ligand galectin-9 leads to T cell dysfunction, while its presence on Treg

cells enhances its suppressive activity.

(3) Disruption of extrinsic IFN-y signalling pathways

Disruption of the IFN-y signalling pathway also exerts an extrinsic influence on TIME and
promotes immune evasion. IFN-y is primarily produced by CD4" and CD8" cells during the
adaptive immune response. It plays an essential role in the induction of cytolytic activity in
cytotoxic T cells (CTLs), most likely by affecting the expression of the IL-2 receptor.
Autocrine IFN-y stimulation on CD4" T cells promotes adaptive immune response by
augmenting cell survival and cytokine secretion during T cell activation. [FN-y is also secreted
by human invariant NKT cells and yo T cells to promote tumour-associated antigen-specific
CTL responses. For CTL responses, the induction of MHC-I and transporters associated with
antigen processing (TAP) can be elicited by [FN-y stimulation of target cancer cells and APCs.
Besides regulating MHC-mediated antigen presentation pathways, IFN-y fosters the
development of type 1 T helper cell (Thl) responses, leading to anti-microbial effects. As a
Thl cytokine, IFN-y triggers M1-polarised differentiation of the anticancer macrophage

phenotype but not tumour-promoting M2 macrophages with immunosuppressive properties.

(4) Metabolically hostile tumour microenvironment

In the TIME, hypermetabolic tumour cells interfere with immune cell functions by depriving
nutrients, such as glucose and amino acids, and producing oxidative stress and
immunosuppressive metabolites. In the context of enhanced aerobic glycolysis, the tumour
consumes excessive glucose. This leads to limited glucose supply and lactate accumulation in
the TIME. Glucose constraints hamper IFN-y production and effector T cell functions. In
contrast, immunosuppressive Tregs uptake lactate to fuel their survival via the tricarboxylic
acid cycle. In addition, lactate promotes M2 polarisation in TAM, MDSC differentiation and
induction of PD-L1 expressions, aggravating the immunosuppression. Amino acid deprivation,
for example, glutamine deficiency, inhibits effector T cell activation and Th1 differentiation.

Yet, the low glutamine level favours Treg production and M2-TAM polarisation. Argl also
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converts arginine to ornithine, impairs CD8" T cell’s cytotoxicity, and leads to arginine

deprivation.

The TIME is also characterised by increased lipogenesis. Immune cells absorb excessive lipids
via binding to CD36, which results in high oxidative stress. This promotes T-cell dysfunction
and ferroptosis. Moreover, immunosuppressive metabolites IDO released by TAMs, and
MDSCs, promote immune evasion via catalysing the conversion of tryptophan to kynurenine.
The tryptophan depletion leads to T cell anergy, and the kynurenine aggregation upregulates
PD-1 expression in T cells. Hyperactive IDO also contributes to resistance to ICIs in HCC

(Brown et al., 2018).

(5) Gut microbiota that suppresses the immune microenvironment

The gut microbial microenvironment of HCC plays a significant role in immune evasion
mechanisms. Microbial activation of Toll-like receptor 4 (TLR4) promotes the formation of an
immunosuppressive tumour microenvironment. Bacterial lipopolysaccharide (LPS)-induced
TLR4 activation could stimulate hepatocytes to express CXCL1 and recruit CXCR2*
polymorphonuclear MDSCs. Fusobacterium recognised by TLR4 regulates the IL-
6/STAT3/C-MYC signalling pathway, facilitating TAM polarisation into the M2 phenotype.
Microbial dysbiosis increases the levels of immunogenic substances, such as LPS and
lipoteichoic acid. High levels of LPS have been detected in HCC patients, promoting immune
tolerance and tumorigenesis. Microbial dysbiosis also damages intracellular tight junctions and
enhances immune cell exposure to toxic substances. Dysbiosis-driven chronic inflammation
can trigger oxidative stress and alter the expression of pathogen recognition receptors, thereby
contributing to HCC development and immune evasion. Some microbes, such as the Fap2
protein of Fusobacterium mucleatum, interact with the inhibitory checkpoint ligands TIGIT or
CEACAM1 to protect tumours from the immune attack of NK cells and T cells. However, other
bacteria such as Bifidobacterium and Akkermansia muciniphila can enhance the efficacy of

PD-1 blockade and facilitate immune cell activity (Sivan et al., 2015; Zheng et al., 2019).
The combination of these immune evasion mechanisms allows HCC to evade recognition and

elimination by the immune system, enabling tumour growth, progression, and resistance to

conventional therapies.
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1.3 Introduction of KRAS (Kirsten rat sarcoma viral oncogene homolog) signalling
KRAS (Kirsten rat sarcoma viral oncogene homolog) is a proto-oncogene that encodes small
GTPase transductor protein KRAS. It was first identified as a viral oncogene in the Kirsten Rat
Sarcoma virus. Along with Harvey-RAS (HRAS) and neuroblastoma-RAS (NRAS), KRAS
belongs to the RAS family, which shares functional small GTPases. KRAS protein is derived
into two splice variants, KRAS 4A and KRAS 4B, while KRAS 4B is the common form of
KRAS. The KRAS protein is comprised of 189 amino acids, with a molecular weight of
21.6kDa.

KRAS protein is a GTPase, which acts as an on-off switch and converts the nucleotide
guanosine triphosphate (GTP) into guanosine diphosphate (GDP). Through the regulation of
GDP-GTP exchange, KRAS is responsible for the cytoplasmic transduction of extracellular
stimuli from cell surface growth factor receptors to intracellular signalling through on-off
control by GTP binding. Under physiological conditions, KRAS-GTPase is active, binds to
GTP, and is inactive when bound to GDP. The transition between GTP and GDP is catalysed
by the guanine nucleotide exchange factor (GEF) and opposing GTPase-activating proteins
(GAPs). GEF binds to KRAS-GTPase and catalyses the release of GDP, allowing the binding
of GTP due to its higher cytosolic ratio to GDP. GTP binding to KRAS-GTPases leads to the
release of GEF, which activates another KRAS-GTPase. GAP acts as an antagonist that
inactivates KRAS-GTPases by promoting GTP hydrolysis. Son of Sevenless homologs (SOSs),
which are RAS-GEF proteins, catalyse the KRAS nucleotide exchange of GDP to GTP,
enabling the RAS in an active GTP-bound state.

KRAS is responsible for the regulation of cell proliferation and survival pathways (Figure 1.8).
Upon activation of RTK receptors, such as epidermal growth factor receptor (EGFR), by
growth factor stimulation, KRAS switches from GDP to GTP-bound states and activates
downstream signalling via the RAF/MEK/ERK, PI3K/AKT/mTOR, and RALGEF/RAL/NF-
kB pathways (Neel et al., 2011; Martinelli et al., 2017; Degirmenci, Wang & Hu, 2020; Prior,
Hood & Hartley, 2020). RAF/MEK/ERK signalling is a canonical downstream target of KRAS
signalling. It plays a role in the regulation of cell proliferation, differentiation, inflammation,
apoptosis, and migration. PI3K/AKT/mTOR is another downstream signalling pathway of
KRAS. It is crucial for cell proliferation, differentiation, apoptosis, and metabolic activities
such as glucose transport. RAL/GDS-mediated signal transduction induces alterations in

membrane trafficking and vesicle formation.
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Figure 1.8 Schematic diagram of KRAS activation and downstream signalling pathways.
(Huang, Guo, Wang, & Fu, 2021)

1.3.1 The role of KRAS signalling in cancer

RAS is frequently mutated in cancers (~30%), and KRAS mutations account for 86% of RAS
mutations (Liu, Wang, & Li, 2019). Common mutation sites of KRAS are G12C, G12D, G12V,
and G13D. KRAS mutations contribute to 25% of all human malignancies, with a high
dominance in pancreatic cancer (90%), colorectal cancer (40%), and lung cancer (32%).
However, most (~80%) HCC patients carry wild-type KRAS and KRAS mutations in only 7%
of liver cancer (Turhal et al., 2015). Despite the low mutation rate of KRAS in HCC, wild-type
KRAS expression was elevated in HCC at the mRNA and protein levels. Dysregulation of
KRAS in HCC could be attributed to the aberrant regulation of non-coding RNA (Dietrich et
al., 2018; Ghafouri-Fard et al., 2022). Wild-type KRAS expression is associated with HCC
progression, advanced tumour size and poor prognosis. KRAS signalling aggravates steatosis
progression in HCC. Activation of KRAS is significantly enhanced in the high-fat diet-induced
HCC mouse model (Xu et al., 2019). Interestingly, the expression of KRAS is proportional to

the number of tumour nodules induced, implicating its oncogenic role. It was reported that only
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5% activation of RAS-GTPase is efficient in fully activating ERK (Hallberg, Rayter, &
Downward, 1994). Hence, RAF/MEK/ERK and PI3K/AKT/mTOR signalling pathways are
activated in ~50% of HCC; both of them are essential to drive tumour resistance in HCC
(Dietrich et al., 2018). The RalGEF pathway has also been implicated in carcinogenesis and

tumour progression.

Interestingly, wild-type KRAS and mutant KRAS interact with each other to mediate KRAS-
driven cancer. Wild-type KRAS antagonises mutated KRAS and exhibits growth-inhibitory
effects in cancer. The inhibitory effect is attributed to wild-type and mutant KRAS competition
for membrane localisation, mutual regulator and downstream signalling, and the dimerisation
capacity of wild-type KRAS with mutant KRAS. However, this inhibition is often overcome
by the gain or loss of the KRAS gene in cancer, resulting in allelic imbalance and promoting
tumour fitness (Burgess et al., 2017). Moreover, studies have shown that wild-type KRAS
contributes to the development of acquired resistance and impairs the response to inhibition of
mutant KRAS and its downstream ERK pathway ( Cox et al., 2014; Ambrogio et al., 2018).
This is probably partly due to the inhibition of mutant KRAS and its signalling, leading to the
reactivation of RAS pathways mediated by wild-type KRAS (Ryan et al., 2020). It has been
suggested that rapid feedback reactivation is driven by multiple RTKs, which induce wild-type
KRAS, HRAS, or NRAS activity and the subsequent reactivation of downstream signalling.
Interestingly, the loss of wild-type KRAS enhances the sensitivity of KRAS-mutant cells to
MEK inhibitors (Burgess et al., 2017). Dietrich et al., (2018) reported the role of wild-type
Kras in contribution to the acquired resistance to sorafenib in HCC. Sorafenib-mediated
inhibition of the RAF/ERK pathway, upregulated wild-type Kras expression and its
downstream Akt activation induced the resistance to sorafenib and promoted tumorigenesis.
Direct inhibition of Kras desensitised sorafenib-resistant HCC cells and suppressed their

proliferation.

1.3.2 The role of KRAS in immune evasion

Oncogenic KRAS exerts various immunomodulatory effects in the tumour microenvironment,
promoting tumour progression. KRAS remodels and reprograms surrounding stromal cells and
immune cells via the secretion of IL-6, IL-8, CCL9, IL-23, and GM-CSF. KRAS-induced IL-
6 stimulates the activation of JAK1/ STAT3, contributing to the reoccurrence of pancreatic

cancer, and induces ROS through activation of the ERK pathway. IL-8 has been found to be a
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downstream transcriptional target of the KRAS-mediated MEK/ERK and PI3K/AKT
signalling cascades. Binding of IL-8 to CXCR2 promotes inflammation by recruiting
neutrophils to the tumour site in lung cancer. In addition, activation of CXCR2 signalling
recruits cancer-associated fibroblasts (CAFs) to secrete pro-tumorigenic cytokines and recruit

MDSCs to the tumour (Pylayeva-Gupta et al., 2012).

Moreover, KRAS signalling promotes immune evasion by suppressing the IFN response
(Mugarza et al., 2022). Upon KRAS activation, the TIME is characterised by the recruitment
of immunosuppressive monocytes and neutrophils. Inhibition of the IFN pathway leads to APC
activation and subsequently reduces T cell infiltration. In contrast, Kras inhibition rescues the
APC activation and synergises the effect of ICIs in immunogenic tumours. Previous studies
have associated oncogenic KRAS with the decreased expression of MHC- I molecules (Atkins
et al., 2004). Restoring this immune evasion mechanism can enhance T cell recognition,

making tumour cells more vulnerable to cytotoxic CD8" T cell response.

KRAS mediates T cell exhaustion by regulating the intrinsic characteristics of tumour cells.
The upregulation of PD-L1 expression in KRAS tumours is also considered one of the immune
escape mechanisms in mutated KRAS-driven lung cancers (Chen et al., 2017). It was reported
that ERK signalling and STAT3 but not AKT signalling participated in the induction of PD-
L1 expression in the KRAS mutated lung cancer (Sumimoto et al., 2016). The MEK/ERK
signalling stabilised PD-L1 mRNA via phosphorylating and suppressing the activity of AU-
rich binding protein tristerrolin by MK2 kinase (Coelho et al., 2017). A study reported that
activated KRASY'?V adopted a redox mechanism and enhanced PD-L1 expression by
increasing the ROS production and FGFR1 expression (Glorieux et al., 2021). Clinical data
showed that 80.4% of NSCLC patients with KRAS mutation expressed PD-L1, compared to
61.9% in those with wild-type KRAS (Lauko et al., 2021). Evidence has shown that KRAS
cooperates with other oncogenes and promotes immune evasion. The co-occurrence of
TP53/KRAS has also been reported to enhance PD-L1 expression in lung adenocarcinoma
Field exclusively (Dong et al., 2017). A pancreatic cancer study identified the CD155/ TIGIT
axis as the crucial immune evasion mechanism in pancreatic organoids with mutated KRAS
and loss of TP53 background (Freed-Pastor et al., 2021). Co-activation of MYC and KRAS
initiates immunosuppressive stroma for tumorigenesis by promoting PD-L1 mRNA and

exclusion of B, T, and NK cells via IL-23 and CCL9 cytokines (Kortlever et al., 2017).
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Moreover, KRAS inhibits T cell activity via ERK signalling and secretion of IL-10 and TGF-

. These findings suggest the importance of KRAS in the regulation of antitumour immunity.
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1.4 Aim of study
The rapid development of the therapeutic landscape in advanced HCCs can be attributed to two

critical breakthroughs in disease research: (1) the development of novel systemic therapeutics
and (2) the significance of patient selection in clinical trials. Numerous molecular-targeted
agents and ICls are being tested as single-agent therapies with potential predictive biomarkers
for advanced HCCs. However, a single agent of anti-PD-1 treatment only resulted in a 15-20%
response rate in phase II and III trials (Yau et al., 2019). Furthermore, approximately 30% of
HCCs develop adverse outcomes with ICIs (Kim et al., 2021). In the absence of predictive
biomarkers to identify patients who will benefit the most from immunotherapy, combinational
strategies of targeted therapies and ICIs offer promising treatment options for HCCs. In the
revised 2022 BCLC strategy, the combinational therapies of atezolizumab-bevacizumab or
durvalumab-tremelimumab (STRIDE regimen) have become the first-line treatment for
advanced HCC patients. The promising survival outcomes in the IMbravel50 and

HIMALAYA trials shed new light on the potential of developing combinational therapies.

Nevertheless, with regard to several front-line combinations available, there are currently no
biomarkers that would help identify the optimal treatment option for patients nor predict the
outcomes for patients upon receiving the treatment. In addition, the multifactorial aetiological
setting of patients complicates disease management. Therefore, further biomarker development
to select patients eligible for immunotherapy treatment is urgently needed. Taking into account
these questions, there is a need to understand better the immune evasive mechanisms of HCC,

as well as the intrinsic and acquired resistance to ICls.

1.5 Hypothesis
We hypothesise that the intrinsic oncogenic signalling pathway plays a crucial role in driving

immune evasion in HCC, and its suppression may enhance the therapeutic efficacy of current

immune checkpoint therapy.
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1.6 Objectives of this study

1.

To identify the intrinsic oncogenic pathway crucial for immune escape in an antigen-
expressing c-Myc-lucOS°Y/Tp53%° HCC mouse model.

To evaluate the clinical relevance and functionally characterise the role of the intrinsic
oncogenic pathway in immune evasion in HCC.

To investigate the molecular mechanism by which the intrinsic oncogenic pathway
mediates immune evasion.

To evaluate the therapeutic efficacy of targeting the intrinsic oncogenic pathway in

combination with ICI for effective HCC treatment.
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Chapter 2. Materials and Methods
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2.1 Study design
This study aims to examine the effect of wild-type KRAS activation in HCC. We used the

immunocompetent murine HCC model induced by hydrodynamic tail vail injection (HTVI) in
the context of c-Myc®%/Tp53%° and c-Myc-lucOSF/Tp53K0 background. We also assessed the
effects of SOSI inhibitor MRTX0902 in non-blinded randomised studies (alone or in
combination with ICI) on mouse survival. Endpoints were predefined and not modified
throughout the study, and mice whose death could not be attributed to liver tumours were
excluded from the study. Other in vivo experiments were to examine the TIME of murine
models by combining data-independent acquisition mass spectrometry (DIA-MS), scRNA-seq
and flow cytometry data. Sample size was chosen empirically based on the results of previous
studies, outliers, with more than 3 standard deviations away from the mean, were excluded

from these analyses.

2.2. Materials

Cellline  Growth medium Source Pathological condition

Cell Line Service
Hep55.1¢ DMEM (Eppelheim, Germany) Mouse HCC

Gift from Prof. Stephanie

Hepa-1,6 DMEM Ma (HKU, Hong Kong) Mouse HCC
Gift from Prof. Stephanie
RIL-175 RPMI1640 Ma (HKU, Hong Kong) Mouse HCC
Table 2.1 List of murine HCC cell lines.
Gene Forward primer (5’-3’) Reverse primer (5°-3’)
18S GCAATTATTCCCCATGAACG GGGACTTAATCAACGCAAGC

B-actin  CCTGAGCGCAAGTACTCTGTGT GCTGATCCACATCTGCTGGAA

Ccl3 CCAAGTCTTCTCAGCGCCATA GATGAATTGGCGTGGAATCTTC

Ccls AGATCTCTGCAGCTGCCCTCA GGAGCACTTGCTGCTGGTGTAG

Ccendl1 TCAAGTGTGACCCGGACTG ATGTCCACATCTCGCACGTC
Cxcl9 CGAGGCACGATCCACTACAA AGGCAGGTTTGATCTCCGTT
Cxcl10 GCCGTCATTTTCTGCCTCAT GCTTCCCTATGGCCCTCATT
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Cxclll CCGAGTAACGGCTGCGACAAAG CCTGCATTATGAGGCGAGCTTG

Dusp6  CTCGGATCACTGGAGCCAAAAC TCTGCATGAGGTACGCCACTGT

Egf AGCATACTCAGCGTCACAGC GCAGGACCGGCACAAGTC

Gapdh AGGTCGGTGTGAACGGATTTG  TGTAGACCATGTAGTTGAGGTCA

Irfl TCCAAGTCCAGCCGAGACACTA  ACTGCTGTGGTCATCAGGTAGG

Irf2 AATTCCAATACGATACCAGGGCT GAGCGGAGCATCCTTTTCCA

Irf7 GAGCGAAGAGAGCGAAGAGG GGCCCACAGTAGATCCAAGC

Irf9 GCCGAGTGGTGGGTAAGAC GCAAAGGCGCTGAACAAAGAG

Kras GTTGGAGCTGGTGGCGTAGG CTCCTCTTGACCTGCTGTGTCG

Statl GCCTCTCATTGTCACCGAAGAAC TGGCTGACGTTGGAGATCACCA

Stat2 TCCTGCCAATGGACGTTCG GTCCCACTGGTTCAGTTGGT

Table 2.2 List of primer sequences for qPCR.

Gene Sequence (5°-3°)
Map2kl CATTCTAGTGAACTCACGTG
Map2k2 GTGCAACTCGCCCTACATCG
NTC GAAACACCGGGTCTTCGAGAAGACCT

Table 2.3 List of sgRNA sequences.

. o Catalogue
Target Experiment Condition Number Source
a-tubulin Western blot 1:5000 479026 Merck (New Jersey,
USA)
B-actin Western blot 1:5000 4A5316 Millipore Sigma

(Massachusetts, USA)
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Cell Signaling

CDS8a. Immunofluorescence 1:500 #9894 1 Technology
(Massachusetts, USA)
Cell Signaling
CDl11c Immunofluorescence 1:500 #97585 Technology
(Massachusetts, USA)
CD279 . . Bio X Cell
(anti-Pd-1) In vivo blocking of Pd-1 200ug #BEO0146 (Lebanon, NH, USA)
CXCL9 Immunofluorescence 1:2000 #ab137792 Abcam %Clgnbrldge,
Santa Cruz
EGF Western blot 1:1000 #sc-374255 Biotechnology
(Texas, USA)
Immunohistochemistry 1:100 Santa Cruz
pEGFR Immunofluorescence 1:100 #sc-81488 Biotechnology
Western blot 1:1000 (Texas, USA)
Santa Cruz
EGFR Western blot 1:1000 #sc-373746 Biotechnology
(Texas, USA)
BioLegend
H-2Kb Flow cytometry 1:200 #116505 (California, USA)
H-2Kb/ BioLegend
SIINFEKL Immunofluorescence 1:200 #141606 (California, USA)
IgG2a, K _ BioLegend
Isotype Flow cytometry 1:200 #400207 (California, USA)
IgG2a, . . Bio X Cell
Isotype In vivo blocking 200ug #BE0089 (Lebanon, NH, USA)
Santa Cruz
KRAS Immunofluorescence 1:100 #sc-30 Biotechnology
(Texas, USA)
. . ‘ LifeSpan BioSciences
KRAS Immunohistochemistry 1:200 #LS-B4683 (Seattle, USA)
pERK1/2  Immunohistochemistry 1:500 Cell Signaling
(Thr202/Ty  Immunofluorescence 1:500 #9101 Technology
r204) Western blot 1:1000 (Massachusetts, USA)
Cell Signaling
ERK Western blot 1:1000 #9102 Technology
(Massachusetts, USA)
Santa Cruz
MHC-I Western blot 1:500 #sc-59200 Biotechnology
(Texas, USA)
pMEK1/2 Cell Signaling
(Ser217/22 Western blot 1:1000 #9154 Technology
1) (Massachusetts, USA)
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Cell Signaling

MEK1/2 Western blot 1:1000 #9122 Technology
(Massachusetts, USA)
RAS Western blot 1:1000  #05-516 . “Hilipore Sigma

(Massachusetts, USA)

Table 2.4 List of antibodies.

Reagents Source
BrightGreen 2X qPCR Applied Biological Materials (Vancouver,
MasterMix Canada)
cOmplete™ EDTA-free
protease Roche (Basel, Switzerland)

inhibitor cocktail

Dimethyl sulfoxide (DMSO)

Millipore Sigma
(Burlington, Massachusetts, USA)

EasyPep™ MS Sample Prep
Kits

Thermo Fisher Scientific
(Waltham, Massachusetts, USA)

Murine Epidermal Growth
Factor

Millipore Sigma
(Burlington, Massachusetts, USA)

Gateway™ LR Clonase™ I1
Enzyme mix

Invitrogen™, ThermoFisher Scientific
(Waltham, Massachusetts, USA)

MHC Class I Pentamers
SIINFEKL

Prolmmune, Inc
(Oxford, UK)

MRTX0902

MedChemExpress
(Monmouth Junction, New Jersey, USA)

Opal 4-Color Manual IHC Kit

Akoya Biosciences
(Massachusetts, USA)

PhosSTOP™

Roche (Basel, Switzerland)

PrimeScript™ RT Reagent Kit

Takara (Shiga, Japan)

Puromycin

Millipore Sigma
(Burlington, Massachusetts, USA)

QIAprep Plasmid Midi Kit

Qiagen (Maryland, USA)

RAS Activation Assay Kit

Millipore Sigma
(Burlington, Massachusetts, USA)

Recombinant Murine IFN-y

PeproTech, Inc.
(Cranbury, NJ, USA)
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Sulfobutylether-g-Cyclodextrin

MedChemExpress

(SBE-B-CD) (Monmouth Junction, New Jersey, USA)

Trametinib MedChemExpress
(Monmouth Junction, New Jersey, USA)
Invitrogen™, Thermo Fisher Scientific

TRIzol® Reagent (Waltham, Massachusetts, USA)
LC Laboratory
Uo126 (Woburn, MA, USA)
Westernsl?lll‘)lsgtl;:l:iCL HRP Advansta (San Jose, California, USA)

Table 2.5 List of reagents.
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2.3 Methods
2.3.1 Animals

C57BL/6 mice were bred by The University of Hong Kong and The Chinese University of
Hong Kong. They were then housed under specific-pathogen-free conditions at Centralised

Animal Facilities at The Hong Kong Polytechnic University.

2.3.2 Cell lines and cell culture

The murine HCC cell lines listed in Table 2.1 were maintained in Dulbecco’s Modified Eagle
Medium (DMEM) or Roswell Park Memorial Institute 1640 Medium (RPMI11640) with high
glucose and L-glutamine (Gibco, Invitrogen) supplemented with 10% heat-inactivated fetal
bovine serum (Gibco, Invitrogen) and 100 mg/mL penicillin-streptomycin (Thermo Fisher

Scientific) at 37C in a humidified chamber containing 5% COx.

The Hep55.1c cell line stably expressing KRAS was selected and maintained in DMEM
containing puromycin (2 pg/mL). The culture medium was refreshed every two days. All cell
lines used in this study were obtained between 2013 and 2016, and they were regularly
authenticated by morphologic observation and AuthentiFiler STR (Invitrogen) as well as tested
for the absence of mycoplasma contamination (MycoAlert, Lonza). Cells were used within 20

passages after thawing.

2.3.3 Molecular cloning

pT3-EF1A-c-Myc-lucOS was a gift from Amaia Lujambio (Addgene plasmid #129776 ;
http://n2t.net/addgene: 129776 ; RRID:Addgene 129776). To examine the role of Kras in HCC
tumorigenesis and progression, pT3-EF1A-Kras (5,698 base pair; bp) was generated for HTVI.
The complete coding sequence of mouse Kras (NM_021284; 567 bp) was generated in the
pDONR™.-221 vector (Hitrobio Biotechnology, Beijing, China) and inserted into the pT3-
EF1A vector using Gateway™ LR Clonase™ (Thermo Fisher Scientific, Massachusetts, USA).
For in vivo MEK1/2 knockout, the px330-sgTp53-sgMap2kl-sgMap2k2 (9,373 bp) was
composed by Genscript Biotech, USA. The single guide RNA (sgRNA) sequences targeting
mouse MEKI1 (sgMap2kl:CATTCTAGTGAACTCACGTG) and MEK2 (sgMap2k2:
GTGCAACTCGCCCTACATCG) referenced from Mouse CRISPR Knockout Pooled Library
(Brie) were cloned into CRISPR/Cas9 vector expressing sgTp53 (px330-sgTp53). In the
control plasmid, a sequence of non-targeting control (sgNTC: GAAACACCGGGTCTTCGAG
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AAGACCT) was added to the sites of sgMap2k1 and sgMap2k?2 in the px330-sgTp53 plasmid.

2.3.4 Establishment of hydrodynamic tail vein c-Myc-luc®®/Tp53%° and c-Myc-
lucOS©E/Tp53%0 HCC mouse models

Six to eight-week-old male wild-type C57BL/6 mice were used. 15ug of plasmids pT3-EF1 A-
c-Myc-luc encoding human ¢-MYC with luciferase expression or pT3-EF1A-c-Myc-lucOS
encoding ¢c-MYC with exogenous antigens and CRISPR/Cas9 vector expressing sgTp53
(px330-sgTp53) along with SB13 transposase expressing vector (CMV-SB13) in aratio of 25:1
were diluted in saline (in a volume ratio 10% of the mouse weight), filtered through 0.22 pm
filter and injected into the lateral tail vein of C57BL/6 mice within 5-7 seconds. The constructs
used in this study showed long-term expression of genes via HTVI. In order to investigate the
effect of KRAS activation in anti-tumour T cell response, pT3-EF1A-Kras, pT3-EF1A-c-Myc-
lucOS, px330-sgTp53 and pCMV-SB13 were injected into the mice hepatocytes. In the control,
c-Myc-lucOSCE/Tp53X%9/EV group, the same amount of empty vector pT3-EF1A was added
instead of Kras expressing plasmid to maintain the consistent transfection efficiency of c-Myc
and sgTp53 plasmids. To assess the effect of MEK inhibition, the px330-sgp53-sgMap2k1-
sgMap2k?2 and the same amount of its NTC control px330-sgp53-sgNTC were injected into
the mice hepatocytes in the combination of pT3-EF1A-Kras, pT3-EF1A-c-Myc-lucOS and
CMV-SB13. To monitor the tumour growth, mice were administered with 100 mg/kg D-
luciferin (Gold Biotechnology) via intraperitoneal (IP) injection 5 minutes before
bioluminescent imaging (Perkin-Elmer IVIS Lumina Series III Pre-clinical In Vivo Animal

Imaging Systems) at defined time points.

The study protocol was approved by and performed in accordance with the Committee of the
Use of Live Animals in Teaching and Research at the Hong Kong Polytechnic University
(Hong Kong, P.R. China).

2.3.5 Combinational therapy of MRTX0902, trametinib and anti-PD-1 treatments

The c-Myc-lucOS®/Tp53%9/Kras HCC mouse model was induced in C57BL/6 mice via HTVI,
as described in section 2.3.4. The two-week treatment commenced on day 6 after HTVI. The
mice were administered the SOS1 inhibitor MRTX0902 (5 mg/kg q.d.; MedChemExpress) via
intravenous (IV) injection, coupled with a daily oral administration of trametinib (0.2 mg/kg

b.i.d.; MedChemExpress), and anti-PD-1 (200 pg t.i.w.; Bio X Cell) through IP injection.
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Tumour growth was monitored using bioluminescence imaging at specific time points. The

tumour tissues were harvested for gene and protein expression analyses.

2.3.6 Liquid chromatography with tandem mass spectrometry (LC-MS/MS) analysis
Mouse tumour samples were homogenised and extracted in lysis buffer with Universal
Nuclease at 4°C using Precellys Evolution tissue homogeniser and Cryolys cooling (Bertin
Technologies). The tissue lysates were centrifuged at 16,000 g for 10 minutes. After protein
concentration measurement, 100 pg of protein samples were reduced and digested using
EasyPep™ MS Sample Prep Kits (Thermo Fisher Scientific) according to the manufacturer's
instructions. The peptide samples were dried using Refrigerated CentriVap Vacuum
Concentrators with Cold Traps (Labconco) and resuspended in 100 pl of 0.1% formic acid (FA)
in water for LC-MS/MS analysis.

LC-MS/MS analyses were performed on an Orbitrap Fusion Lumos Tribrid Mass Spectrometer
(Thermo Fisher Scientific) coupled with UltiMate 3000 RSLCnano System (Thermo Fisher
Scientific). A Imm x 5 mm trap cartridge and a C18 analytical column (75 pm x 250 mm, 2
um, 100A) (Acclaim PepMap, ThermoFisher Scientific, USA) were employed for heat-
trapping and LC separation respectively. Mobile phases A and B consisted of 0.1% FA in water
and 0.1% FA in 100% Acetonitrile (ACN), respectively. Peptides were first trapped for 10
minutes with 100% A with a flow rate of 10ul/min, followed by separation with a flow rate of
300nL/minute: mobile phase B at 2% in 0-10 minutes (trapping time), 2-6% in 10-12 minutes;
6-20% in 12-82 minutes 20-30% in 82-92 minutes, 30-90% in 92-100 minutes and held until
105minutes, and returned to 2% at 105 minutes and maintained until 120 minutes. Both

trapping and LC separation were performed in a column oven maintained at 50°C.

Data were collected separately in modes of data-dependent acquisition (DDA) and DIA-MS.
The spray voltage and ion transfer tube temperature were maintained at 2,300 V and 300°C
respectively, throughout all acquisition. In both acquisition modes, an MS scan with an m/z
range of 400-1,500 was performed with an orbitrap resolution of 60,000 maximum injection
time of 20 milliseconds and standard AGC target. In DDA mode, precursors with charge states
2-7 were selected for MS/MS analysis with normalised high collision dissociation (HCD)
energy of 30%. Dynamic exclusion time was set as 40s. Data-dependent MS/MS spectra were

acquired using the orbitrap analyser with a resolution of 7,500 maximum injection target of 30
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milliseconds and standard AGC target. The cycling time of each DDA cycle was set to be 3
seconds. In DIA mode, the precursor was fragmented using HCD energy of 32%. The isolation
window was set to be 20 m/z in a 400-1500 precursor range, i.e., in a total of 55 scan events in
each cycle. MS/MS spectra were acquired using an orbitrap analyser with a resolution of

30,000 scan range of 200-2,000 m/z and maximum injection time of 50ms.

2.3.7 Immunohistochemical analysis of Kras in HCC specimens

Sections were deparaffinised in xylene and rehydrated in graded alcohols and distilled water.
Slides were processed for antigen retrieval by a standard microwave heating technique in Tris-
EDTA buffer. Endogenous peroxidase activities were quenched using 3% hydrogen peroxide.
The sections were immersed in serum free-protein block solution (DAKO). Specimens were
subsequently incubated with the antibodies listed in Table 2.4 for mouse HCC samples and
human HCC tissue microarray. The sections were then washed thoroughly and incubated
with anti-rabbit Envision™ HRP-conjugated secondary antibody (DAKO). Positive signals
were visualised using the Liquid DAB+ Substrate-Chromogen System (DAKO). Sections were
counterstained with Mayer’s haematoxylin and examined using a light microscope. For
quantitation of KRAS expression in a tissue microarray, the stained sections were assessed
with no prior knowledge of the clinicopathological data for the patients. For intensity (I), each
specimen was individually scored from 0 to 1, O represents weak and belongs to the “low

expression” group; while 1 represents strong and belongs to the “high expression”.

2.3.8 Single-cell RNA sequencing (scRNA-seq) analysis

The workflow of scRNA-seq preparation is shown in Figure 5.1. Tumour tissues of c-Myc-
luc®®/Tp53%9/EV and c-Myc-luc®E/Tp53K9/Kras were freshly harvested and subjected to
enzymatic dissociation. Tumour cells were dissociated in a dissociation buffer containing 0.1
g/ml Collagenase IV and 10mg/ml DNasel, by the gentleMACS™ dissociator with the
programme of liver dissociation and incubated at 37°C. The supernatant was filtered with a 70
um cell strainer and centrifuged at 600 g for 10 minutes. The supernatant was discarded and
subjected to 40%- 80% percoll purification. The cell pellet was resuspended in 40% percoll
solution and was carefully transferred to a tube containing 80% percoll solution. The 40% -
80% percoll solution was centrifuged at 1,200 g for 25 minutes at 20°C with no brake. After
centrifugation, the middle colourless immune cell layer was transferred to a new tube for red
blood cell lysis. The suspension was centrifuged at 700 g for 5 minutes, and the pellet was

resuspended in FACS buffer, and immune cells were counted. The cells were stained with anti-
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CD45-APC antibody and then LIVE/DEAD™ FixableNear-IR Dead Cell Stain. IgG2bk was
used as a control for anti-CD45 antibody. After washing, the stained cells proceeded to cell
sorting for CD45" immune cells with high viability by BD FACS Aria III cell sorter. The sorted
samples were sent for sScRNA-seq analysis. Single-cell transcriptomics of tumour tissues was
performed using 10X Genomics droplet-based technology, which incorporates microfluidics
with DNA barcoding and bioinformatics software (Cell Ranger). Total mRNA from each living
CD45" immune cell was then captured, labelled with unique barcodes, and profiled with RNA
sequencing. The alterations in the number of immune cells and their transcriptomic profiles

were analysed using the Seurat package in R.

2.3.9 Immune profiling by flow cytometry

Mouse liver samples of c-Myc-lucOS®/Tp53X°/EV and c-Myc-lucOS°/Tp53¥°/Kras were
chopped into small chips in 6-well culture plates containing T cell medium and subjected to
enzymatic dissociation as previously described in the preparation procedure of section 2.3.6.
scRNA-seq analysis. The cells were subjected to 40%-80% percoll purification for immune
cell extraction and then red blood cell lysis. A million cells/samples were seeded into each well
of a V-shaped 96 plate. The staining mix for surface staining was added to each well for 20
minutes at 4°C (Table 2.6). The cells were then fixed and permeabilised with eBioscience™
Foxp3/Transcription Factor Staining Buffer Set (#00-5523-00, Invitrogen™) for 30 minutes.
The staining mix for intracellular staining was added to each well for 20 minutes at 4°C. After
washing, the stained cells were resuspended in FACS buffer and analysed by BD
LSRFortessa™ Cell Analyzer.
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Colour

Markers channels Targets/ Functions Dilution Source
CD3 BV785 T cell 1:100 Biolegend
CD4 PercP-Cy5.5 CD4 T cell 1:300 Biolegend
CD8a AF700; FITC; CDS8 T cell 1:100; 1:200; Biolegend

BV421 1:100
CDl11b FITC Myeloid Cell 1:300 Biolegend
CDllc APC Conventional 1:100 Biolegend
Dendritic Cell

CD16/32 - Fc Blocking 1:100 Biolegend
CD19 PE B cell 1:200 Biolegend
CD44 BV711 Activation marker 1:200 Biolegend
CD45 APC-Cy7 Leukocyte 1:500 Biolegend

CD49b PE NK cell 1:50 Biolegend
CD69 BV785 Activation marker 1:100 Biolegend
F4/80 BV605 Macrophage 1:100 Biolegend

Live/Dead BV510 Viability 1:100 Biolegend

Ki-67 AF700 Proliferation 1:100 Biolegend
LAG-3 BV421 Immune checkpoint 1:50 Biolegend
Ly6C AF700 Monocytes 1:700 Biolegend
Ly6G BV711 Neutrophil 1:300 Biolegend
I-A/I-E PE-Cy7 MHC class 11 1:100 Biolegend
PD-1 PE-Cy7 Immune checkpoint 1:100 Biolegend
MHC Class I PE H-2Kb SIINFEKL 1:100 Prolmmune
Pentamers Ovalbumin (257-
SIINFEKL 264)
TCR-beta BV650; PercP- T cell 1:100; 1:200 Biolegend
Cy5.5
TIM-3 BV605 Immune checkpoint 1:200 Biolegend

Table 2.6 Immune profiling panel for flow cytometry analysis.
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2.3.10 Multiplexed immunohistochemistry in HCC specimens

Multiplexed immunohistochemistry was performed using Opal 4-Color Manual IHC Kit
(#NEL810001KT, Akoya Biosciences). Sections were deparaffinised in xylene and rehydrated
in decreasing graded alcohols and distilled water. Slides were processed for antigen retrieval
by a standard microwave heating technique in 1X AR9 Tris-EDTA buffer (pH9.0,
#AR900250ML, Perkin Elmer) for 15 minutes. Endogenous peroxidase activities were
quenched using 3% hydrogen peroxide for 10 minutes at room temperature. The sections were
immersed in the blocking/antibody diluent (*ARD1001EA, Perkin Elmer) for 30 minutes at
room temperature. The specimens were subsequently incubated with the antibodies listed in
Table 2.4. The sections were then washed thoroughly and incubated with Opal polymer HRP
Ms+Rb for 30 minutes at room temperature. After a brief wash with 1XTBST, Opal 520, 570
and 690 fluorophores (1:200) were applied for 15 minutes. Staining steps were repeated for
each antibody staining. A final stripping step was performed in 1x AR6 sodium citrate buffer
(pH 6.0) in a microwave oven for 15 minutes. The section slides were cooled down and stained

with DAPI solution (1:1000).

2.3.11 GTP-RAS activation assay

Tumour samples were homogenised and lysed using Magnesium Lysis Buffer and the
protein concentration of each sample was measured. The non-tumour liver tissue from naive
mice was used for positive and negative controls for the RAS activation assay. The activated
RAS level of 2 mg lysates of each sample was measured using the RAS activation assay kit
(#17-218, EMD Millipore). The activated GTP-bound RAS was pulled down by RAF which
was conjugated to agarose beads. The eluates were analysed by immunoblotting and probed

with anti-RAS antibody (# 05-516, Sigma-Aldrich).

2.3.12 RNA extraction and quantitative PCR (qPCR) analysis

Total RNA from murine samples was extracted using TRIzol® Reagent (Invitrogen, Waltham,
MA). Samples were lysed for 30 seconds and paused for 2 minutes using Precellys Evolution
tissue homogeniser and Cryolys cooling (Bertin Technologies). Homogeniser cycles were
repeated twice. Chloroform (Merck, Kenilworth, NJ) was added and mixed with a ratio of 1:5
to the volume of TRIzol® Reagent. The chloroform-TRIzol mixture was centrifuged at 13,300
rpm for 30 minutes at 4°C for phase separation. The top aqueous layer was withdrawn and

transferred to a new tube. 500 ul of 100% isopropanol (Merck, Kenilworth, NJ) was added to
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the aqueous layer and incubated at 4°C for 20 minutes for RNA precipitation. After incubation,
the solution was centrifuged at 13,300 rpm for 20 minutes at 4°C to collect RNA pellets. The
supernatant was discarded, and the pellet was washed twice with 1ml of 75% ethanol (Merck,
Kenilworth, NJ) and centrifuged at 10,000 rpm for 15 minutes at 4°C. The pellet was air-dried
at room temperature and resuspended in UltraPure™ distilled water (Invitrogen, Waltham,
MA). RNA concentration was measured with NanoDrop™ One/One® Microvolume UV-Vis
Spectrophotometer (Thermo Scientific) and kept at -80°C for long-term storage. cDNA was
synthesised using the PrimeScript RT Reagent Kit (Takara) according to the manufacturer's
instructions. The mixture was incubated at 37°C for 15 minutes, followed by 85°C for 5
seconds for cDNA production. The cDNA was diluted with UltraPure™ Distilled Water to
make a 10-fold dilution and was stored at -20°C. The cDNA samples were mixed with Bright
Green 2X qPCR Master Mix (Applied Biological Materials Inc., Canada) in accordance with
the manufacturer’s instructions. The PCR analysis was performed using QuantStudio 7 Flex
Read Time PCR System (Applied Biosystems) with primers specific to the sequences of genes
of interest, which are provided in Table 2.2. Relative expression differences were calculated

using 2"*2Cr method with reference to housekeeping genes B-actin or Gapdh.

2.3.13 Western blot analysis

Tumour samples were homogenised at 4°C using Precellys Evolution tissue homogeniser and
Cryolys cooling (Bertin Technologies) and extracted using either RIPA buffer supplemented
with a protease inhibitor cocktail and phosphatase inhibitors (Roche). Protein lysates were
separated by SDS-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to a
polyvinylidene difluoride membrane (Millipore) for western blot analysis. Primary
antibodies listed in Table 2.4 were incubated at 4°C overnight. After washing, the membrane
was incubated with horseradish peroxidase-conjugated anti-mouse or rabbit antibody (GE
HealthCare). The signals were visualised using the enhanced chemiluminescence method.

Blot images were quantified by densitometry using ImageJ software.
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2.3.14 Bioinformatics and statistical analysis

2.3.14.1 MS data analysis of label-free DDA and DIA proteomics

The acquired label-free DDA data of c-Myc-luc®®/Tp53%° HCC and c-Myc-lucOSO¥/Tp53K0
HCC samples (n=5/ group) were imported to Spectronaut 14 software (Biognosys) for the
generation of a spectral library. The DIA data were imported to the DDA library-based DIA
analysis and searched against the mouse UniProt database (release 2022 01, 23rd Feb 2022).
The BGS Factory Settings (default setting) was adopted for the DIA analysis. In parallel, the
DDA data of the same set of tumour samples were analysed using Progenesis QI for Proteomics
(QIP, Waters Corp., USA) with Mascot Server 2.4 (Matrix Science, United Kingdom) for
protein identification. The precursor ion mass tolerance and fragmentation tolerance were set
as 10 ppm and 0.05 Da for the database search, respectively. The maximum number of
modifications per peptide was three. Carbamidomethylation of cysteine was set as a fixed
modification, and oxidation of methionine and N-terminal acetylation were set as variable
modifications. The enzyme was specified as trypsin with up to two missed cleavages allowed.

The false discovery rate for peptide matches and proteins was adjusted to 1%.

2.3.14.2 Pathway analysis by Gene Set Enrichment Analysis (GSEA)

In the MS analysis, the average values of the log2 ratio of c-Myc-lucOS°¥/Tp53X° compared
to c-Myc-lucOS®E/Tp53%° HCC samples (n=5/group), with the g-value < 0.05 were input to
Gene Set Enrichment Analysis (GSEA) software 4.2.3. In the TCGA-LIHC cohort, 372 HCC
samples were divided into groups with low (n=228) and high (n=144) wild-type KRAS
expression, according to mean KRAS expression and input into GSEA software. The H:
hallmark gene sets database from Molecular Signatures Database Collections (MSigDB) was
used in the pathway analysis and with a false discovery rate (FDR) <0.25, which was
considered to be significantly enriched and suitable for further investigation of the biological

processes involved (Subramanian et al., 2005).

2.3.14.3 Statistical analysis

Statistical significance of qPCR, flow cytometry, and immunohistochemistry results were
analysed by Student’s t-test using GraphPad Prism. The displayed results showed the means and
the standard deviations, and those with p-values less than 0.05 were considered statistically
significant (* p<0.05, ** p<0.01, *** p<0.001 and ****p<0.0001). All tests are two-sided. Data

point was excluded if it deviated from the mean with more than 3 standard deviations.
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Investigators were not blinded to the group allocation during the experiment and when assessing
the outcome in all experiments including animal experiments. There is no estimate of variation
within each group of data. Variance is similar between the groups that are being statistically
compared. Chi-square test was employed to examine the correlation of KRAS with tumour
relapse in HCC samples. Kaplan-Meier survival analysis was used to test the overall survival and
disease-free survival, and a log-rank test was used to determine the statistical significance; these

analyses were carried out using SPSS 21 software.
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Chapter 3. DIA proteomic analysis identified KRAS
signalling is enriched in c-Myc-lucOS©E/Tp53K0
HCC mice model
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3.1 Introduction
In cancer immunology, the immune response to cancer is often conceptualised with the cancer

immunity cycle, as suggested by Chen and Mellman (2013; Figure 1.5). In addition to the
reactivation of cytotoxic CD8" T cell response, the current direction of therapeutic strategies
targets more than one step of anti-tumour response within the immunity cycle, for example,
antigen presentation, priming to the T cell, T cell infiltration and activation. In this context,
combinational therapies would offer a synergistic effect for enhancing the anti-tumour immune
response. Thus, understanding the interactions between the tumour cells and the other

components of the immunity cycle is of utmost importance.

In order to identify the oncogenic pathway that mediates immune escape in HCC, a suitable
immunocompetent HCC model for studies on immune surveillance is required. The in vivo
system of endogenous T cell response in genetically engineered mice was first designed by
DuPage et al. (2011). In that model, the introduction of exogenous antigens, including the 2¢
T cell receptor epitope SIYRYYGL (SIY) and two antigens from ovalbumin (OVA)-
SIINFEKL (SIN, OVA257-264) and OVA323-339 — fused to the C-terminus of luciferase of
the Lenti vector (Lenti-LucOS), mimicked the TAAs. The expression of TAAs enhances the
immunogenicity of the tumour and recruits the cytotoxic T cell infiltration into the tumour site,

leading to a delay in tumour progression.

Ovalbumin is a well-characterised source of adjuvants for subunit vaccines, which are
constantly challenged by poor immunogenicity. T cells recognise the antigens by binding to
the peptides that are presented by the MHC-I. The peptide epitopes OVA257-264 and
OVA323-339 induced both humoral and cellular immune responses in the host immune system.
SIINFEKL (the amino acid sequence of epitope OVA257-264) is a class I (Kb)-restricted
peptide epitope of OVA. This peptide can be recognised by cytotoxic T cell lymphocytes and
subsequently induces a peptide-specific T cell response (Rtzschke et al., 1991; Hulseberg et
al., 2010). OVA323-339 encompasses a peptide epitope that binds to MHC-II I-A(d) and is
responsible for T cell activation (McFarland et al., 1999).

The Lenti-LucOS model revealed the dynamic nature of immune surveillance and enabled
tracking of antigen-specific endogenous T cells during tumorigenesis (DuPage et al., 2011). It
was later introduced into HTVI-induced c-Myc-lucOS®E/Tp53%° HCC in immunocompetent

mice by de Galarreta et al. (2019). In this study, B-catenin activation was found to promote
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immune evasion and resistance to anti-PD-1 treatment in HCC cells. The findings in the murine
model provided a mechanistic explanation of immune exclusion to the clinical data where more
than 30% of CTNNB1 mutants are predicted to resist the anti-PD-1 therapy (Pinyol et al.2019).
Moreover, the introduction of exogenous antigens was also employed to investigate T cell

exhaustion in the AKT/NRAS HCC murine model (Liu et al., 2018).

Clinically, TAA-specific CD8" T cell responses naturally occur in HCC patients and contribute
to the T cell repertoire. Moreover, the breadth of these responses is positively correlated to
patient survival (Flecken et al., 2014). These findings support the development of the LucOS

model as a suitable immunocompetent HCC mouse model to study the immunology of HCC.
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3.2 Experiment design
(1) An immunocompetent murine HCC model was established with the gene transfer of two

commonly altered genes in HCC: MYC (12%) and 7P53 (32%) in the TCGA-LIHC cohort
(Cerami et al., 2012). Utilising the concept of immune surveillance, T cell epitope antigens
SIYRYYGL (SIY), SIINFEKL (SIN, OVA257-264), and OVA323-339 were fused to the
C-terminus of an oncogenic c-Myc-expressing plasmid. The plasmids were introduced into
the hepatocytes of the C57BL/6 mice via HTVI. Intravascular pressure within the inferior
vena cava increases upon tail vein injection of the plasmid mixture. The injected solution
enters the heart and induces cardiac congestion, which pushes the solution back in the
retrograde direction. The solution flew into the liver via the hepatic vein and caused
swelling of the liver and an increase in the permeability of the hepatocytes, thus transferring
the genes into the hepatocytes. In the antigen-expressing c-Myc-lucOS®F/Tp53%° HCC
tumour, the T cell epitope peptides were expressed and bound to MHC molecules on the
surface of the tumour cells. This increased the immunogenicity of the mouse model and

enhanced the anti-tumour CD8" immune response.

(2) The tumour tissues of c-Myc-luc®®/Tp53X° and immune-escaped c-Myc-lucOSOF/ Tp53K0
were harvested and analysed by DIA label-free proteomics. The MS data was further
analysed using GSEA software to identify the intrinsic oncogenic pathway enriched in the

immune-escaped tumour.
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Establishment of antigen-expressing c-Myc-lucOS°/Tp53%° HCC mouse model
via hydrodynamic tail vein injection
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Figure 3.1 An outline of the experiment design to investigate the intrinsic oncogenic
pathway that mediates the immune escape in the c-Myc-lucOS®E/Tp53%° HCC mouse

model
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3.3 Results
3.3.1 Expression of exogenous antigens delays tumour progression in c-Myc-

lucOSOE/Tp53X0 HCC mice model

To establish an HCC murine model, two of the most commonly altered genes, c-Myc and Tp53,
were selected as the oncogene background. In the TCGA-LIHC cohort, oncogene MYC was
amplified in 12% of the patients, while the deletion or mutation of tumour suppressor 7P53
was attributed to 32% of HCC cases (Cerami et al., 2012; Figure 3.2A). In the control group,
plasmids encoding sgTp53, SB13 and c-Myc with luciferase (c-Myc-luc) were injected into the
mice, and the tumour growth was monitored by bioluminescence imaging. The tumour
continued to grow, as shown in the luciferase signals on day 12 and day 29 (Figure 3.2B&C).
All the mice presented gross liver tumours, with a median survival of 42 to 48 days (Figure
3.2D). In the antigen-expressing c-Myc-lucOS®E/Tp53%© group, the same amount of c-Myec-
lucOS, sgTp53, and SB13-expressing plasmids were injected into the mice. The expression of
the exogenous T cell antigens caused a reduction in tumour progression. The luciferase signals
of the antigen-expressing lucOS group were lower than those of the control group on day 12
and continued to decrease on day 29. The majority of mice did not develop any tumours within
60 days (Figure 3.2B&C). However, the anti-tumour T cell response failed to clear the tumour
cells in all mice, and some of them (about 2 out of 10 mice) eventually escaped the immune

system and developed tumours (Figure 3.2D).
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Figure 3.2 Expression of exogenous antigens delays tumour progression in c-Myc-
lucOSCE/Tp53X° HCC mouse model.

(A) Genomic alterations of oncogene MYC (12%) and tumour suppressor gene 7P53 (32%) in
the TCGA-LIHC cohort (n=372 samples). Oncogenic plasmids of two commonly altered genes
in HCC, c-Myc, and Tp53 were introduced into the hepatocytes of mice via HTVI to induce
HCC. (B) Representative bioluminescence images of c-Myc-luc®®/Tp53%° and c-Myec-
lucOS°E/Tp53%0 on day 12 and day 29 after HTVI. The scale bar for the luciferase signal was
shown. Quantification of normalised luciferase signal at days 12 and 29 after injection of
vectors (n =5 per group). (C) Exogenous T cell-specific antigens expression caused a reduction
in the luciferase signal and resulted in tumour delay. The majority of the mice did not develop

56



any tumours, with a significant survival benefit. However, the clearance of tumour cells was
incomplete in all mice, and some of the tumours (2 out of 10) eventually escaped the immune
system. (D) Representative images of c-Myc-luc®®/Tp53%°, c-Myc-lucOS®E/Tp53%° and
immune-escaped c-Myc-lucOS®E/Tp53K€ livers.

3.3.2 DIA proteomic analysis identified oncogenic KRAS signalling enriched in
immune-escaped c-Myc-lucOS®E/Tp53%0 HCC mice model

To investigate the intrinsic oncogenic pathway enriched in the immune-escaped tumour, c-
Myc-luc®®/Tp53%° and immune-escaped c-Myc-lucOS®E/Tp53%° tumour tissues were
harvested for DIA proteomics. A total of 4515 differentially expressed proteins with a g-value
<0.05 were identified in the DIA proteomics. In the analysis, the Principal Component Analysis
(PCA) showed 37.53% variability between the two groups in the first principal component
(PC1) and 18.99% in PC2 (Figure 3.3A). The volcano plot of the proteomic analysis (Figure
3.3B) revealed that the top differentially expressed proteins, for example, Slc2al (Log2 Fold
Change (FC): 3.69, p<0.01), Igf2bp1 (Log2FC:3.38, p<0.01), Anxa2 (Log2FC: 3.11, p<0.01),
Plaur (Log2FC: 2.91, p<0.01), Itga3 (Log2FC: 2.76, p<0.01) and Itgam (Log2FC: 2.67,
p<0.01), enriched in the c-Myc-lucOS®Y/Tp53K%° groups were associated with immune
infiltration in cancer (Elcheva et al., 2023; Li et al., 2021; Liu et al., 2021; Liu et al., 2022;
Ning, Li, & Wang, 2023; Schmid et al., 2018). The enrichment of these marker genes further

confirmed that the expression of the antigens enhanced immunogenicity.

The proteomic data was further analysed by GSEA to examine the enrichment of oncogenic
pathways in immune-escaped tumours using the H: Hallmark gene sets database (MSigDB
v2022.1.Hs; Subramanian et al., 2005). Nine gene sets were significantly enriched at a nominal
p-value <0.05 in the c-Myc-lucOSE/Tp53K0 group, while four gene sets were significantly
enriched in the c-Myc-luc®®/Tp53%° group (Figure 3.3C). Immune-related pathways such as
coagulation, complement, and IL2/ STATS signalling were significantly enriched in c-Myc-
lucOS®E/Tp53K0, ensuring the activation of the immune response in the lucOS group. Among
the enriched pathways in the immune-escaped group, oncogenic KRAS signalling
(HALLMARK KRAS SIGNALLING UP) was ranked fifth with a normalised enrichment
score (NES) of 2.11. Nevertheless, it was the top oncogenic pathway enriched in the immune-
escaped group. Moreover, Kras (Log2FC:1.44, p<0.05) and its downstream effector Cyclin D1
(Cendl; Log2FC:2.915, p<0.05) were upregulated in protein levels in immune-escaped c-Myc-
lucOS®E/Tp53%0 tumours (Figure 3.3B). qPCR analysis also confirmed the upregulated Kras

mRNA expression in immune-escaped tumours (Figure 3.3D).
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To validate that the KRAS signalling pathway was activated in immune-escaped tumours,
immunohistochemical (IHC) analyses for the upstream phospho-epidermal growth factor
receptor (pEGFR) and downstream phospho-extracellular signal-regulated kinase (pERK1/2)
were performed (Figure 3.3F). Higher expressions of pEGFR, KRAS and pERK1/2 were found
in immune-escaped tumours, with a colocalisation of KRAS and pERK1/2, confirming the
activation of EGFR/KRAS/ERK signalling in immune-escaped c-Myc-lucOS®E/Tp53%° HCC
(Figure 3.3F).
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Figure 3.3 DIA proteomic analysis identified oncogenic KRAS signalling enriched in the
immune-escaped c-Myc-lucOS®¥/Tp53X° HCC mouse model.

(A) Principal component analysis (PCA) plot showing the clusters of c-Myc-luc®®/Tp53%©
(n=5) and immune-evaded c-Myc-lucOSOY/Tp53KO tumour tissues (n=5) in DIA-MS
proteomics. PC1 and PC2 explained 37.53% and 18.99% of the variability between the two
groups, respectively. (B) Volcano plot of the proteomic analysis revealed that Kras
(Log2FC:1.44, p<0.05) and its downstream effector Cyclin D1 (Cendl1; Log2FC:2.915, p<0.05)
were upregulated in immune escaped c-Myc-lucOS®%/Tp53%° tumours. Marker genes related
to immune infiltration, e.g. Itga3 were also upregulated in immune-escaped tumours, further
confirming that endogenous expression of the antigens enhances immunogenicity. (C) GSEA
pathway analysis (H: hallmark gene sets database from MSigDB Collections) compared the c-
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Myc-luc®®/Tp53%° and immune-escaped c-Myc-lucOSOY/Tp53%°  tumour tissues. (D)
Oncogenic KRAS signalling pathway (NES: 2.11, FDR g<0.01) was enriched in c-Myc-
lucOS®E/Tp53%0 tumours. Red: c-Myc-lucOSF/Tp53¥0, blue: c-Myc-luc®®/Tp53%° (E) qPCR
confirmed the upregulated Kras mRNA expression in immune-escaped tumours. (n=5; *
p<0.05, t-test). (F) Immunohistochemistry analysis demonstrated that EGFR/KRAS/ ERK1/2
signalling was activated in immune-escaped c-Myc-lucOS®E/Tp53%° HCC. (G) Multiplexed
immunofluorescence showed the colocalisation of Kras and pERK1/2 expression in c-Myc-
lucOS®E/Tp53%0 tumour tissue.

61



3.4 Discussion
In this study, the HCC murine model was induced by HT VI, which generates endogenous and

heterogeneous liver-specific tumours and better mimics the characteristics of HCC patients.
Unlike orthoptic or ectopic transplantation of the primary tumour cells or cell line, the
autochthonous tumour undergoes the process of tumorigenesis and avoids the unnecessary
immune response that could be provoked by the introduction of foreign cells into the liver. As
HTVI is performed in 6 to 8-week-old adult mice, it avoids problems that might occur during
the development of traditional transgenic mice (Gu & Lee, 2022). Moreover, the transfection
efficiency of HTVI is around 10- 40% of hepatocytes, leading to a small population of cells

undergoing genetic alteration, which resembles the initiation of human HCC.

C-Myc and Tp53 were selected as the oncogenic background of the HCC model in this study
due to their frequent genetic alteration in HCC. The co-occurrence of dysregulation of MYC
and TP53 in HCC was found in 6.5% of the patients. Overexpression of c-Myc is broadly
observed in solid tumours, often caused by genomic amplification at chromosome 8q24.1. It is
frequently detected in patients with advanced liver fibrosis and strongly correlates with
cirrhosis and HCC progression (Nevzorova et al., 2013). C-Myc is a crucial driver of immune
evasion as its overexpression is associated with the suppression of innate immunity and MHC-
I antigen presentation, leading to inadequate CD8" T cell infiltration. The disruption of Tp53
has been reported to promote immune escape via the perturbation of APM and suppression of
the immunogenicity of the tumour (Wang et al., 2013; Zhu et al., 1999). Loss of p53 function
also damaged T cell response via the recruitment of immunosuppressive myeloid and Treg
populations (Bezzi et al., 2018). Studies have also reported the crosstalk between Myc and
Tp53 in promoting HCC progression and suppressing the TIME (Blagih, Buck, & Vousden,
2020; Kawate et al, 1999). Thus, the c-Myc-luc®®/Tp53X® HCC model has low
immunogenicity and was previously reported to be unresponsive to anti-PD-1 therapy (Chiu et

al., 2020).

TAA-specific CD8" T cell responses occur naturally in HCC patients and characterise part of
the normal T cell repertoire (Flecken et al., 2014). Moreover, the efficacy of these responses
correlates with patient survival. The introduction of the exogenous antigens STYRYYGL (SIY),
SIINFEKL (SIN, OVA257-264), and OVA323-339 in the c-Myc-luc®®/Tp53%° model
increased its immunogenicity and aroused a TAA-specific anti-CD8 T cell response. Our

findings supported that the induction of T cell response was able to eliminate the tumour cells
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and delay the tumour progression. Intriguingly, the T cell immune response was not complete
and failed to eradicate the tumour cells in all mice. This observation aligns with previously
reported findings in the lung cancer model (DuPage et al., 2011). Immune escape could be
attributed to the capability of the cancer immunoediting (Dupage et al., 2012). Through the
gradual selection of clones with loss of antigen expression or presentation on MHC-I, tumour
cells were edited to become less immunogenic and thus led to dysfunctional T cell response. It
is also possible that in our model, a small population of tumour cells, which downregulated the
MHC-I expression on their cell surface, survived the attack of cytotoxic T cells and expanded
in the liver. Yet, the underlying mechanism of incomplete anti-tumour response remains
unknown. Besides defective antigen presentation, tumour cells evade host immune defence
through various methods, including impaired T cell activation, infiltration, and accumulation

of immunosuppressive molecules and cells in the TIME (Chen & Mellman, 2017; Figure 3.4).

In addition to CD8" T cell-mediated immune surveillance, CD4" T cells also play an important
role in assisting the anti-tumour immune response via MHC-II antigen processing. Novel
autochthonous mouse models incorporated with the expression of CD4-specific neoantigens
were also established to examine the role of CD4" in the T-cell dysfunction (Westcott et al.,
2021). By inducing the endogenous CD4" cells, the number of functional tumour-specific CD8"
was significantly enhanced, leading to a reduced tumour burden in the mouse model. This
highlighted the importance of the intricate coordination of CD8" cells and other immune cells

in eliciting the anti-tumour response.

To investigate the underlying mechanism of immune-evaded tumours, we performed a DIA-
MS analysis to examine the proteomic profile of tumour tissues. In contrast to DDA-MS, DIA-
MS offers a broader spectrum of protein identification and a higher reproducibility and
accuracy in the quantification of protein levels (Bichmann et al., 2021). This is because, in
DIA-MS, all the peptides within a defined mass-to-charge (m/z) window in the MS1 scan are
fragmented for the second stage of tandem MS analysis (MS2). In DDA-MS, only the top
precursor peptides (the highest abundance in MS1) are subjected to fragmentation for MS2
(Figure 3.1). Furthermore, the MS/MS data acquisition in DIA occurs in parallel across
peptides. Therefore, the consequent MS spectra are highly multiplexed and avoid the under-

representation of low-abundant proteins.
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Our proteomic data demonstrated the successful induction of the immunogenicity of the model,
evidenced by the upregulation of the immune infiltration-related proteins, including Slc2al,
Igf2bpl, Anxa2, Plaur and Itgam (Figure 3.3B). GSEA analysis also revealed the activation of
immune-related pathways in the immune-escaped group. This hinted at the possibility of other
oncogenic pathways in exploiting the immune surveillance in these immune-escaped mice. In
the pathway analysis, the oncogenic KRAS signalling pathway was enriched in the lucOS
group with an upregulation of one of its downstream effectors Cendl (Figure 3.3B&C). The
data was further validated by the qPCR and IHC analysis, suggesting that the KRAS signalling

was turned on upon the upstream activation.

Moreover, the lipid metabolism-related pathways, including the bile acid, peroxisome and fatty
acid metabolisms, were enriched in the c-Myc-luc®®/Tp53X° HCC. Increasing demand for local
glucose and oxygen is one of the hallmarks of the tumour microenvironment. Lipids are the
primary energy source for both tumour and immune cells in the hypoxic and glucose-deficient
tumour milieu. Indeed, lipid metabolism reprogramming influenced the anti-tumour immune
response and the responsiveness to the immunotherapy (Feng et al., 2023; Wang et al., 2023).
Intracellular fatty acid facilitated CD8" T cells’ lipid metabolism and preserved their effector
functions via activation of PPARa (Wang et al., 2020). Depletion of lipids in CD8" T cells
inhibited their proliferation and cytotoxicity and promoted T cell exhaustion (Vergnes et al.,
2013). In addition, the immunogenicity of DCs is associated with the level of lipid content. The
higher lipid-containing DCs are immunogenic as they possess a higher capacity for robust
antigen presentation and enhance the endogenous cytotoxic T cells (Ibrahim et al., 2012). DCs
with high lipid compositions tend to produce higher levels of integrins, co-stimulatory
molecules, pro-inflammatory cytokines and chemokines (Dong & Bullock, 2014).
Dysregulated lipid metabolism in DCs could make the cells tolerogenic, promoting immune
evasion in HCC (Herber et al., 2010). Therefore, it could be possible that the downregulated
lipid metabolism impeded the functions of the immune cells and elicited an adequate immune

response in immune-escaped tumours.
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Chapter 4. Wild-type Kras overexpression promotes
immune evasion in c-Myc-lucOS®/Tp53K0 HCC
mice model
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4.1 Introduction
In Chapter 3, the DIA-MS result showed that wild-type Kras expression and KRAS signalling

were enriched in the immune-escaped c-Myc-lucOSF/Tp53X° HCC tumours. As a result, we
hypothesise that KRAS signalling promotes immune evasion. Activation of KRAS signalling
is often observed in cancers that harbour high levels of KRAS mutation, such as pancreatic,
colorectal and non-small cell lung cancers. However, KRAS is rarely mutated in HCC. The
functional role of KRAS in HCC has not been elucidated, nor does it affect immune response.
Due to the scarcity of current knowledge on the role of wild-type KRAS in HCC and our
previous findings in immune escaped c-Myc-lucOS®/Tp53X° tumours, we selected wild-type

Kras as our target in this study.

In this chapter, we first examined the clinical relevance of KRAS in HCC-related cohorts. To
investigate the role of wild-type Kras in HCC, we composed a Kras-overexpressing plasmid
pT3-EF1la-Kras, which enables an endogenous overexpression of wild-type Kras via HTVI, in
our in vivo ¢-Myc-luc®®/Tp53%° HCC mouse model. We further validated if wild-type Kras
modulates the anti-tumour T cell response and exploits the immune surveillance using the
antigen-expressing c-Myc-lucOS%¥/Tp53%° model. Moreover, we aimed to elucidate
molecular mechanisms by which oncogenic KRAS signalling is able to evade immune

responses in the context of HCC.
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4.2 Experiment design
(1) The clinical relevance and significance of KRAS in HCC were examined in liver cancer

cohorts using the International Cancer Genome Consortium (ICGC) Data Portal

(https://dcc.icgc.org/) and  Genomic Data Commons (GDC) Data  Portal

(https://portal.gdc.cancer.gov/). The keyword “KRAS” was searched regarding mutation rate,

gene expression by stage, expression comparison between normal/ cancerous tissues, and
survival analysis. An in-house HCC human tissue microarray was examined for KRAS protein

expression, recurrence and survival analyses.

@ To examine the clinical relevance of of KRAS in HCC cohorts
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Figure 4.1 An outline of the workflow to examine the clinical relevance of KRAS in HCC
patients

The diagram summarises the methods used to evaluate the clinical relevance of KRAS in HCC
patients. Online databases, including ICGC and TCGA cohorts, were explored in the search for
the gene KRAS. ITHC analysis was performed using tissue microarray of the HCC tissue
samples, followed by survival and recurrence analyses.
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(2) The wild-type Kras overexpressing plasmid was cloned as described in the Method section.
The plasmids expressing c-Myc or c-Myc with T cell antigens (c-Myc-lucOS), sgTp53,
transposase SB13 and Kras were introduced into the hepatocytes of the C57BL/6 mice via
HTVI. The intravascular pressure within the inferior vena cava increased upon the tail vein
injection of the plasmid mixture. The injected solution entered the heart and induced cardiac
congestion, which pushed the solution back in the retrograde direction. The solution flew into
the liver via the hepatic vein and caused swelling of the liver and an increase in the permeability
of the hepatocytes, thus transferring the genes into the hepatocytes. To monitor tumour growth,
the mice were subjected to bioluminescence imaging at certain time points. The tumour tissues
were harvested for various gene and protein expression analyses, including qPCR, western blot,

IHC, and RAS activation assay.
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Gateway cloning of pT3-EF1a-Kras plasmid

\>NM_021284.6:195-761 Mus musculus Kirsten rat sarcoma viral oncogene
homolog (Kras), mRNA
ATGACTGAGTATAAACTT GGTGGCGT AGAGCGCCTTGACGATACAGCTAA
TTCAGAATCACTTTG CCCTAC TCCTACAGGAAACAAGTAGTAATTGA
TGGAGAAACCTGTCTCTTGGATATTCTCGACACAGCAGGTCA CAGTGCA 'CAG
TACATGAGAACT TTTCTTTGTGTATTTGCCATAAATAATACTAAATCATTTGAAGATATTC ccdB
ACCATTATAGAGAACAAATTARA A TCTGAAGA C C ATAA
GTGTGATTTGCCTTCTAGAAC. ACGAAACAGGCTC A GGGATTCCG | altPT “ attP2
TTCATTGAGACCTCAGCAAAGACAAGACAGGGTGTTGACGATGCCTTCTATACATTAGTCCGAGARATTC
GAAAACATA TGAGCAAAGAT AGA AGAAGAAGTCAAGGACAAGGTGTACAGT Toxic
TATGTGA
l Byproduct
Kras cedB Kras
attR2 attg1 A attB2
attL1 A attl 2 attR]_g—, /
pDONR221- + pT3-EF1a- > pT3-EF1a-
Kras GW " Kras
LR Clonase

@ Overexpression of Kras in the antigen-expressing c-Myc-lucOS°/Tp53%° HCC
mouse model via hydrodynamic tail vein injection
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Figure 4.2 A summary of the construction of plasmid pT3-EFla-Kras and the
experimental design of establishing c-Myc-lucOS®F/Tp53K°%/Kras HCC mouse model
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4.3 Results
4.3.1 Wild-type KRAS expression is upregulated in HCC samples in mRNA and protein

levels and is correlated with poor prognosis

Unlike other cancer types, KRAS mutation is rare in liver cancer. In the TCGA-LIHC cohort
containing 372 primary HCC tumours, the frequency of KRAS mutation only accounts for about
1.33% of cases (Figure 4.3A). The rate of KRAS mutation ranges from 2.54% to 17.83% in
other cohorts (Table 4.1) from countries, including France, China, and Japan. In the TCGA-
LIHC cohort, wild-type KRAS expression is significantly upregulated in primary HCC
tumours (median expression: 4.93 transcripts per million (TPM)) compared to 50 normal liver
tissue samples (median expression: 4.6 TPM; Figure 4.3B). A stepwise upregulation of KRAS
mRNA expression was also observed according to the cancer stages in the primary HCC
tumour cohort (Figure 4.3C). The median expression of 4.65 TPM at stage 1 to 5.9 TPM at
stage 3. (Normal: median expression: 4.6 TPM, n= 50; stage 1: median expression: 4.65, n=168;
stage 2: median expression: 4.9 TPM, n=84; stage 3: median expression: 5.9 TPM, n=82; stage
4: median expression: 4.29; n=6). The overall survival rate of HCC patients with high KRAS
expression was significantly lower than those of patients with low KRAS expression (p=0.049;
log-rank test; Figure 4.3D). Immunohistochemical staining analysis of a tissue microarray with
50 clinical HCC samples was performed to compare the KRAS expression at the protein level
(Figure 4.3E). Patients with high KRAS expression had a higher chance of experiencing HCC
relapse (~76%; Figure 4.3F). The disease-free survival rate of HCC patients with high KRAS
overexpression was significantly lower than those of patients with low KRAS expression (***
p<0.001; log-rank test), as well as the overall survival rate (Figure 4.3G). All in all, wild-type
KRAS expression is enhanced in HCC and is correlated with tumour stage, poor prognosis,

and survival.
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Figure 4.3 Wild-type KRAS expression is upregulated in HCC samples in mRNA and
protein levels, and is correlated with poor prognosis.

(A) Genomic alterations of KRAS (<1% mutation) found in the TCGA-LIHC cohort (n=372
samples). (B) Analysis of the dataset showed upregulation of KRAS mRNA expression (372
primary HCC tumours compared with 50 normal samples; **** p<(0.0001, t-test). (C) A
stepwise upregulation of KRAS mRNA expression according to the cancer stages was observed
in the TCGA-LIHC cohort compared to 50 normal samples (stage 1: n=168, stage 2: n=84,
stage 3: n=82, stage 4: n=6; ** p<0.01, *** p<0.001, **** p<0.0001, t-test). (D) The overall
survival rate of HCC patients with high KRAS overexpression was significantly lower than
that of patients with low KRAS expression (p=0.049; log-rank test). (E) Immunohistochemical
staining of a tissue microarray comparing KRAS expression in 50 clinical HCC samples. Scale
bar = 50 um. Representative cases of HCC with low KRAS expression (Case #10) and high
KRAS expression (Case #33) are shown. (F & G) High KRAS expression is correlated with a
higher chance of HCC relapse (~76%) in 50 HCC samples (**** p<0.0001, t-test). Error bars
indicate the mean = SD. The disease-free survival rate of HCC patients with high KRAS
overexpression was significantly lower than that of patients with low KRAS expression (***
p<0.001; log-rank test).

Number of KRAS Percentage of

Project Tumour Subtype participants| Mutations | KRAS Mutations
LIHC-US, TCGA HCC 372 5 1.33%

LINC-JP HCC (Virus associated) 394 8 2.54%

HCC (Secondary to alcohol

LICA-FR and adiposity) 252 9 3.57%

LICA-CN HCC (HBV-associated) 402 46 10.70%

LIRI-JP HCC (Virus associated) 258 53 17.83%

Table 4.1 KRAS is rarely mutated in HCC.

The table demonstrated the frequency of the mutation rate of KRAS in liver cancer datasets
associated with diverse aetiological factors, including TCGA-LIHC, LICA-France (LICA-FR),
LINC-Japan (LINC-JP), LICA-China (LICA-CN) and LIRI-Japan (LICA-JP).
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4.3.2 Successful establishment of a Kras overexpressing plasmid pT3-EF1a-Kras and
the functional role of Kras in c-Myc-luc®®/Tp53X° HCC

As described in the Method section, we constructed plasmid pT3-EFla-Kras (Appendix 1).
Briefly, the coding sequence of mouse Kras (NM_021284) was cloned into the donor vector
pDONR-221. Subsequently, the Kras coding sequence was inserted into the vector pT3-EF1a-
GW using the Gateway™ cloning method facilitated by LR Clonase™. DNA electrophoresis
confirmed the size of the plasmid pT3-EFla-Kras. As shown in Figure 4.4A, a clear single
band of pT3-EF1a-Kras (cut by the digestion enzyme Xhol) was observed at a calculated size
of 5.7kb. The insertion of the Kras fragment was confirmed by DNA sequencing using the
EFla forward primer (Figure 4.4B). The result of the Basic Local Alignment Search Tool
(BLAST) showed a 100% identity with the Kras mRNA sequence.

The plasmid pT3-EFla-Kras was injected into the hepatocytes of mice with plasmids
expressing sgTp53, SB13, and c-Myc. The luciferase signals of both groups were comparable
on day 12 (Figure 4.4C), indicating equal transfection efficiency and expression of the c-Myc
plasmid in both groups. On day 22, there was a drastic increase in luciferase expression among
Kras mice compared to that in EV mice, indicating faster tumour growth in Kras-
overexpressing mice. All the Kras overexpressed mice presented gross liver tumours with
higher tumour weight, with a median survival of 24 to 37 days (Figure 4. 4D&E&F). These
findings confirmed that Kras overexpression promotes HCC progression. To validate this in
vivo system, both the c-Myc-luc®®/Tp53%°/EV and c-Myc-luc®®/Tp53X0/Kras tumour tissues
were harvested to evaluate Kras expression. QPCR analysis showed an increase in Kras mRNA
expression in Kras overexpressing tumours (Figure 4.5A), while western blot confirmed the
upregulation of KRAS in the protein level (Figure 4.5B). Immunohistochemistry staining
analyses showed high and specific expression of KRAS in c-Myc-luc®t/Tp53%°/Kras tumour
tissues (Figure 4.5C). A GTP-RAS activation assay (Figure 4.5D) was performed to examine
in vivo RAS activation in both groups. The Ras signalling switches between an active GTP-
bound state and an inactive GDP-bound state. GTP-RAS was pulled down by binding to the
RAS-binding domain in RAF1. Western blot demonstrated a significantly higher expression of
RAS-GTP at 21kDa in the Kras tumour sample compared to the EV tumour sample and naive
non-tumour liver tissue. This implies that RAS signalling was activated upon wild-type Kras

overexpression.
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Figure 4.4 Wild-type Kras overexpression promotes tumour growth in c-Myc-
luc®®/Tp53%° model

(A) DNA electrophoresis of the pT3-EF1a-Kras plasmid. Lane 1: Ladder, Lane 2: pT3-EF1a-
Kras plasmid digested with Xhol. Lane 3: uncut pT3-EFla-Kras plasmid. (B) The DNA
sequencing result of the pT3-EFla-Kras plasmid confirmed the mouse Kras sequence was
successfully cloned into the plasmid. (C) Overexpression of wild-type Kras in the c-Myc-
1luc®E/Tp53%° model promoted tumour development. Representative bioluminescence images
on days 12 and 22 of c-Myc-luc®®/Tp53%°/EV and c-Myec-luc®t/Tp53%9/Kras after HTVI. The
scale bar for the luciferase signal is shown. (D) Quantification of normalised luciferase signals
on days 12 and 22 after HTVI (n=5 per group, ** p<0.01, t-test). The tumour weight of the c-
Myc-luc®E/Tp53%9/Kras group was higher than that of the c-Myc-luc®®/Tp53%°/EV group. (E)
Representative images of c-Myc-luc®®/Tp53%°/EV and c-Myc-luc®®/Tp53K%°/Kras livers. (F)
A significant reduction in survival was observed in the Kras group, with a median survival of
30 days (** p<0.01; log-rank test).
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Figure 4.5 Kras overexpression in c-Myc-luc®t/Tp53%° model confirmed at mRNA and
protein levels.

(A) QPCR analysis revealed significantly enhanced wild-type Kras mRNA expression in livers
injected with Kras compared to the control (* p<0.05, t-test). (B) Western blot analysis showed
an increase in Kras protein expression in c-Myc-luc®®/Tp53%°/Kras tumours compared to the
control c-Myc-luc®®/Tp53XC/EV group. Three representative samples were shown. (C)
Immunohistochemical staining demonstrated overexpression of Kras in c-Myc-
luc®t/Tp53%9/Kras tumours. Two representative samples were shown. Scale bar = 10 pm. (D)

GTP-Ras activation assay demonstrated that Ras was activated upon Kras overexpression in
the c-Myc-luc®®/Tp53X° /Kras tumour.

4.3.3 Wild-type Kras overexpression abolishes the anti-tumour T cell response and
promotes immune evasion in c-Myc-lucOS®E/Tp53%° model

To validate the hypothesis that KRAS signalling promotes immune evasion, we overexpressed
wild-type Kras in the c-Myc-lucOS®Y/Tp53%° HCC model. On day 9, the luciferase signals of
the c-Myc-lucOSOF/Tp53KO/Kras group were higher than those of the c-Myc-
lucOS®Y/Tp53XO/EV group (Figure 4.6A). Aligned to the previous findings in c-Myc-
lucOSCE/Tp53XO/EV group, the luciferase signals of c-Myc-lucOS®F/Tp53X°/EV mice reduced
on day 22 as the expression of the exogenous T cell antigens caused a delay in tumour
progression (Figure 4.6B). The majority of the mice did not develop any tumours (Figure 4.6C).
In contrast, the c-Myc-lucOS®%/Tp53%°/Kras tumours continued to grow, as reflected by the
luciferase signals on day 22. All of the mice escaped the immune surveillance induced by the
exogenous antigens and developed tumours. The survival benefits of the OS system were
exploited (Figure 4.6B). QPCR analysis of the harvested tumours validated the overexpression
of wild-type Kras in the c-Myc-lucOS®%/Tp53%°/Kras group (Figure 4.6D). Furthermore, we
would like to confirm whether the overexpression of wild-type Kras leads to changes in its
downstream signalling. In wild-type Kras overexpressed tissue, downstream ERK1/2 was
phosphorylated with colocalisation to Kras expression (Figure 4.6E). All these findings
conclude that the wild-type Kras overexpression in c-Myc-lucOS®/Tp53%° HCC drives

immune evasion via KRAS/ERK1/2 activation.
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Figure 4.6 Wild-type Kras overexpression abolishes the anti-tumour T cell response and
promotes immune evasion in c-Myc-lucOS®F/Tp53X° model

(A) Representative bioluminescence images on days 9 and 22 of c-Myc-lucOS®Y/Tp53K9/EV
and c-Myc-lucOS®F/Tp53%9/Kras after HTVI. The scale bar for the luciferase signal is shown.
(B) Quantification of normalised luciferase signals at days 9 and 22 after HTVI (n=>5 per group,
#% p<(.01, *** p<0.001, t-test). All c-Myc-lucOSF/Tp53K0/Kras mice developed tumours and
exploited the survival benefits of T cell-specific antigens (* p<0.05, t-test). (C) Representative
images of c-Myc-lucOS®F/Tp53%9/EV and c-Myc-lucOSOF/Tp53KO/Kras livers. (D) QPCR
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analysis confirmed the wild-type Kras mRNA overexpression in livers injected with Kras
expressing plasmid, compared to the control (n=5; * p<0.05, t-test). (E) In wild-type Kras
overexpressed tissue, downstream ERK1/2 was phosphorylated with colocalisation to Kras
expression. Scale bar = 50um.

To investigate the upstream signalling that turned on the KRAS signalling, we sought the
upstream ligands and receptors that play a role in c-Myc-lucOS®F/Tp53%9/Kras tumours. RTK
signalling modulates proliferation and survival via KRAS activation. Upon the binding of an
RTK ligand to the receptor, the receptor dimerises and activates the downstream signalling
cascade. Previous findings in Chapter 3 revealed that EGFR is phosphorylated with the
activation of KRAS and pERK 1/2 in immune escaped c-Myc-lucOS®F/Tp53K° tumours. There
are various RTK ligands which bind to EGFR (Figure 4.7A). This includes amphiregulin
(Areg), epiregulin (Ereg), Egf, epithelial mitogen (Epgn), heparin-binding EGF like-growth
factor (Hb-Egf) and Tgf-a. Among them, Egf was found to be upregulated in both c-Myc-
lucOS®E/Tp53KO/EV and c-Myc-lucOSOY/Tp53K9/Kras groups (Figure 4.7B). Western blot
analysis (Figure 4.7C) showed that the expressions of EGF precursor were increased in both c-
Myc-lucOS®E/Tp53¥/EV  and c¢c-Myc-lucOS®E/Tp53%°/Kras groups, aligned with the
upregulated expressions of pEGFR in these two groups. Alongside, the expressions of
downstream pERK1/2 in both c-Myc-lucOS®Y/Tp53X9/EV and c-Myc-lucOSF/Tp53%0/Kras
groups were upregulated. In c-Myc-lucOS®Y/Tp53X9/Kras groups, the overexpression of Kras
led to a higher expression of pERK1/2. This implies that the Kras overexpression further
activates the downstream pERK1/2 signalling pathway. Immunohistochemical staining (Figure
4.7D) demonstrated the colocalisation of pEGFR, pERK1/2 and KRAS in both of the OS-
expressing groups. All these data indicate that, upon the stimulation from upregulated EGF,
wild-type Kras overexpression promotes immune evasion and cancer progression via the

activation of EGFR/KRAS/ERK signalling in the context of c-Myc-lucOS®E/Tp53%° HCC.
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Figure 4.7 EGF is upregulated and activates EGFR/KRAS/ERK signalling in immune
escaped c-Myc-lucOSCE/Tp53%¥0 mice

(A) Diagram showed the RTK signalling cascade. RTK ligands include AREG, EREG, EGF,
EPGN, HB-EGF, and TGF-a. Upon binding of the RTK ligand to RTK receptors, the receptors
dimerise and activate the downstream signalling pathway. (B) QPCR revealed that Egf is
upregulated in c-Myc-lucOS®Y/Tp53X9/EV and c-Myc-lucOSOY/Tp53KO/Kras tissues. (***
p<0.001; t-test). (C & D) Western blotting and multiplexed immunofluorescence demonstrated
that EGF/EGFR/KRAS/ERK signalling 1is enriched in immune-escaped c-Myc-
lucOS®E/Tp53X9/EV and c-Myc-lucOSCE/Tp53%9/Kras tumours.
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4.4 Discussion
In Chapter 3, the DIA-MS showed that wild-type Kras expression and KRAS signalling were

enriched in immune-escaped c-Myc-lucOS¥/Tp53%° HCC tumours. KRAS is considered one
of the most common oncogenic drivers of numerous cancers. Oncogenic KRAS signalling has
been widely studied in cancers with a high KRAS mutation rate, such as pancreatic cancer,
NSCLC, and colorectal cancer. However, to date, the role of KRAS and its molecular

mechanism in HCC remain largely unknown.

To understand the genetic profile of KRAS in HCC patients, we accessed liver cancer cohorts
using the online public databases ICGC and GDC Data Portal. The majority of HCC cases
carry wild-type KRAS, and KRAS mutations are found in only about 1.33% - 17.83% of HCC
patients. Nevertheless, upregulated wild-type KRAS expression was observed in HCC tumours
compared to normal liver tissue, with an increasing trend in the staging of HCC. Moreover,
patients with higher wild-type KRAS expression are associated with a higher chance of tumour
relapse and poor survival. In terms of molecular classification, HCC, characterised by the
activation of RAS/ERK signalling, was classified into the proliferative subset (Rebouissou &
Nault, 2020). Our in vivo overexpression of wild-type Kras in the c-Myc-lucOS®F/Tp53%0
model also confirmed the pro-tumorigenic and proliferative properties of Kras. Altogether,
these results suggested that Kras, notwithstanding its mutation status, exerts a tumour-
promoting effect in HCC. Dietrich et al. (2018) first reported that wild-type KRAS expression
was elevated in HCC and was correlated to HCC progression and poor prognosis. Enhanced
KRAS expression in HCC contributes to acquired resistance to sorafenib via activation of

RAF/ERK signalling.

The major objective of this study is to elucidate the intrinsic oncogenic pathway that modulates
immune evasion and contributes to resistance to immunotherapy. Therefore, we hypothesised
that wild-type Kras, via activation of its downstream signalling, acts as an immune evasive
mechanism in HCC. To validate our hypothesis, we overexpressed wild-type Kras in the
context of c-Myc-lucOSOF/Tp53KO. Interestingly, all mice escaped immune surveillance and
exploited the survival benefit of exogenous T cells. In wild-type Kras-overexpressing tumours,
we confirmed that the upstream pEGFR and downstream pERKI1/2 were activated. This
indicated that wild-type KRAS activation drives immune escape in HCC, via activation of

RAF/ERK signalling.
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Wild-type KRAS activation functions differently from mutated KRAS, which leads to
constitutive activation and downstream ERK-dependent pathways. In the case of wild-type
KRAS, it activates upon the phosphorylation of the upstream EGFR. The activation of wild-
type KRAS signalling can be mediated by the TIME rich in cytokines and growth factors
(Berasain & Avila, 2014). EGF, which is an EGFR ligand, was found to be upregulated in the
c-Myc-lucOS®E/Tp53%° models. In other reports, EGF was expressed in highly malignant HCC,
and its aberrant expression was associated with poor prognosis and intrahepatic metastasis (Ito
et al., 2001; Liu et al., 2018). Other RTK ligands, including Areg, Ereg, Hb-Egf, and Tgf-a,
have also been reported to be upregulated in HCC (Castillo et al., 2006; Moon et al., 2006).
However, in our study, EGF was the predominant EGFR ligand.

These results raise a question about the source of EGF. Apart from HCC tumour cells, EGF is
also induced by immune cells such as CAFs and TAMs (Figure 4.8; Leonardi et al., 2012). In
the OS model, the expression of T cell antigens enhanced immunogenicity and induced
immune cell infiltration. The DIA-MS result showed that the gene marker of macrophages
Itgam (Log2FC: 2.67, p<0.01) was upregulated in c-Myc-lucOS®F/Tp53%°, compared to c-
Myc-luc®E/Tp53%0 tumour. This finding suggests that infiltrating macrophages, which are
recruited by the expression of antigens and act as APCs, may be the source of EGF. Further
experiments, such as immunohistochemical analysis of EGF expression in c-Myc-

lucOS®E/Tp53KO tissues, are needed to confirm the source of EGF.

Currently, the mechanism by which wild-type KRAS mediates immune evasion in HCC has
yet to be explored. As described in Figure 3.4, the adaptive immune response is a series of
multifactorial actions that depend on proper cooperation between the TIME components (Chen
& Mellman, 2017). Mutant KRAS is a pivotal driver of immune evasion in cancers. KRAS and
other molecules in the KRAS signalling, i.e. MEK and BRAF are correlated with inadequate
recognition of tumour cells by T cells in cancer. In addition, oncogenic KRAS has been
reported to affect the recruitment of immunosuppressive neutrophils, CAFs, and monocytes,
suppress antigen presentation pathways, and promote T cell exhaustion (Chen et al., 2017,
Mugarza et al., 2022; Pylayeva-Gupta et al., 2012). Furthermore, KRAS mutation has a
negative clinical correlation with cytotoxic CD8" T cell infiltration in colorectal cancer and

exhibited poor response in ICI and adoptive T cell therapies (Liu et al. 2023).
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In the next chapter, we aim to dissect the effect of wild-type Kras overexpression on the TIME
and the underlying mechanisms by which KRAS activation affects the adaptive immune

response.
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Figure 4.8 The interplay between HCC tumour cells and the TIME. (Leonardi et al., 2012)
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Chapter 5. Wild-type Kras overexpression dampens
the extrinsic IFN response and antigen presentation
in the tumour microenvironment
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5.1 Introduction
In Chapter 4, we have shown that wild-type Kras overexpression modulates immune escape

via KRAS/ERK signalling activation. Endogenous wild-type Kras overexpression in the c-
Myc-lucOS°F/Tp53K° model led to an increase in tumour burden with a shorter survival time
in mice, implicating the regulatory role of wild-type Kras in immune evasion. In this chapter,
we aimed to investigate the effect of wild-type Kras overexpression on the TIME of c-Myc-
luc®t/Tp53%° HCC and the underlying mechanisms by which KRAS activation is involved in

HCC immune evasion.

To decipher the influence of wild-type Kras overexpression in the TIME, we sorted CD45"
immune cells for scRNA-seq analysis to compare the immune landscape of the wild-type Kras
overexpressed tumour and the control group. scRNA-seq is one of the latest high throughput
technologies to reveal expression profiles at individual cell levels within the tumour milieu.
This immune profile not only provides insights into cellular heterogeneity but also elucidates
the relationships between different types of immune cells within the tumour, which could be

obscured by traditional bulk RNA sequencing.

Next, we conducted flow cytometry immune profiling to examine the changes in immune
populations within the cancer-immunity cycle induced by the overexpression of wild-type Kras.
Furthermore, we investigated whether the expression of wild-type Kras exerts a similar

immunomodulatory effect in the HCC clinical cohort.
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5.2 Experiment design
(1) The workflow of scRNA-seq preparation is shown in Figure 5.1, and the procedure is

described in the Method section. Briefly, tumour tissues of c-Myc-luc®®/Tp53X°/EV and c-
Myc-luc®E/Tp53%9/Kras were freshly harvested and subjected to enzymatic dissociation. After
dissociation and percoll purification, cells were sorted with CD45" surface staining and sent
for scRNA-seq analysis. Single-cell transcriptomics of tumour tissues was performed using
10X Genomics droplet-based technology, which incorporates microfluidics with DNA
barcoding and bioinformatics software (Cell Ranger). The alterations in the number of immune

cells and their transcriptomic profiles were analysed using the Seurat package in R.

(2) To study how wild-type Kras modulates the anti-tumour T cell response, the immune
profiles of c¢-Myc-lucOS®Y/Tp53X0/EV  and c¢c-Myc-lucOS®F/Tp53K©9/Kras livers were
compared. The liver tissues were harvested and dissociated into a single-cell suspension by
enzymatic digestion. The detailed procedure of multi-channel flow cytometry is described in
the Method section. An immune panel with markers of various immune cell targets was

selected for the multi-channel flow cytometry analysis (Table 2.6).
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Single-cell RNA sequencing of c-Myc-luc®/Tp53%° /EV and c-Myc-luc®s/Tp53*© /
Kras HCC mouse model
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5.3 Results
5.3.1 scRNA-seq revealed that Kras dampens IFN responses and antigen presentation in

the TIME

In scRNA-seq, the TIME of c-Myc-luc®E/Tp53X%/EV and c-Myc-luc®E/Tp53¥°/Kras tumours
were compared. The raw sequencing data were subjected to a standard pre-processing
workflow and normalisation in the Seurat package. Low-quality or dying cells with low
sequencing depth, low genetic content, or mitochondrial contamination were filtered out based
on quality control metrics. The criteria for the number of unique genes detected in each cell
and the percentage of reads that mapped to the mitochondrial genome were set to <200 and

<10%, respectively (Figure 5.2A).

Cells were grouped into clusters based on the identified variable features and then visualised
using the principal component (PC) with a set value of 18. Cell clusters were defined based on
the differentially expressed genes (DEGs) specific to each cluster in comparison to the others
(Figure 5.2B). Major immune cell components such as T cells, NK cells, B cells, neutrophils,
plasmacytoid dendritic cells (pDCs), monocytes/macrophages (Mo/Mac), DCs, mast cells,
endothelial cells, and MDSCs were annotated based on the expression of their respective
immune markers (Figure 5.2C). The number of cells in each immune cell cluster was compared
(Figure 5.2D&E). The immune composition of Kras-overexpressing tumours exhibited lower
infiltration of T cells, NK cells, and pDCs and a higher abundance of B cells. Both NK cells
and pDCs play roles in the innate immune response, contributing to the initiation of primary
anti-tumoral immunity in the early stages of infection. In contrast, T cells are predominant
components of the adaptive immune system. GSEA pathway analysis was employed to
compare enriched pathways within the immune clusters of Kras-overexpressing tumours and
the control. The heatmap revealed that oncogenic Kras exerts an immunosuppressive effect on
the TIME, leading to the downregulation of antigen processing and presentation, IFN responses,

and leukocyte activation (Figure 5.2F).
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Figure 5.2 scRNA-seq analysis revealed that wild-type Kras dampens IFN responses and
antigen presentation in the tumour milieu.

(A) Raw scRNA-seq data required standard quality control, which filtered out low-quality or
dying cells with a low gene content and mitochondrial contamination. Violin plots represent
the number of genes (nFeature RNA), the number of reads (nCount RNA), the percentage of
mitochondrial genes (percent.mt), and the percentage of ribosomal gene reads (percent.rb)
detected in each cell before and after QC. (B) UMAP visualised and compared the TIME of c-
Myc-luc®®/Tp53%0/EV and c-Myc-luc®®/Tp53¥9/Kras tumours. (C) The dot plot showed the
gene markers for defined cell types located on UMAP. (D&E) The pie chart and table
compared the cell number of each immune cell cluster. (F) Heatmap indicated several
mechanisms through which oncogenic Kras exerts an immunosuppressive effect on the TIME.
These mechanisms include downregulation of antigen processing and presentation, IFN
responses, and leukocyte activation.
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Since the pathway analysis indicated impairment of antigen presentation function upon wild-
type Kras overexpression, we proceeded to investigate the major antigen-presenting
compartments in the TIME. Professional APCs present antigens bound to MHC proteins on
their surfaces to T cells. The primary types of professional APCs include DCs, macrophages,
and B cells. The pathways “HALLMARK INTERFERON ALPHA RESPONSE” and
“HALLMARK INTERFERON GAMMA RESPONSE” were enriched in the DC population
of the EV group with NES of 1.59 (p<0.001) and 1.49 (p=0), respectively (Figure 5.3A).
Notably, the genes enriched in these two GSEA hallmark gene sets, including Jak1, Jak2, Stat1,
and Irf7, displayed lower expression levels in the DCs of the Kras-overexpressed group (Figure
5.3B). The expression of IFN-induced antigen-presenting machinery components, such as
Nlrc5, CD47, B2m, Tapl, and Ciita, was also found to be lower in the Kras group (Figure
5.3D). Hence, we deduced that the downregulation of “KEGG: Antigen processing and
presentation” (NES: 1.52, p<0.01) is a consequence of suppressed IFN responses (Figure 5.3C).

Macrophages, another type of professional APCs, also exhibited downregulation in
“HALLMARK INTERFERON ALPHA RESPONSE” and “HALLMARK INTERFERON
~_GAMMA RESPONSE” with NES of 2.16 (p<0.001) and 2.13 (p<0.001), respectively
(Figure 5.4A). In the Kras-overexpressed group, IFN-related genes such as Jak2, Statl, and
Irf7, were downregulated (Figure 5.4B). Additionally, the levels of IFN-inducible chemokines
Cxcl9 and Cxcll0, which facilitate lymphocyte chemotaxis, were lower in the Kras-
overexpressed group. KEGG: Antigen processing and presentation”, along with associated

APM components, were downregulated in the Kras-overexpressed group (Figure 5.4C&D).

Since T cells are the primary focus of this study, an in-depth T cell cluster analysis was
conducted. T cell population was extracted and further subclustered into distinct subsets based
on the expressions of their representative genes (Figure 5.5A&B&C). GSEA pathway analysis
(Figure 5.2F) previously showed suppressed IFN responses and downregulated activation in
the T cell cluster. Consistent with earlier findings, the count of IFN-stimulated CD8" T cells
was lower in the Kras group (Figure 5.5 F&G). Regarding the impact on activation, the reduced
number of effector memory CD8" T cells and higher abundance of naive CD8" T cells in the

Kras group imply reduced T cell activation (Figure 5.5QG).
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Figure 5.3 DCs exhibit reduced IFN responses and antigen presentation in wild-type Kras
overexpressing tumours.

(A) UMAP presenting the DC population in the TIME. GSEA pathway analysis (H: hallmark
gene sets database from MSigDB Collections) demonstrated that DCs in c-Myc-
luc®®/Tp53%9/EV were enriched with “HALLMARK _INTERFERON ALPHA RESPONSE”
(NES:1.59, p<0.001) and “HALLMARK INTERFERON GAMMA RESPONSE”
(NES:1.49, p=0). (B) Genes related to IFN signalling, for example, Jak1, Jak2, Stat1, and Cxcl9,
were downregulated in the Kras-overexpressed group. (C) GSEA enrichment plot
demonstrated that DCs in the control EV group are enriched with “KEGG: Antigen processing
and presentation” (NES:1.52, p <0.01), suggesting that DCs in the Kras-overexpressed group
exhibit impaired antigen presentation capabilities. (D) Representative genes of the antigen-
presenting machinery were downregulated in the Kras overexpressed group.
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Figure 5.4 Macrophages exhibit reduced IFN responses and antigen presentation in wild-
type Kras overexpressed tumours.

(A) UMAP presenting macrophage population in the TIME. GSEA pathway analysis (H:
hallmark gene sets database from MSigDB Collections) demonstrated that macrophages in c-
Myc-luc®E/Tp53XO/EV are enriched with “HALLMARK INTERFERON ALPHA
RESPONSE” (NES:2.16, p<0.001) and “HALLMARK INTERFERON GAMMA
RESPONSE” (NES:2.13, p<0.001). (B) Genes related to IFN signalling, for example, Jak2,
Statl, Cxcl9, and Cxcl10, were downregulated in the Kras-overexpressed group. (C) GSEA
enrichment plot demonstrated that macrophages in the control EV group are enriched with
“KEGG: Antigen processing and presentation” (NES:1.52, p<0.01), indicating that
macrophages in the Kras overexpressed group exhibit impaired antigen presentation
capabilities. (D) Representative genes of antigen-presenting machinery were downregulated in
the Kras-overexpressed group.
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Annotation EV Kras
effector memory CD8 T cells 927 827
natural killer T cells 927 964
naive CD8 T cells 1102 1375
Proliferative CD8 T cells 898 842
follicular helper CD4 T cells 461 493
Interferon-stimulated CD8 T cells 366 248
tolerant T cells 348 233
regulatory CD4 T cells 278 269
gamma delta T cells 274 228
natural killer cells 150 110
exhausted CD4 T cells 135 86
Doublet 63 43

Figure 5.5 scRNA-seq analysis revealed that wild-type Kras dampens T cell activation in
the TIME.

(A) Violin plots presenting the number of genes (nFeature RNA), the number of reads
(nCount RNA) and the percentage of mitochondrial gene (percent.mt) detected in T cell
populations after quality control. (B&C) UMAP and table presenting different T cell clusters
with representative markers. (D) Violin plots showing the expression of representative genes
in each T cell population. (E) UMAP presenting defined T cell populations after grouping.
(F&G) Pie chart and table comparing the cell number of each T cell cluster.

5.3.2 Wild-type KRAS activation promotes immune evasion via suppression of DC and
T cell recruitment to the tumour site

To study how wild-type Kras modulates the anti-tumour T cell response, we performed flow
cytometry using the c-Myc-lucOSO¥/Tp53X° HCC model. T cell and myeloid cell antibody
panels with the dilution of antibodies are listed in the Method section (Table 2.6). The
immunophenotyping panel covers the major cell types in the TIME, including B cells, DCs,
Neutrophils, NK cells, Monocytes, Macrophages, T cells, CD4" T cells, CD8" T cells, and
antigen SIINFEKL-specific CD8" T cells. The gating strategy and cell type definitions are
shown in Figure 5.6. ProS® MHC I Pentamer-SIINFEKL (Prolmmune, UK) was used to detect
and separate the SIINFEKL-specific CD8 T cells. The design of five MHC peptide complexes

in the pentamer enhances the avidity interaction with the TCR receptor.

To determine the optimal timepoint for immune profiling, we monitored the bioluminescence
signals and changes in SIINFEKL-specific CD8" T cells in c-Myc-lucOS®¥/Tp53X9/EV and c-
Myc-lucOSF/Tp53K9/Kras mice during the first two weeks after HTVI (Figure 5.7A&B). The
luciferase signals between the two groups were similar, and no SIINFEKL-specific CD8" T

cells were detected in the first week. In the second week, the signals of c-Myc-
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lucOS®Y/Tp53XO/EV group began to decrease, indicating the elicitation of an anti-tumour
immune response. This was further supported by the detection of SIINFEKL-specific CD8* T

cells in both groups. Hence, we performed the immune profiling in the second week after HTVI.

In comparison to naive mice, elevated levels of immune cells including DCs, T cells, NK cells
and monocytes were observed in the c-Myc-lucOS®%/Tp53X° HCC model (Figure 5.7C). This
validated the induction of an immune response through the overexpression of antigens in the
lucOS model. In c-Myc-lucOS®/Tp53X°/Kras livers, the number of DCs was significantly
lower than that in the control EV group. DCs play a crucial role in priming and activating T
cells in an adaptive immune response. Moreover, the overall composition of T cells was
diminished in c-Myc-lucOS®%/Tp53%9/Kras livers. The number of CD4" T cells decreased
from 17% to 13%, and that of CD8" T cells decreased from 29% to 20% in the Kras-
overexpressed group. Both CD4" and CD8" T cells exhibited lower activation (CD44") rates.
Intriguingly, the number of SIINFEKL-specific CD8" T cells in the Kras group was
approximately one-third that in the control group, suggesting an insufficient CD8" T cell
response. These findings indicate that Kras overexpression impairs the recruitment of DCs and
T cells to the tumour site. No difference was observed in the number of NK cells between the
two groups. However, the levels of monocytes, macrophages, and neutrophils were higher in
c-Myc-lucOS®%/Tp53K9/Kras livers. This finding implies that wild-type Kras overexpression

induced the infiltration of myeloid cells to the tumour site.

Furthermore, we investigated the expression of cytokines and chemokines between the c-Myc-
lucOSCE/Tp53XO/EV and c-Myc-lucOS°%/Tp53%9/Kras tumour cells using qPCR analysis. The
expression of Ccl3 was significantly higher in the Kras group (Figure 5.7D), suggesting that
the upregulated recruitment of myeloid cells, including monocytes, macrophages, and
neutrophils, is possibly mediated by Ccl3 expression. Interestingly, the expressions of CclS,
Cxcl9, and Cxclll were significantly downregulated in the Kras group. Ccl5, Cxcl9 and
Cxcll1 are IFN-inducible inflammatory chemokines (Ozga et al., 2021). Ccl5 is responsible
for the recruitment of DCs, whereas Cxcl9 and Cxcll1 act as chemoattractants for T cells at
the tumour site (Gao et al., 2019; Lopez et al., 2018). Thus, we measured the expression of
IFN-related genes in the tumour cells. Consistent with our hypothesis, the expression of Statl,
Stat2, Irfl, Irf2 and Irf9 was downregulated in c-Myc-lucOSOF/Tp53X0/Kras tumours. In

summary, we concluded that wild-type KRAS activation, via suppression of extrinsic IFN
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responses, led to impaired recruitment of DCs and T cells to the TIME and reduced T cell

activation.

Furthermore, we investigated whether there was a correlation between IFN responses and
KRAS expression in the clinical data (Figure 5.8A). In the TCGA-LIHC cohort (n=372
samples), patients were divided into low (n=228) and high (n=144) KRAS expression groups
based on mean KRAS expression. GSEA pathway analysis was performed to compare the
enriched pathways between the low and high KRAS expression groups (Figure 5.8B).
“HALLMARK INTERFERON ALPHA RESPONSE” (NES:1.49, p=0) was enriched in the
low KRAS expression group, while “HALLMARK INTERFERON GAMMA RESPONSE”
showed no significant difference in the enrichment between the two groups. With regards to
the regulation of DC recruitment, the expression of DC-related transcripts BATF3 and ITGAE
(CD103) was negatively correlated with KRAS expression, in accordance with the expression

level of KRAS.
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Definition of cell types in Immunoprofiling

T cells CD45*TCR-b*

CD4 T cells CD45*TCR-b* CD4*

CD8 T cells CD45*TCR-b* CD8*

SIINFEKL specific-CD8 T cells CD45*TCR-b* CD8*Pentamer-SIINFEKL*
B cells CD45*CD19*

DCs CD45* CD11c*MHC-II*

Neutrophils CD45* CD11b*Ly-6G*

NK cells CD45* CD11b*CD49b*

Monocytes CD45* CD11b*Ly-6GLy-6C*
Monocyte-derived macrophages CD45*CD11b*Ly-6GLy-6C*F4/80*

Figure 5.6 Flow cytometry immune profiling comparing the immune cell composition of
c-Myc-lucOSO¥/Tp53XO/EV and c-Myc-lucOS®F/Tp53KO/Kras livers.

(A) Diagram demonstrating the gating strategy of T cell and myeloid panels. (B) The table
listed the definition of the cell types in immune profiling.
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Figure 5.7 Immune profiling demonstrated suppression of DC and T cell recruitment in
Kras-overexpressed mice

(A) Quantification of normalised luciferase signals of c-Myc-lucOS®E/Tp53%9/EV and c-Myec-
lucOS®/Tp53%9/Kras in week one and week two after HTVI (*** p<0.001, t-test). (B) Flow
cytometry compared the number of SIINFEKL-CD8" T cells in the control EV and Kras groups
(* p<0.05, t-test). (C) In c-Myc-lucOS®E/Tp53%9/Kras livers, DCs, CD4", CD8" and
SIINFEKL-specific CD8" T cells were significantly reduced (naive, n=6; EV, n=13; Kras, n
=12; * p<0.05, ** p<0.01, *** p<0.001, **** p<0.0001, t-test). (D) qPCR analysis revealed
downregulation of IFN-inducible chemokines Ccl5, Cxcl9, and Cxclll in c-Myc-
lucOS®E/Tp53KO/Kras livers. Apart from the downregulated extrinsic IFN response in the
TIME, Kras overexpression also repressed the intrinsic IFN signalling cascade in tumour cells.
qPCR analysis revealed downregulated expression of IFN pathway genes in the Kras group (n
= 6 per group; *p<0.05, **p<0.01, ***p<0.001, t-test).
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Figure 5.8 TCGA-LIHC cohort showed that KRAS expression is negatively associated
with IFN response.

(A) Patients in the TCGA-LIHC cohort (n=372 samples) were divided into groups with low
(n=228) and high (n=144) wild-type KRAS expression, according to mean KRAS expression.
(B) GSEA pathway analysis (H: hallmark gene sets database from MSigDB Collections)
demonstrated that patients with low KRAS expression were enriched with
“HALLMARK INTERFERON ALPHA RESPONSE” (NES:1.49, p=0). (C) The TCGA-
LIHC cohort (n=372 samples) showed a negative correlation between KRAS expression and
DC-related genes.
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5.4 Discussion
In this chapter, we have gained a deeper understanding of how wild-type Kras reprogrammes

the immune landscape in a c-Myc®%/Tp53%° HCC background (Figure 5.9). Upon wild-type
Kras overexpression, the TIME became more immunosuppressive, characterised by the
repression of interferon-alpha/beta (type I IFN) and gamma (type II IFN) responses. The
downregulated IFN responses led to inadequate recruitment of DCs and T cells, attributed to
the decline in Ccl5, Cxcl9, and Cxcll1 expression. In addition to suppressing DC and T cell
recruitment, both type I and type II IFNs modify the immune response by regulating APC
function (Gessani et al., 2014). Our scRNA-seq data revealed that professional APCs, DCs,
and macrophages exhibited lower antigen-presenting capacities in Kras overexpressed mice.
The downregulated IFN responses affected the downstream APM-related genes, such as B2m,
Tapl, Tap2, Nlrc5, and Ciita. The decreased expressions of MHC-I and MHC-II on APCs, in
turn, affect T cell priming and activation, consistent with the observations from our immune
profiling results. These immune evasive mechanisms disrupted the recruitment of antigen

SIINFEKL-specific CD8" T cells, ultimately leading to the failure of immunosurveillance.

Meanwhile, we also examined the clinical relevance of KRAS expression in suppressing the
IFN response. Consistent with the findings in our mouse model, we found an inverse
correlation between IFN response and KRAS expression in the TCGA cohort. Also, the KRAS

expression was inversely associated with the expression of DC-related genes.

The impact of oncogenic KRAS signalling extends beyond the tumour cells to the TIME
(Carvalho et al., 2018). Oncogenic KRAS not only aggravates the tumour-promoting properties
of immune cells, but also induces immune evasion, escaping from the immunosurveillance
(Kortlever et al., 2017). Indeed, the modulation of tumour-associated immune responses by

KRAS signalling occurs during the recruitment, activation, and differentiation of immune cells.

Oncogenic KRAS was reported to inhibit the expression of STATI and STAT2, interfering
with STAT-dependent transcription in colon cancer (Klampfer et al., 2003). Since STAT1 and
STAT?2 are pivotal transcription factors that promote crucial anti-tumour immunity, their direct
inhibition resulted in reduced responsiveness to IFN-y, downregulation of MHC molecules,
limited T cell infiltration, and T cell exhaustion (Lal et al., 2018; Li et al., 2018).
Mechanistically, upon IFN-dependent activation of the cognate receptor, STAT1 and STAT2
bind to IRF9 to form the ISGF3 complex (Platanitis et al., 2019). The ISGF3 complex then
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binds to a promoter sequence called interferon-stimulated response element (ISRE) of an
interferon-stimulated gene (ISG), for example, IRFs. In response to type I IFN and ISGF3
activation, IRF1 and IRF7 become activated and induce the expression of proinflammatory
genes, such as CCL5, CXCL9, CXCL10, and CXCLI11, by binding to ISREs in hepatocytes
(Cremer, Ghysdael & Vieillard, 2002; Forero et al., 2019; Jilg et al., 2014). CCL5 is crucial for
DC recruitment into the tumours (de Galarreta et al., 2019; Kohli, Pillarisetty & Kim, 2022).
Type II IFN, which is predominantly released by T and NK cells in response to IL-12, also
regulates CXCL9, CXCL10, and CXCL11 expression via IRFs (Billiau & Matthys, 2009; Lal
et al., 2018). The CXCR3 receptor ligands CXCL9, CXCL10, and CXCLI11 mediate the
recruitment of CXCR3" T cells to solid cancers (Whiting et al., 2007). Notably, the
concentration of these ligands is associated with increased lymphocyte infiltration and
improved survival in several cancers (Denkert et al., 2010; Specht et al., 2009; Suyama et al.,
2005). Inverse correlations between oncogenic KRAS/ERK signalling and intra-tumoral CD8*
T cell infiltration have been reported in clinical data and immunocompetent mouse models
(Kemp et al., 2023; Lal et al., 2018; Liu et al., 2023; Loi et al., 2016). Another frequently
deregulated gene in cancers, Myc, has also been reported to cooperate with Kras in evading T-
and NK-cell immunity via suppression of the type I IFN pathway in pancreatic cancer

(Muthalagu et al., 2020).

Indeed, oncogenic KRAS has been shown to confer resistance to ICB therapy via suppression
of the IFN response in other cancers (Liao et al., 2020; Mugarza et al., 2022). In colorectal
cancer, mutated KRAS hinders IRF2, promoting MDSC recruitment to the TIME via the
CXCL3/CXCR2 axis, leading to resistance to anti-PD-1 therapy (Liao et al., 2020).
Intriguingly, repression of IRF2-mediated IFN responses was also observed in a cell line
carrying wild-type Kras. This evidence further supported our hypothesis that KRAS, regardless
of the mutation status, induces immunosuppression via inhibiting IFN responses. On the other
hand, inhibition of KRAS signalling has been shown to upregulate IFN signalling, effectively
reversing immunosuppression driven by KRAS (Mugarza et al., 2022). Treatment of DCs with
type I IFN and type II IFN has also demonstrated the potential to enhance tumour eradication

and improve immunotherapy efficacy (Cauwels et al., 2018; Garris et al., 2018).

As most reports have focused on the regulatory role of mutant KRAS in the TIME, our study
generated new insights into the role of wild-type KRAS and potential resistance mechanisms

arising in the cancer immunology of HCC.
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Chapter 6. Wild-type Kras overexpression
suppresses the MHC-I expression in the c-Myc-
lucOSO%/Tp53%¥° HCC mice model



6.1 Introduction
In Chapter 5, our investigation revealed that the overexpression of wild-type Kras contributes

to the formation of an immunosuppressive TIME. This occurs because of suppressed IFN
responses, leading to compromised antigen presentation by APCs and impaired T cell
activation. The reduced expression of the chemoattractants such as Ccl5, Cxcl9, and Cxcl11
further hampered the recruitment of DCs and T cells. These orchestrated immune evasion

strategies exploited the survival benefits brought by the antigens.

In addition to defective APCs and T cell recruitment, tumour cells can escape antigen-
dependent recognition from T cell-mediated killing. Loss of MHC-I is one of the key intrinsic
mechanisms by which tumour cells avoid CD8" T cell recognition (Dupage et al., 2012;
Jongsma et al., 2021). The MHC-I antigen processing machinery, normally induced in response
to IFN, can be dysregulated at the genetic, epigenetic, transcriptional, and post-translational
levels (Taylor & Balko, 2022). The transcription of MHC-I is governed by IFN-related NF-«xB,
STATs, IRFs, and NLRCS5 (Chang et al., 1992; Lorenzi et al., 2012; Yoshihama et al., 2016).
Downregulation of both type I and II IFN pathways or suppression of these critical regulators
leads to the downregulation of MHC-I (Fenton et al., 2021; Kriegsman et al., 2019; Sade-
Feldman et al., 2017).

Mutant RAS/ERK signalling has been reported to suppress the tumour cell immunogenicity
and contribute to immunotherapy resistance by impairing IFN-responsive MHC-I expression
in cancers (Gettinger et al., 2017; Klampfer et al., 2003; Salaroglio et al., 2019; Taylor & Balko,
2022; Zhao et al., 2021). In this chapter, we explored the correlation of wild-type Kras and
MHC-I in HCC. The regulation of wild-type Kras on MHC-I was validated through irn vivo and
in vitro experiments. Murine HCC cell line Hep55.1c was subjected to wild-type Kras

overexpression to examine the alteration of MHC-I expression.
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6.2 Experiment design
(1) The clinical correlation between KRAS and MHC-I-related genes in HCC was examined

in the TCGA-LIHC cohort.

2) To study how wild-type Kras modulates MHC-I expression, c-Myc-lucOS®¥/Tp53%9/Kras
Yy Yp p y p

livers were harvested and analysed with western blot and IHC.

(3) In vitro experiments were performed to examine the effect of wild-type KRAS signalling
on MHC-I expression. The wild-type Kras-overexpressing plasmid was cloned as described in
the Method section. Murine HCC cell lines were examined for wild-type Kras expression. The
cell line with the lowest wild-type Kras level was selected for wild-type Kras overexpression.
IFN-y treatment (50ng/ml) was added to induce the MHC-I H-2Kb expression. EGF was added

at a concentration of 5SnM and 10nM to the cell line to examine alterations in MHC-I expression.
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To examine the expression of MHC-I- related genes in patients with high Kras in the
TCGA-LIHC cohort
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Figure 6.1 An outline of the workflow to examine the regulatory role of wild-type Kras in
MHC-I expression.
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6.3 Results
6.3.1 TCGA-LIHC cohort shows a negative correlation between Kras expression and

MHC-I-related genes

The negative regulation of oncogenic KRAS/ERK signalling in APM components, which leads
to defects in the MHC-I antigen processing pathway, has been widely reported in colorectal,
lung, and breast cancers, and intrahepatic cholangiocarcinoma (Atkins et al., 2004; El-Jawhari
et al., 2013; Franklin et al., 2020; Taylor & Balko, 2022; Wabitsch et al., 2021). Hence, we
examined whether wild-type KRAS expression also correlates with the expression of MHC-I

and APM components in the HCC clinical data.

In the TCGA-LIHC cohorts (n=372 samples), the heatmap (Figure 6.2A&B) showed that the
transcription level of wild-type KRAS was negatively correlated with the expression of major
(HLA-A, HLA-B, HLA-C) and minor (HLA-E, HLA-F, HLA-G, HLA-H) MHC-I genes, as
well as the APM components such as B2M, TAP1, TAP2, and CD74. HCC patients were
further separated into groups with low, intermediate, and high levels of KRAS, and the
expression of HLA-A, HLA-B, and CD74 was significantly inversely associated with the
expression of wild-type KRAS.

We then observed MHC-I expression in the lucOS model. Western blot (Figure 6.2C)
demonstrated a significant downregulation in the protein expression of MHC-I in the c-Myc-
lucOS®/Tp53%0/Kras tumours, compared to the EV control, whereas no significant difference
was observed between the c-Myc-luc®/Tp53%9/EV and c-Myc-luc®t/Tp53%9/Kras groups.
Multiplexed immunofluorescence (Figure 6.2D) further confirmed this observation, showing a
decreased expression of H-2Kb/SIINFEKL in c-Myc-lucOS®%/Tp53%9/Kras. The H-
2Kb/SIINFEKL antibody specifically detects the ovalbumin-related peptide SIINFEKL bound
to H-2Kb of MHC-I. In c-Myc-lucOS®%/Tp53%9/Kras tumour, the pERK1/2 level was
upregulated upon wild-type Kras overexpression, aligned with earlier findings. Interestingly,
the expressions of pERKI1/2 and H-2Kb/SIINFEKL were mutually exclusive, with no
colocalisation observed. This observation is consistent with other studies that, the KRAS/ERK
activation suppresses the expression of MHC-I (El-Jawhari et al., 2013; Franklin et al., 2020;
Loi et al., 2016).
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Figure 6.2 A negative correlation between Kras expression and MHC-I-related genes is
found in clinical data and in vivo ¢-Myc-lucOSCE/Tp53¥0/Kras model.

(A&B) Heatmap and plots showing a negative association between KRAS and antigen
presentation-related genes (MHC-I and APM components; * p<0.05, **** p<0.0001, t-test).
(C) Western blot demonstrated downregulation of MHC-I expression in c-Myc-
lucOS®F/Tp53%0/Kras tumours. (D) Multiplexed immunofluorescence showed that in Kras-
overexpressed tissue, the expression of H-2Kb/SIINFEKL was downregulated and did not co-
localise with pERK1/2 expression. Scale bar = 50pum, 100 pum.

6.3.1 In vitro experiments confirmed the negative regulatory role of wild-type Kras in
MHC-I antigen presentation
We assessed wild-type Kras expression through western blot and qPCR analysis in a cell line

panel comprising primary mouse hepatocytes (PMHs) and murine HCC cell lines Hep55.1c,
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Hepa-1,6 and RIL-175 (Figure 6.3A&B). Both the mRNA and protein levels of wild-type Kras
are higher in all the mouse HCC cell lines than in the PMHs, consistent with the earlier
observation of elevated wild-type KRAS levels in human HCC tissues (Figure 4.3). Among
the three murine HCC cell lines, Hepa-1,6 and RIL-175 exhibit high protein expressions of
wild-type KRAS, whereas Hep55.1c cells display a low level of wild-type KRAS. Since RIL-
175 was derived from HRASV!? p53- hepatic tumours, it is not suitable for studying wild-type
Kras (Zender et al., 2005). Hepa-1,6 cells, characterised by high protein levels of wild-type
KRAS and pERK1/2 and low levels of MHC-I proteins, were selected as a model for inhibiting
ERK1/2 (Figure 6.3B; Chen et al., 2016; Cheng et al., 2022).

Flow cytometry analysis (Figure 6.3B) first validated the low surface level of H-2Kb protein
in the Hepa-1,6 cell line. Following treatment with IFN-y (50ng/ml) for 24 hours, the surface
expression of H-2Kb increased by approximately one-fold compared with that of the control.
Treatment of Hepa-1, 6 cells with the ERK inhibitor U0126 (10puM) induced a six-fold increase
in H-2Kb expression and further augmented the effect of IFN-y-induced H-2Kb expression.
This confirmed that ERK activation suppresses MHC-I expression and the blockade of ERK

reverses this suppression.

The Hep55.1c cell line, characterised by low wild-type KRAS protein levels, was chosen as a
model for wild-type Kras overexpression (Figure 6.3A). A plasmid, pLVX-flag-Kras,
expressing wild-type Kras, was established (Appendix 2). Hep55.1c cell line was infected with
the lentivirus expressing wild-type Kras and subjected to puromycin selection to generate a
stable wild-type Kras overexpressed (Kras O/E) Hep55.1c cell line. After confirming Kras
overexpression via western blot (Figure 6.4A), both control EV and Kras O/E groups were
subjected to EGF treatment (5 and 10 nM) for 24 hours. Without IFN-y stimulation, H-2Kb
surface expression of Hep55.1c was minimal. With IFN-y stimulation (50ng/ml), flow
cytometry showed that wild-type Kras overexpression had a suppressive effect on H-2Kb
surface expression (Figure 6.4B). Both the EV and Kras O/E groups showed a decrease in H-
2Kb expression in a dose-dependent manner with EGF treatment for both 24 and 48 hours. The
48-hour treatment with EGF showed higher suppression of H-2Kb expression in the Kras O/E
group. H-2Kb expression in the 10nM EGF-treated Kras O/E group was approximately 10%
lower than that in the untreated EV. This result indicates that the activation of KRAS signalling
inhibits IFN-induced MHC-I expression in HCC.
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Figure 6.3 In vitro experiments confirmed that ERK1/2 inhibition enhances H-2Kb
expression on the tumour surface in HCC.

(A) A cell line panel of mouse HCC cell lines and PMHs comparing wild-type Kras expression
at both the mRNA and protein levels. The wild-type Kras expressions were higher in mouse
HCC cell lines than in PMHs. (B) The Hepa-1,6 cell line was subjected to pharmacological
inhibition of pERK1/2 using U0126 (10uM), IFN-y treatment (50ng/ml), and combined
treatment for 24 hours. Flow cytometry revealed that ERK1/2 inhibition upregulated the
surface expression of H-2Kb and further enhanced IFN-y-induced H-2Kb expression (* p<0.05,
% p <0.01, **** p<0.0001, t-test).
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Figure 6.4 Activation of wild-type KRAS signalling downregulates H-2Kb expression in
the Hep55.1c cell line.

(A) Western blot confirmed the overexpression of wild-type Kras in the Hep 55.1c cells. Flow
cytometry analysis revealed downregulation of H-2Kb expression in both EV and Kras
overexpressed (Kras O/E) clones after treatment with EGF (5 and 10nM) for 24 hours. (B) H-
2Kb expression in the EV and Kras O/E groups was induced after IFN-y treatment (50ng/ml)
for 24 and 48 hours, while H-2Kb expression in the Kras O/E group was less than that in the
EV group. EGF treatment (5 and 10nM) reduced IFN-y-induced H-2Kb expression in a dose-
dependent manner in both groups. Activation of wild-type Kras overexpression further
downregulated H-2Kb expression in the Kras O/E group (* p<0.05, t-test).
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6.4 Discussion
In this chapter, we have examined the negative regulatory effect of wild-type Kras on MHC-I

expression at three different levels. First, we observed a clinical correlation between wild-type
KRAS and MHC-I-related genes in the TCGA-LIHC cohort. Subsequently, we validated the
reduced MHC-I expression as well as downregulated antigen presentation on MHC-I molecules
in our in vivo c-Myc-lucOS®E/Tp53%9/Kras model. Finally, using an in vitro HCC cell line
model, we consolidated the suppressive effect of wild-type Kras overexpression and the

activation of its downstream signalling on IFN-induced MHC-I expression.

Mutation in KRAS or other mutational activation of ERK signalling has been reported to
repress the transcription of MHC-I molecules or dampen the molecules essential for peptide
loading (Figure 3.4; Chen & Mellman, 2017; Gettinger et al., 2017; Klampfer et al., 2003). The
mechanisms involved in KRAS-driven MHC-I downregulation are mediated by the
suppression of IFN signalling (El-Jawhari et al., 2013; Klampfer et al., 2003). The reduction in
STATI1, STAT2, and IRF9 expression suppresses the expression of APM components, such as
TAP1, TAP2, TAPBP, and B2M, resulting in a loss of MHC-I. These alterations attenuate the
immunogenicity in tumours and reduce the killing of cancer cells via turning down the
recognition of tumour cells by T cells. Blockade of oncogenic KRAS or MEK inhibition
reactivated STAT signalling and induced MHC-I expression in tumour cells (Franklin et al.,
2020; Kemp et al., 2023; Loi et al., 2016). Downregulation of ERK signalling by the tyrosine
kinase inhibitor regorafenib or MEK inhibitor trametinib augmented IFN-y/ STAT1- mediated
HLA Class I expression in human HCC cell lines (Takahashi et al., 2021).

Loss of MHC-I by tumour cells is associated with poor clinical outcomes (Atkins et al., 2004;
Garrido et al., 2016; Leone et al., 2013). Downregulation of antigen presentation by MHC-I is
associated with resistance to immunotherapy in several cancer types (Gettinger et al., 2017;
Sade-Feldman et al., 2017; Zaretsky et al., 2016). Transcriptional downregulation of MHC-I
and the ‘master regulators’ NLRCS5/CITA correlates with a compromised response to ICI in
melanoma (Lee et al., 2020; Yoshihama et al., 2021). Reduced MHC-I expression was
associated with primary resistance to anti-CTLA4 treatment in CheckMate 069 cells (Rodig et
al., 2018). In addition, the loss of the B2M gene also shaped a suppressive immune landscape
with less immune infiltration, contributing to resistance to the immunotherapy (Zhao et al.,
2021). MHC protein expression also determines the acquired resistance to ICI and tumour

relapse. Dupage et al. (2012) suggested that under the selective pressure of T cells, tumour cells
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were capable of reducing tumour antigen presentation on MHC-I and became less
immunogenic in an immunogenic lung mouse model. This immunoediting process enabled the
tumour cells to escape from the recognition by T cells and led to tumour relapse. The
immunoediting process of tumour cells has also been observed in a study of Merkel cell
carcinoma patients who developed acquired resistance after receiving combination
immunotherapy (Paulson et al., 2018). scRNA-seq of the relapsed tumours revealed

transcriptional loss of HLA genes as a consequence of dense CD8" T cell immunologic pressure.
In conclusion, this chapter provides a mechanistic insight into how the suppressed tumour-

intrinsic IFN response affects MHC-I expression. This finding enhances our understanding of

how wild-type Kras promotes immune evasion in HCC.
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Chapter 7. In vivo CRISPR/Cas9-mediated MEK1/2
knockout rescues the immunosuppressive effects

brought by the wild-type Kras overexpression in the
c-Myc-lucOSO/Tp53K0/Kras HCC mice model



7.1 Introduction
In the previous chapters, we revealed the immunosuppressive role of wild-type Kras in c-Myc-

lucOS®E/Tp53K0 HCC. Wild-type KRAS activation represses the intrinsic and extrinsic IFN
responses in the tumour cells and the TIME. This includes the downregulation of the MHC-I
expression in tumour cells, diminished APC functions and suppression of T cell infiltration and

activation.

Mechanistically, the overexpression of wild-type KRAS activates the downstream ERK
signalling in the c-Myc-lucOSF/Tp53K9/Kras HCC mouse model. To validate whether Kras-
induced immune evasion is mediated through MEK/ERK signalling, we employed the
CRISPR/Cas9 system to target in vivo MEK1/2 in a novel platform. The CRISPR/Cas9 system,
derived from a microbial clustered regularly interspaced short palindromic repeats adaptive
immune system, enables genome engineering using a 20-nt sequence of sgRNA (Ran et al.,
2013). The sgRNA forms a hairpin structure resembling the tractrRNA-crRNA complex, along
with a short fragment complementary to the targeted DNA sequence. Subsequently, the Cas9
endonuclease binds to the targeted locus and creates a double-stranded break. Compared to
other in vivo genome editing technologies such as zinc finger nucleases (ZFNs) or transcription
activator-like effector nucleases (TALENS), the CRISPR/Cas system offers easy customisation,
high efficiency and specific cleavage pattern (Gaj et al., 2013; Wang et al., 2016).

Multiplexed genome engineering using the CRISPR/Cas9 vector system to edit several genes
simultaneously has been applied in mammalian cells for functional studies (Cong et al., 2013;
Sakuma et al., 2014; Zhou et al., 2014). This all-in-one CRISPR/Cas9 vector system has been
reported to enhance editing efficiency. In our study, we incorporated sgRNAs targeting the
MEK1/2 genes Map2k1 and Map2k?2 into the px330-sgTp53 plasmid (Figure 7.1, Appendix 3).
The product plasmid px330-sgTp53-sgMap2k1-sgMap2k?2 expresses three sgRNA sequences
targeting Tp53, Map2k1, and Map2k2. By leveraging the HTVI delivery method, this platform
facilitates specific and efficient knockout of Map2kl and Map2k?2 at the tumour site. Upon
knockout of MEK1/2, we aim to investigate whether the immunosuppressive effects of wild-

type Kras overexpression can be rescued.
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7.2 Experiment design
(1) The sgRNA sequences targeting Map2k1 and Map2k?2 were retrieved from a mouse sgRNA

knockout library (Brie) which consists of 78,637 unique sgRNAs targeting 19,674 genes
(Doench et al., 2016). Both sgRNA sequences were checked for on-target efficiency
(RuleSet2Score) and for potential mismatch sites. After verification, these two sgRNA
sequences were cloned into px330-sgTp53 with the addition of the U6 promoter and gRNA
scaffold. A control plasmid was also generated with a non-targeting control sequence (NTC)
substituted at the sgRNA sites (Appendix 4). The sequence and size of px330-sgTp53-
sgMap2k1-sgMap2k2 were confirmed by DNA sequencing and DNA electrophoresis.

(2) The plasmid px330-sgTp53-sgMap2k1-sgMap2k2, along with the plasmids expressing c-
Myc-lucOS, transposase SB13 and Kras were introduced into the hepatocytes of the C57BL/6
mouse via HTVI. Tumour growth was monitored through bioluminescent imaging at specified

time points. The tumour tissues were harvested for qPCR, western blot and IHC analysis.
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Figure 7.1 An outline of the workflow of generation of px330-sgTpS53-sgMap2kl-
sgMap2k2 plasmid and the establishment of c-Myc-lucOS®E/Tp53X0/Kras/MEKX® HCC
model.
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7.3 Results
7.3.1 CRISPR/Cas9-based MEK1/2 knockout rescues the wild-type Kras mediated

immune evasion in c-Myc-lucOS®®/Tp53%0%/Kras HCC

To evaluate whether MEK1/2 inhibition in tumour cells could rescue the immune escape in
wild-type Kras-driven tumours, we tested the effect of model antigens expression in the context
of wild-type KRAS activation and MEK1/2 knockout. As described in the Method section, we
incorporated the sgRNAs of MEK1/2 genes, Map2kl and Map2k2, into the plasmid px330-
sgTp53 (Appendix 3). The sgRNA sequences targeting Map2kl and Map2k2 were retrieved
from a mouse sgRNA knockout library (Brie) which consists of 78,637 unique sgRNAs
targeting 19,674 genes (Doench et al., 2016). The on-target efficiency (RuleSet2Score) for
sgMap2kl and sgMap2k?2 are 0.7218 and 0.64 respectively with no potential off-target sites,
indicating high specificity of the two sgRNAs (Figure 7.2A&B). DNA electrophoresis
confirmed the size of the px330-sgTp53-sgMap2k1-sgMap2k?2 plasmid, showing a clear single
band at the calculated size of 9kb (Figure 7.2C).

We induced the c-Myc-lucOSC/Tp53%9/Kras tumours with px330-sgTp53-sgMap2kl-
sgMap2k2 or the control px330-sgTp53-NTC. The c-Myc-lucOSE/Tp53XO/EV group served
as a control for immunosurveillance. The luciferase signals of all three groups were comparable
on day 5 after HTVI (Figure 7.3 A&B), implicating equal transfection efficiency and expression
of the c-Myc oncogene in all groups. On day 16, there was a drastic increase in luciferase
expression in c-Myc-lucOS®E/Tp53%9/Kras/NTC mice, indicating tumour progression in Kras-
overexpressed mice. However, the signals in c-Myc-lucOS®%/Tp53%°/Kras/MEKX? mice were
substantially lower compared to those in c-Myc-lucOSCE/Tp53%°/Kras/NTC, and were
comparable to those in c-Myc-lucOS®E/Tp53%9/EV mice. This implies that MEK knockout
effectively suppressed the tumour growth promoted by Kras. The entire group of c-Myc-
lucOS°E/Tp53K0/Kras/NTC mice escaped immunosurveillance and presented gross liver
tumours, with a median survival of 21 days (Figure 7.3C&D). All mice were harvested on day
30, the time point at which all NTC mice deceased due to large tumour burden. In the c-Myc-
lucOS®/Tp53%0/Kras/MEKX® group, 6 out of 8 mice developed tumours, while the c-Myc-
lucOS®Y/Tp53XO/EV mice did not develop any tumours.
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Figure 7.2 Generation of plasmid px330-sgTp53-sgMap2kl-sgMap2k2.

(A) sgRNA sequences targeting Map2k1 and Map2k?2 were retrieved from the Mouse CRISPR
Knockout Pooled Library (Brie). (B) No potential off-target sites were searched in both sgRNA
sequences on an online off-target searching tool Cas-OFFinder (http://www.rgenome.net/)(Bae,
Park, & Kim, 2014). (C) DNA electrophoresis of px330-sgTp53-sgMap2kl-sgMap2k2
plasmid. Lane 1: Ladder, Lane 2: px330-sgTp53-sgMap2k1-sgMap2k?2 plasmid digested with
Xhol. Lane 3: uncut px330-sgTp53-sgMap2k1-sgMap2k?2 plasmid.
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Figure 7.3 MEK1/2 knockout rescues the wild-type Kras-mediated immune evasion in c-
Myc-lucOSCE/Tp53%0 model
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(A) Representative bioluminescence images on days 5 and 16 of c-Myc-
lucOS®/Tp53K0/Kras/NTC, c-Myc-lucOSCE/Tp53K°/Kras/MEK KO and c-Myec-
lucOS®Y/Tp53XO/EV after HTVI. The scale bar for the luciferase signal is shown. (B)
Quantification of normalised luciferase signals on days 5 and 16 after HTVI (** p<0.01, t-test).
(C) All c-Myc-lucOSCE/Tp53%9/Kras/NTC mice developed tumours and exploited the survival
benefits of T cell-specific antigens. c-Myc-lucOS®E/Tp53%0/Kras/MEKX® mice exhibited
significantly improved survival compared to NTC (* p<0.05, log-rank test). (D) Representative
images of the c-Myc-lucOS®F/Tp53%9/Kras/NTC, c-Myc-lucOSOF/ Tp53K0/Kras/MEKXO, and
c-Myc-lucOSCE/TpS3X9/EV livers.
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7.3.2 MEK1/2 knockout enhances the wild-type Kras-mediated suppression of IFN-
response and Cxcl9 and Cxcl10 expressions

Western blot (Figure 7.4A) confirmed the successful knockout of MEK1/2 in the protein level,
demonstrating downregulation of the downstream pERK1/2 in the MEKX® group. In gPCR
analysis (Figure 7.4B), the reduced mRNA levels of KRAS signalling downstream molecules,
such as Cendl and dual-specificity phosphatase 6 (Dusp6), in the MEKX® group further
confirmed the successful inhibition of KRAS/MEK/ERK signalling.

To investigate the mechanistic link between KRAS signalling and IFN response, we examined
the transcription of IFN signalling pathway genes. Intriguingly, MEK1/2 knockout enhanced
Kras-mediated suppression of the IFN response. The expression of IFN-associated genes such
as Statl, Irfl, Irf2, Irf7, and Irf9 was upregulated, and thus the IFN-regulated T-cell
chemoattractants including Cxcl9 and Cxcl10 (Figure 7.4C). The protein level of CXCL9 was
also elevated (Figure 7.4A). These findings suggested a direct crosstalk between KRAS and
IFN signalling.
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Figure 7.4 MEK1/2 knockout enhances the wild-type Kras- suppressed IFN response.
(A) Western blot validated the successful MEK1/2 knockout and the consequent inhibition of
downstream pERK1/2 in the protein level. (B) gPCR further confirmed the downregulation of
the ERK pathway-associated genes Ccndl and Dusp6 upon MEK1/2 knockout (* p<0.05, t-
test). (C) IFN-related pathway genes Statl, Irfl, Irf2, Irf7 and Irf9, as well as T-cell
chemoattractants Cxcl9 and Cxcl10 were upregulated (* p<0.05, ** p<0.01, t-test).

7.3.3 MEK1/2 inhibition remodels the wild-type Kras-mediated suppressive TIME and
increases T cell recruitment to c-Myc-lucOS®®/Tp53X0/Kras tumour

The findings presented above demonstrated the ability of MEK1/2 inhibition to reverse
immune evasive mechanisms driven by wild-type Kras, including the upregulation of IFN
response and the expression of immunomodulatory factors. Then, we examined how in vivo
MEK inhibition influences the composition of the TIME in c¢-Myc-lucOS®F/Tp53%9/Kras

tumour.

The immune cell infiltration sites of c-Myc-lucOS®E/Tp53%9/Kras/NTC and c-Myec-
lucOSCE/Tp53K0/Kras/MEKXC  tumours were compared in Figure 7.5A. Multiplexed
immunofluorescence revealed an upregulation of the H-2Kb/SIINFEKL expression in the c-
Myc-lucOSCE/Tp53%0/Kras/MEKX® tumours. Notably, CDIlc was found to be highly
expressed in the MEKX® tumour, indicating an increased infiltration of DCs to the tumour.
CXCL9, which is known to be expressed by DCs, is colocalised with CD11¢ expression (Figure
7.5A&B). The observation of CD8" T cells in close proximity to CXCL9" CD11¢" DCs (Figure
7.6A) suggests that MEK blockade enhances CXCL9 production by DCs, facilitating the
recruitment of CD8" T cells within the tumour. Quantification further confirmed the higher
presence of CD8" T cells in the MEKX? tumours (Figure 7.6B). Together, these results
supported our hypothesis that wild-type KRAS signalling inhibits T cell recruitment via
suppressing DC recruitment and lymphocyte chemotaxis via CXCL9. In vivo MEKI1/2
inhibition alleviates Kras-induced immunosuppression and leads to a more inflamed TIME,

characterised by a substantial increase in activated DCs and T cells.
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B c-Myc-lucOSO9E/Tp53K0/Kras/NTC

Figure 7.5 MEK1/2 inhibition remodels the wild-type Kras-mediated immunosuppressive
TIME in c-Myc-lucOS®E/Tp53%X0/Kras tumour.

(A) Representative images of pERK1/2 (red), H-2Kb/SIINFEKL (magenta), CD11c¢ (white),
CXCL9 (red), CD8 (green) and KRAS (yellow) in the immune infiltrate of c-Myc-
lucOS®E/Tp53K0/Kras/NTC and c-Myc-lucOS®E/Tp53%°/Kras/MEKX®  tumours. Scale
bar=100um (left:10x magnification), 50um (right:40x magnification). (B) Representative
images of multiplex immunofluorescence of CD11c (white), CXCL9 (red), and CDS8 (green)
in c-Myc-lucOS¥/Tp53X0/Kras/NTC and c-Myc-lucOSOE/Tp53%0/Kras/MEKX® tumours.
Scale bar=50pum.
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Figure 7.6 MEKI1/2 knockout increases T cell recruitment to c-Myc-
lucOS©E/Tp53X0/Kras tumour.
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(A) Representative images of CDS8 (green) staining in c-Myc-lucOS®E/Tp53%9/Kras/NTC and
c-Myc-lucOS®E/Tp53%9/Kras/MEKKXC tumours. Scale bar=100um. (B) Quantification of
tumour-infiltrating CD8" T cells in NTC and MEKX® tumours in multiplex IHC images,
regions for images were randomly selected. (NTC: n=18; MEKXO: n=23; **#* p<(0.0001, t-
test)

7.4 Discussion
In this chapter, we established a novel CRISPR/Cas9 system to target MEK1/2 in c-Myc

lucOS®/Tp53%0/Kras HCC. CRISPR technology has been applied in immunotherapy for
genetically modification of CAR-T cells in lymphomas and solid tumour cancer research since
its first launch in a clinical trial in 2016 (Stefanoudakis et al., 2023). In the development of
gene therapy, CRISPR therapeutics provides a simple and efficient alternative to traditional

gene therapy, which relies on viral vector delivery.

Our all-in-one CRISPR/Cas9 knockout system offers several advantages from the perspectives
of genome editing procedure, efficiency and delivery system. Firstly, designing an all-in-one
system is more straightforward than designing and optimising individual constructs for both
sgRNAs and Cas9. The convenience of the design can save time and resources in the
experimental design phase. However, the integrated expression vector has limitations in
optimising dosage. Secondly, the co-expression of Cas9 and sgRNAs in a single vector ensures
that each hepatocyte receives both Cas9 and the sgRNAs, enhancing the efficiency and spatial
accuracy of genome editing. MEK signalling is pivotal for lymphocyte activation, the germline
null deletion of MEK1/2 in a genetically engineered mouse model would cause immune
disorder and development defects (Houde et al., 2022). Since the sgRNAs of Map2kl and
Map2k2 were incorporated into the plasmid expressing sgTp53, the expression of sgMap2k1
and sgMap2k2 can precisely target the hepatic tissue with a Tp53%© background. This allowed
us to investigate the effects of MEK /2 inhibition without interrupting immune activation in a

mouse model.

Regarding its in vivo delivery system, the all-in-one system takes advantage of HTVI and
simplifies the delivery process. The MEK1/2 knockout takes effect once the oncogenic c-
Myc®/Tp53%° HCC background is established in the hepatocytes. Thus, this could save time
for additional treatment or injection, minimising potential harm to the mice. Compared to viral
vectors such as adeno-associated virus vectors (AAVs) and lentivirus vectors, the non-viral

CRISPR/Cas9 vector significantly addresses the safety concern including toxicity and
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infectious risks (Wang et al., 2016). It also eases the limitations associated with viral vectors
such as potential immunogenicity and carcinogenesis (Baum et al., 2006; Bessis et al., 2004).
Most importantly, viral vectors are often constrained by their encapsulation capacity (Thomas
et al., 2003). AAVs, with a cargo size of about 4.5kb, remain a challenge to embody the large
size of the CRISPR/Cas9 system, which is about 4.2kb. The limited cargo size of AAVs
provides minimal space for multiplexed engineered expression in delivering the CRISPR/Cas9
system, potentially affecting delivery efficiency. Taken together, the all-in-one CRISPR/Cas9

system provides a convenient and effective in vivo knockout mouse model for HCC study.

The role of MEK1/2 in oncogenic Kras-mediated suppression of the type I/II IFN response has
been implicated in pancreatic and lung cancers (Kemp et al., 2023; Mugarza et al., 2022;
Muthalagu et al., 2020). Our findings in the MEKX® model provided evidence that tumour-
specific MEK1/2 inhibition reverses wild-type Kras-mediated immune evasion. The enhanced
anti-tumour response could be attributed to the ameliorated IFN response and the remodelling
of the immunosuppressive TIME. The increase in the IFN-related inflammatory gene profiles
augmented the antigen presentation function, as evidenced by an upregulation in DC
recruitment together with an increase in MHC-I molecules H-2Kb/SIINFEKL. Additionally,
the expression of T cell chemoattractants Cxcl9 and Cxcl10 was also significantly upregulated.
CXCL9 and CXCL10 are produced by both APCs and tumour cells. They represent one of the
critical components for bringing the ‘heat’ to the tumour and generating a T cell-inflamed
microenvironment (Reschke & Gajewski, 2022). In our MEKX® model, Cxcl9 expression was
found to colocalise with DCs, adjacent to tumour-infiltrating CD8" T cells. These results
provide an insight into the intricate interplay between MEK1/2 modulation and immune
components, particularly DCs and T cells, to boost the adaptive immune response, highlighting

the multifaceted effects of MEK1/2 inhibition on the tumour microenvironment.

In the immunogenomic classification of HCC (Figure 7.7), the non-inflamed class (including
the intermediate and excluded subclasses) is characterised by decreased TIL infiltration,
reduction in IFN-y signature, and decreased expression of CXCL9, CXCL10, and CXCL11
(Montironi et al., 2023). This non-inflamed HCC class is insufficient to respond to ICI.

Clinical studies have highlighted an association between an IFN gene signature and the efficacy
of the ICI treatment (Keenan et al., 2019). The efficacy of anti-PD-1 treatment relies on the

presence of at least a modest level of pre-existing IFN-y-mediated inflammation within the
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tumour microenvironment (Rodig et al., 2018). Additionally, the presence of an IFN-mediated
signature has shown predictive value in anticipating treatment response (Ayers et al., 2017). In
our findings, two prominent ISGs, Irfl and Irf2, were found to be upregulated in MEKX©
tumours. These genes have been identified to play a regulatory role in the expression of PD-
L1 in HCC and are favourable for responsiveness to anti-PD-L1/PD-1 therapy (Yan et al., 2021;
Yan et al., 2020). Moreover, IRF1 has been reported to mediate CD8" T cells, NK and NKT
cells migration and activate anti-tumour immunity via CXCL10/CXCR3 axis in HCC (Yan et
al., 2021).

Litchfield et al. (2021) analysed the whole-exome and transcriptomic data for more than 1,000
ICI-treated patients and found that, apart from tumoral mutation burden, CXCL9 expression
serves as a robust indicator for a favourable response to ICI treatment. Moreover, lower serum
CXCL9 levels have been reported to predict HCC patients with early progressive disease
undergoing treatment with atezolizumab and bevacizumab (Hosoda et al., 2023). However, the
correlation between serum CXCL9 levels and the HCC immune milieu remains unclear, a
preliminary analysis of two patients reveals a correlation between high serum CXCL9 levels,

elevated CXCL9 expression in HCC, and increased CD8 expression (Hosoda et al., 2023).

In a recent study, the presence of DCs and CXCR3-dependeant migration has been identified
as a key event for predicting the response to atezolizumab (Iwai et al., 2021). The combination
therapy of atezolizumab and bevacizumab was reported to promote the CTL infiltration in
tumours and enhance the anti-tumour effect, including non-inflamed tumours, even though the
monotherapy with anti-PDL1 or anti-VEGF antibody did not enhance the CTL infiltration into
tumours (Ishikura et al., 2022; Kudo, 2022). Combination therapy is likely to trigger the
immune cycle by promoting IFN-y/CXCL9 production and consequently augment CD8" T cell
infiltration (Reschke & Gajewski, 2022). This mechanism could elucidate the effectiveness of

combining atezolizumab and bevacizumab in clinical settings.

Similar to the clinical observation of atezolizumab and bevacizumab, our MEKX® model also
demonstrated an augmented IFN signalling and anti-tumour CD8" T cell response, suggesting
the potential synergistic value of targeting RAS signalling and anti-PD-1 treatment in HCC.
This also opens up the possibility of developing a combinational therapy that targets KRAS

signalling and anti-PD-1 treatment.
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Figure 7.7 Immunogenomic classification of HCC patients. (Montironi et al., 2023)
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Chapter 8. Therapeutic development: Targeting
‘undruggable’ Kras in combination with anti-PD1
treatment



8.1 Introduction
In this chapter, we focused on a more in-depth investigation of the relationship between wild-

type KRAS activation and anti-PD-1 treatment in different HCC models. Since the ultimate
objective of this project is to enhance the therapeutic efficacy of the current immune checkpoint
therapy, we also explored the potential of targeting wild-type KRAS signalling in combination
with ICI.

For more than 30 years, KRAS has been ‘undruggable’ in therapeutics due to its high affinity
to GTP and unique protein structure (Ostrem & Shokat, 2016; Zhu et al., 2022). One challenge
lies in the fact that RAS and GTP exhibit an affinity at the pM level, whereas the cellular GTP
concentration remains at 0.5uM (Papke & Der, 2017). It is difficult to develop an effective
antagonist, such as a protein kinase inhibitor, to compete with Kras effectively. On the other
hand, RAS proteins have a spherical structure which lacks a hydrophobic binding pocket for
drug binding (Malumbres & Barbacid, 2003). In 2013, Shokat et al. (2013) identified a new
allosteric switch II pocket of KRASY!?C and pioneered the development of a direct covalent

KRAS inhibitor.

In 2021, the U.S. The Food and Drug Administration (FDA) approved the first Kras inhibitor,
AMGS510 (sotorasib), to treat NSCLC patients with Kras G12C mutation (Canon et al., 2019).
Sotorasib has shown remarkable clinical responses in advanced solid KRASS!?“ tumours
including colorectal, pancreatic, and endometrial cancers, and melanoma (Hong et al., 2020).
The advance in targeting KRASC!2¢
to target other KRAS mutants, for example, KRAS®!?P (MRTX1133), KRASY!?R KRASC!2S

and KRASY!3¢ (Schulze et al., 2022; Wang et al., 2022; Zhang, Guiley, & Shokat, 2022).

also led to the opportunities for small molecule inhibitors

With the launch of direct-targeting drugs, studies on KRAS in cancer have transited from
druggable therapy to addressing drug resistance. Multiple acquired drug resistance, such as on-
targeted concurrent KRAS alterations and off-targeted vertical signalling alterations, have been
observed in cancers treated with Kras inhibitors. After treatment of KRASS'?C inhibitor, a
decrease in ERK-related negative regulators e.g. DUSP, SPRY, and PHLDA family genes and
an increase in the phosphorylation level of RTKs, which reactivates the wild-type KRAS
pathway, were observed (Hallin et al., 2020; Ryan et al., 2020). This has led to the development
of pan-KRAS inhibitors to complement mutant KRAS inhibitors.

145



There are several approaches to develop pan-KRAS inhibitors to halt KRAS activation
(Corcoran, 2023). The discovery of the switch I/II pocket in KRAS has presented the possibility
of targeting all RAS isoforms, including both wild-type and mutant, by blocking the nucleotide
(Maurer et al., 2012). BI-2852, a nanomolar inhibitor, was developed to block both active and
inactive forms of RAS (Kessler et al., 2019). Currently, researchers are working on improving
the selectivity of pan-RAS inhibitors to target specific RAS isoforms, as triple RAS knockout
is lethal in mice (Kim et al., 2023; Nakamura et al., 2008).

Another approach for targeting KRAS is to inhibit the activity of SOS1, a RAS-GEF protein
that catalyses KRAS nucleotide exchange. MRTX00902 is an orally active and potent SOS1-
KRAS inhibitor that is currently undergoing Phase I/II clinical trial (NCT05578092) in
combination with adagrasib (MRTX849) for solid tumours (Ketcham et al., 2022). MRTX0902

monotherapy showed anti-tumour effects with satisfactory pharmacokinetic properties in
mouse model (Ketcham et al., 2022). The combinational treatment of MRTX0902 and the
EGFR inhibitor Osimertinib exhibited prolonged and augmented inhibition of ERK and
PI3K/AKT signalling pathways in NSCLC (Khare et al., 2023). Canon et al. (2019) also
reported that the combination of sotorasib (Kras9!?¢ inhibitor) and an MEK inhibitor resulted
in enhanced efficacy and good tolerance in a lung cancer mouse model. This suggests the
possibility of the combined vertical inhibition of RTK/ERK signalling in targeted cancer
therapy.

In our study, we explored the potential of combining MRTX0902 and the MEK inhibitor
trametinib with anti-PD-1 treatment in a ¢-Myc-lucOS®5/Tp53%9/Kras HCC model.
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Figure 8.1 Therapeutic target of the SOS1 inhibitor MRTX0902.(Ketcham et al., 2022)

8.2 Experiment design
(1) The c-Myc-lucOS®%/Tp53%9/Kras HCC mouse model was induced via HTVI as previously

described. The two-week treatment commenced 6 days after HTVI. The mice were
administered the SOS1 inhibitor MRTX0902 (5 mg/kg q.d.) via IV injection, coupled with a
daily oral administration of trametinib (0.2 mg/kg b.i.d.), and anti-PD-1 (200pg t.i.w.) through
IP injection. Tumour growth was monitored using bioluminescence imaging at specific time

points. The tumour tissues were harvested for gene and protein expression analyses.
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Schematic diagram of treatment regimen with MRTX0902, Trametinib, or the combo of
MRTX0902 and Trametinib in the combination with anti-PD-1
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Figure 8.1 Schematic diagram of combinational therapy of KRAS inhibitor MRTX0902,
trametinib and anti-PD-1 treatment

Schematic diagram illustrating the therapeutic design of SOS1 inhibitor MRTX0902,
trametinib, and anti-PD-1 treatment targeting KRAS signalling in the c-Myc-
lucOS®/Tp53%9/Kras model.
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8.3 Results
8.3.1 Activation of EGFR/KRAS/ ERK signalling pathway in anti-PD-1 resistant HCC

models

The ¢-Myc®Y/Tp53%° mouse HCC model is a mildly immunogenic HCC model that has been
previously reported to be refractory to anti-PD-1 treatment (Chiu et al., 2020). Despite the
expansion of effector memory CD8" T cells induced by anti-PD-1 treatment, no significant
reduction in tumour size or improvement in survival was observed in this model. We repeated
anti-PD-1 treatment in the c-Myc®/Tp53%° mouse HCC model. Consistent with the previous
report, there was no significant difference in tumour size between the control IgG and anti-PD-
1 treated groups (Figure 8.2A). Interestingly, we observed an upregulation of pEGFR and
pERK1/2 levels in the irresponsive anti-PD-1 treated tumours, yet there was no significant
increase in wild-type Kras expression (Figure 8.2B). In another immunogenic NAFLD-induced
RIL-175 HCC model, we also observed activation of the EGFR/KRAS/ERK and Akt signalling
pathways in irresponsive PD-1 treated tumours (Figure 8.3). These findings led us to
hypothesise that the activation of KRAS signalling may contribute to resistance to anti-PD-1

treatment.
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Figure 8.2 Activation of KRAS signalling pathways upon anti-PD-1 treatment in c-Myc-
luc®®/Tp53%¥° HCC mice model.

(A) Representative images of c-Myc-luc®®/Tp53%° HCC tumours after anti-PD-1 treatment.
(B) Western blot showed activation of KRAS signalling pathways in irresponsive anti-PD-1
treated tumours and a reduction of pERK1/2 expression in MRTX0902-treated unresponsive
anti-PD-1 treated tumours.
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A NAFLD-induced RIL-175 HCC model
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Figure 8.3 Activation of KRAS signalling pathways upon PD-1 treatment in NAFLD-
induced RIL-175 HCC mouse model.

(A) Representative images of orthotopic RIL-175 HCC tumours with NAFLD background.
(B&C) Multiplexed immunofluorescence and western blot showed activation of ERK and Akt
signalling pathways in unresponsive anti-PD-1 treated tumours.
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8.3.2 Combinational therapy of MRTX0902 and trametinib with anti-PD-1 treatment
suppresses tumour growth and improves survival of c-Myc-lucOS®¥/Tp53%X0/Kras
mouse model

With the exogenous expression of the tumour antigens, the lucOS model was reported to
sensitise the c-Myc-lucOS®/Tp53X° tumour to anti-PD-1 therapy (de Galarreta et al., 2019).
Given the observed upregulation of EGFR/KRAS/ERK signalling in irresponsive anti-PD-1
treated HCCs, we examined the therapeutic relevance of wild-type Kras-driven immune
evasion in response to anti-PD-1 treatment. Consistent with our hypothesis, c-Myc-
lucOS®F/Tp53%0/Kras was not responsive to anti-PD-1 treatment, proving that wild-type

KRAS activation promotes resistance to immunotherapy in our model (Figure 8.4A&B).

To address Kras-driven resistance to anti-PD-1 therapy, we explored the therapeutic potential
of targeting KRAS signalling using the KRAS inhibitor MRTX0902 and the MEK inhibitor
trametinib. To evaluate the effectiveness of MRTX0902 in modulating pERK1/2 in the HCC
model, we administered 3 mg/kg MRTX0902 via IV injection to c-Myc-luc®®/Tp53X° mice.
Tumour tissues were harvested for pERK1/2 measurement an hour after IV injection due to its
short half-life in mice (f12 = 1.3 hour) (Ketcham et al., 2022). Western blot showed
downregulated pERK1/2 levels in MRTX0902-treated irresponsive anti-PD-1 tumours (Figure
8.2B).

After confirming the effect of MRTX0902 on pERK 1/2modulation, we explored the possibility
of combinational therapeutic strategies involving trametinib and anti-PD-1 treatment in our
immune escaped Kras model. Based on the short half-life of the compound and the dosing
reported in a previous publication (Ketcham et al., 2022), 5 mg/kg q.d. of MRTX0902 was
selected for 14-day treatment. MRTX0902 was administered along with anti-PD-1 treatment
or in a combination regimen of MRTX0902 (5 mg/kg q.d.), trametinib (0.2 mg/kg b.i.d.) and
anti-PD-1 treatment. During the treatment period, no adverse events or side effects were
observed in the mice subjected to the combination treatment (MRTX0902 + Trametinib + anti-
PD-1), indicating that the combinational therapeutic approach was well tolerated with no

enhanced toxicity.

Among all groups, the MRTX0902+PD-1, Trametinib+PD-1 and combo groups showed
reduced luciferase signals and improved survival (Figure 8.4A&B). Surprisingly, the luciferase

signals of the MRTX0902+PD-1 group were significantly reduced compared with those of the
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MRTX0902+IgG-treated group, correlating with improved survival. This suggests that
MRTX0902 sensitised the tumour to anti-PD-1 treatment, conferring a survival benefit.
Western blot (Figure 8.4C) also demonstrated significant suppression of pERK1/2 levels upon
MRTX0902 and trametinib treatment, confirming that targeting KRAS signalling enhances the
therapeutic efficacy of anti-PD-1 therapy.

Finally, we investigated the impact of the pharmacological inhibition of KRAS signalling on
the T cell compartment. Interestingly, multiplexed immunofluorescence showed an
upregulation of CD8" T cells in anti-PD-1 treated tumours, compared to the IgG control group
(Figure 8.4D). Treatment with MRTX0902 alone (MRTX0902+IgG) did not increase the
number of CD8" T cells. However, the combined targeting of wild-type Kras and PD-1
(MRTX0902+PD-1) resulted in a significant increase in CD8" T cells. Similar to the earlier
findings in Figure 7.6, MEK inhibition by trametinib further enhanced the number of CD8" T
cells when combined with anti-PD-1 treatment. In the combo group, the abundance of CD8" T

cells was similar to that in the trametinib-treated group.
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Figure 8.4 Combinational therapy with MRTX0902, trametinib, and anti-PD-1 treatment
suppresses tumour growth and improves survival of c-Myc-lucOS®¥/Tp53%¥9/Kras mice.
(A) Quantification of the normalised luciferase signal in c-Myc-lucOS®E/Tp53%°/Kras mice
on days 3 and 10 after HTVI. (* p<0.05, ** p<0.01, t-test). (B) The survival of c-Myc-
lucOS°E/Tp53K0/Kras mice after treatment with vehicle, MRTX0902 5 mg/kg, trametinib 0.2
mg/kg (with IgG control or anti-PD-1) (* p<0.05, ** p<0.01, *** p<0.001, log-rank test). (C)
Western blot demonstrated a decrease in pERK1/2 level following treatment with MRTX0902
and trametinib. (D) Representative images and quantification of intra-tumoral CDS8 (green)
staining for IgG, PD-1, MRTX0902+IgG, MRTX0902+PD-1, Trametnib+PD-1 and
MRTX0902+ Trametnib+PD-1 tumours. Scale bar=100um. (** p<0.01, *** p<0.001, t-test).
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8.4 Discussion
The clinical response to anti-PD-1/PD-L1 treatment in HCC is highly variable, with most

patients experiencing disease progression. Although the targets of ICIs are known, a complete
understanding of the downstream therapeutic mechanisms is still elusive. Several factors
contribute to the failure of anti-PD-1 treatment, including lack of tumour immunogenicity, T
cell dysfunction, expression of other immune checkpoint markers, and an immunosuppressive
tumour microenvironment. Currently, none of these markers is robust enough to guide the
clinical management of HCC or improve the efficacy of ICI. As a consequence, the

development of novel combinational therapies to improve ICI outcomes is essential.

In this chapter, we observed the activation of EGFR/KRAS/ERK signalling in irresponsive
anti-PD-1 treated tumours in two HCC mouse models: c-Myc®%/Tp53%° and NAFLD-induced
RIL-175 HCC models. The ¢c-Myc®%/Tp53%° mouse model is mildly immunogenic and has
previously been reported to be resistant to anti-PD-1 therapy (Chiu et al., 2020). Although an
increase in effector memory CD8" T cells was observed in the anti-PD-1 treated c-
Myc®5/Tp53K° tumour, this expansion did not lead to tumour reduction. Nevertheless,
blockade of another immune checkpoint, TIGIT, was found to enhance the response to anti-
PD-1 treatment (Chiu et al., 2020). Moreover, the addition of exogenous antigens to the lucOS
model enhances the immunogenicity of the model and sensitises it to anti-PD-1 treatment (de
Galarreta et al., 2019). Notably, we characterised this escaped c-Myc-lucOS®E/Tp53%° tumour
with the activation of KRAS signalling in Chapter 3.

The immunological RIL-175 cell line HCC model is responsive to anti-PD-1 treatment.
Previous findings from our lab and other researchers have demonstrated that NASH limits anti-
tumour surveillance in anti-PD-1 treated HCC (Pfister et al., 2021). An expansion of PD1"
effector CD8" T cells was observed upon anti-PD-1 treatment in the NASH-induced RIL-175
model. Based on the immune-mediated cancer field (ICF) signature published by Llovet et al.
(2019), preventive anti-PD-1 treatment was associated with the immunosuppressive ICF
signature. The immunosuppressive ICF signature was characterised by the mediator of immune
tolerance and inhibition, such as the activation of TGF-B signalling, T cell exhaustion, the
presence of M2 macrophages, and CD4" memory resting cells. Intriguingly, this
immunosuppressive subtype was also characterised by the enrichment of KRAS signalling

(Moeini et al., 2019). Based on our observation of activated EGFR/KRAS/ERK signalling in

156



unresponsive anti-PD-1 treated HCC models and the aforementioned evidence in the literature,

we deduced that KRAS signalling plays a role in conferring resistance to anti-PD-1 treatment.

Oncogenic RAS signalling has been documented to promote immune suppression, allowing
cancer cells to evade the anti-tumour immune response (Ward et al., 2020). Our study provides
new insights into the role of wild-type KRAS signalling in resistance to immunotherapy, and
highlights the therapeutic potential of targeting Kras to enhance the efficacy of immunotherapy
in HCC. Interestingly, anti-PD-1 treatment also led to an increase in the intra-tumoral
infiltration of CD8" T cells although it did not improve the survival of the c-Myc-
lucOS®%/Tp53K°/Kras mice. This observation suggests the presence of other
immunosuppressive factors mediated by wild-type KRAS activation, affecting the efficacy of
anti-PD-1 treatment. Despite reports of pharmacological MEK inhibition affecting the
lymphocyte activation and proliferation (Vella et al., 2014; Yamaguchi et al., 2012), our
combinational therapeutics of Kras or MEK inhibition with PD-1 blockade demonstrated an
enhancement in CD8" T cell-mediated anti-tumour immunity and the response to
immunotherapy. Immunologically, the introduction of Kras or MEK inhibition exerts an
additional impact on CD8" T cell infiltration, complementing the effect of anti-PD-1. The
combination of the triple treatments also exhibited a good response in survival outcomes as
well as the intra-tumoral CD8" T cell infiltration. To alleviate the suppressive effect of
Kras/MEK inhibition on T cell activation, pulsatile treatment with these inhibitors was
suggested to enhance T cell activity, which led to an enhanced anti-tumour effect when

combined with the ICI (Choi et al., 2019).

The synergistic effect of KRAS/MEK inhibition on immunotherapy was also evident in other
KRAS-mutated cancers (Canon et al., 2019; Mugarza et al., 2022; Ward et al., 2020). In
NSCLC, the Kras®'?C inhibitor sotorasib created a “hot” TIME with an increase in T-cell
infiltration via CXCL10/11, synergising the effect of immunotherapy in an immunocompetent
mouse model (Canon et al., 2019). Another lung cancer model showed an increased population
of exhausted T cells and enhanced IFN responses upon MRTX1257 (Kras®'? inhibitor)
treatment, sensitizing the tumour to ICI (Mugarza et al., 2022). Trametinib, in combination
with ICI, shifted the TIME to become more proinflammatory with an increased presence of

tumour-infiltrating lymphocytes (Liu et al. 2015).

157



Nevertheless, the synergised response of KRAS inhibition with immunotherapy is limited to
immunogenic models (Mugarza et al., 2022). Although KRAS inhibition enhanced the
infiltration of cytotoxic T cells, it failed to synergise with the response to immunotherapy in
intrinsically non-immunogenic models, which lack neoantigens or exhibit T cell exclusion with
MHC-I downregulation (Boumelha et al., 2022). Tumour immunogenicity is correlated to the
capability of the T cells to recognise tumour cells, which is crucial for the effectiveness of PD-
1/PD-L1 blockade (Sun et al., 2020). The lack of tumour antigen significantly hinders T cells
from recognising tumour cells, eventually resulting in the failure of immunotherapy. This
observation emphasises the importance of an intact tumour intrinsic IFN signalling in
responding to immunotherapy, even when KRAS inhibition alleviates the immunosuppressive

TIME.

Together, this study highlights that inhibiting KRAS signalling by ameliorating the
immunosuppressive TIME synergises with anti-PD-1 treatment. Moreover, it uncovers the
potential clinical application of combined vertical inhibition of Kras/ERK signalling using

trametinib and MRTX0902.
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Chapter 9. Conclusion and Future Perspectives



9.1 Conclusion
In the recent decade, therapeutic advances have dramatically altered the systemic treatment

landscape of advanced HCC. Combination therapy such as atezolizumab-bevacizumab or
durvalumab-tremelimumab has become the central focus of the current treatment regimen.
However, ICI therapies exhibit highly heterogeneous efficacies among patients with advanced
HCC. There is an urgent need to identify effective biomarkers to select patients who could
benefit the most from well-established treatments and predict the response outcomes. Taking
into account these questions, there is a need to understand better the immune evasive

mechanisms of HCC.

Increasing evidence indicates that activation of the oncogenic pathways is associated with
generating an unfavourable tumour microenvironment with consequent immunotherapy
resistance. Therefore, targeting the oncogenic pathways may be a promising strategy to
overcome ICI resistance in HCC patients. In this study, we aimed to identify the oncogenic
pathway that modulates immune evasion in HCC and understand the underlying molecular
mechanisms. Finally, we evaluated the therapeutic efficacy of targeting this oncogenic pathway

in enhancing the effectiveness of the ICI.

Utilising the immunogenic c-Myc-lucOS®F/Tp53%° HCC mouse model, we have demonstrated
that wild-type KRAS activation in HCC tumour cells is an important immune escape
mechanism. Unlike other cancer types, KRAS mutation is rare in liver cancer. This rarity has
contributed to a gap in our understanding of the functional role of KRAS in HCC and its
potential impact on the immune response. Recognising this knowledge gap and building upon
our previous observations in immune-evaded c-Myc-lucOS®E/Tp53X° tumours, we focused on

wild-type Kras in this study.

In human HCCs, wild-type KRAS expression is upregulated in mRNA and protein levels and
is correlated with poor prognosis. Endogenous wild-type Kras overexpression modulates
immune escape via the activation of oncogenic Kras/MEK/ERK signalling in the c-Myc-
lucOS®%/Tp53%° model, leading to an increase in tumour burden with a shorter survival time
in mice. EGF, upregulated in the c-Myc-lucOS°%/Tp53%° model, activates wild-type KRAS
signalling and phosphorylates the upstream EGFR. This differential activation mechanism
sheds light on the unique role of wild-type Kras in driving oncogenic signalling pathways in

HCC.
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Our investigations delved into the intricate molecular mechanisms by which wild-type Kras
promotes immune evasion in HCC. Wild-type Kras reprogrammes the TIME into a more
immunosuppressive milieu, by dampening the IFN responses, both intrinsically and
extrinsically. The suppressed tumour-intrinsic IFN response downregulates surface MHC-I
expression on the tumour cells. Extrinsically, wild-type Kras suppresses the recruitment of DCs
and T cells to the tumour site, hinders antigen presentation and dampens T cell activation. All
these findings consolidated our hypothesis that wild-type Kras, via the activation of its
downstream MEK/ERK signalling, acts as a crucial immune evasive mechanism in HCC and

contributes to resistance to anti-PD-1 therapy.

In the clinical cohort, wild-type Kras expression is negatively associated with IFN response
and MHC-I-related genes. This clinical correlation aligns with our laboratory results, further
reinforcing the link between wild-type Kras expression and compromised immune responses
in HCC. The convergence of evidence from both experimental models and clinical data

emphasises the clinical relevance and potential translational impact of our study.

We also established a novel in vivo CRISPR/Cas9 system to target MEK1/2 in c-Myc
lucOSC%/Tp53K%/Kras HCC. MEK1/2 knockout reverses the immunosuppressive effects of
wild-type Kras overexpression, enhancing IFN responses, antigen presentation function, and
MHC-I expression. Regarding the immune compartments, MEK1/2 knockout increased the

recruitment of CD8" T cells into tumours through elevated T cell chemoattractants Cxcl9 and

Cxcl10.

Lastly, our study provided new insights into the therapeutic potential of targeting wild-type
Kras to enhance the efficacy of immunotherapy in HCC. The combination therapy of the Kras
inhibitor MRTX0902, MEK inhibitor trametinib and anti-PD1 treatment successfully enhanced
intra-tumoral CD8" T cell infiltration as well as exhibited a favourable response in survival
outcome. This finding highlighted the synergistic impact of targeting wild-type KRAS
signalling on the efficacy of anti-PD-1 treatment. Moreover, it elucidated the possibility of

combined vertical inhibition of Kras and MEK in HCC.

In summary, this study has elucidated a novel signalling axis in immune evasion in HCC. The

role of wild-type Kras in HCC has been unveiled, and its role in developing resistance to anti-
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PD-1 treatment. It also shed light on the potential of the combination therapy targeting KRAS
signalling and anti-PD-1 in HCC, providing a foundation for further exploration and potential

clinical applications.

Wild-type Kras Promotes Immune Escape via
Suppression of Interferon-mediated Immunity in HCC
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Figure 9.1 Graphical summary of wild-type Kras promoting immune evasion via
suppression of the IFN responses in HCC.

In the context of HCC with c-Myc®F/Tp53%© background, wild-type KRAS activation shaped
an immunosuppressive TIME via suppression of IFN responses, resulting in downregulation
of antigen presentation function and impaired T cell infiltration into the tumour. The
suppression of tumour intrinsic IFN response further resulted in a reduction in MHC-I
expression on the tumour cells. Collectively, these mechanisms orchestrated a deficit anti-
tumour T cell response, resulting in immune evasion and conferring resistance to anti-PD-1
treatment.
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9.2 Future Perspectives
9.2.1 To investigate the source of EGF expression in c-Myc-lucOS®®/Tp53%X° HCC

In the c-Myc-lucOS®F/Tp53%° HCC, we observed an elevated EGF level compared to c-Myc-
luc®¥/Tp53%° HCC. Upon wild-type Kras overexpression, we hypothesised that the
upregulation of EGF expression leads to the activation of the EGFR, and subsequently activates
the downstream KRAS signalling, resulting in the phosphorylation of ERK1/2. EGF is highly
expressed in HCC tumour cells or from TAMs (Goswami et al., 2005; Liu et al., 2018). Flow
cytometry results indicate that the expression of exogenous antigens enhances tumour
immunogenicity, and induces immune infiltration, including TAMs, DCs and T cells. In
addition, DIA-MS data exhibited an increase in macrophage marker gene Itgam, suggesting
that enhancing the immunogenicity of the tumours may activate the RTK signalling via the
recruitment of TAMs. Further investigations, for example, IHC analysis of the -Myc-

lucOS®/Tp53%09/Kras tissue will be executed to confirm the source of EGF.

9.2.2 To modify the combinational therapeutic scheme of Kras inhibitor MRTX0902,
MEK inhibitor trametinib and anti-PD-1 therapy

We examined the efficacy of combinational therapy of Kras inhibitor MRTX0902, MEK
inhibitor trametinib and anti-PD-1 therapy on c-Myc-lucOS®Y/Tp53%°/Kras HCC. To improve
treatment outcomes, we propose some modifications. Given that MRTX0902 is an orally active
drug, the next step involves testing its oral bioavailability in the mouse model. Moreover, to
alleviate the suppressive effect of Kras/MEK inhibition on T cell activation, a pulsatile
treatment approach was suggested to enhance T cell activity (Choi et al., 2019). For instance,
a 5-day-on and 2-day-off schedule of trametinib with MRTX0902 via oral gavage will be

administered to the mice.

9.2.3 To investigate the correlation of wild-type KRAS signalling and CD8" T cell
infiltration in anti-PD-1 treated clinical samples

We suggested that the observed correlation between wild-type KRAS activation, reduced intra-
tumoral CD8" T cell infiltration and resistance to anti-PD-1 treatment in the c-Myc-
lucOS®/Tp53%° HCC mouse model. It is crucial to examine whether this observation also
occurs in human HCC. To validate our findings, we will analyse HCC clinical samples post
anti-PD-1 treatment, comparing the expression of EGFR/KRAS/ERK signalling in anti-PD-1-

sensitive and resistant tissues. Subsequently, we will explore the correlation between Kras
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expression and CD8" T cell abundance in HCC tissue. Given the activation of
EGFR/KRAS/ERK signalling in the HCC mouse model upon anti-PD-1 treatment, examining
this signalling in HCC tissues from patients before and after receiving anti-PD-1 treatment

would be valuable.
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