== Newcastle
 Univers ity

0
X

¢t KS RSOSf2LISY

OF NDAY 2 Yl Y2 ®a4
df AOS&a FT2NJ GKS

LINBOA&A2Y Y

ZQ"C\

2
J LJ
A

(0p),

Amy Lauren Collins

Doctor of Philosophy

Newcastle University
Biosciences Institute
November 2023






Abstract

Liver cancer ighe third most common cause of cancezlated death worldwide, and
hepatocellular carcinoma (HCC) accounts for approximately 90% of cases. Recent therapeutic
advances extend overall survival by a few months, but only for a minority of patients. Realistic
HCC modelare necessary in order to provide valuable insight into disease pathogenesis and
drug discovery. Herédescribe the development of two HCC models in precisignliver

slices (PCLS): a murine precistom tumour slice (PCTS) model and a spheevigrated
human PCLS modein orthotopic mouse model of HCC was generated using the58ep

cell linge and PCTS were subsequently generated from the tumotisstological
characterisation determined that Hep3.4 PCTS retain the histological characteristics of
vivo tumours, and mimic then vivo therapeutic responseto sorafenib and lenvatinib
Intervention with anttPD1 immunotherapygignificantly increased CD3 T cell numbers and
apoptosisg a response that was lost upon ligidlading of the PCTS. Afteitial optimisation

using murine PCLS and Hep.4 cells, eaauman HCC model was developed by engrafting
spheroids generated from HuH7 cells that express a secreted luciferase onto human PCLS.
Complete invasion of the spheroids into the PCLS was confirmedutiiphoton imaging, and
measurement of luciferase secreted following treatment witivosine kinaseinhibitors
indicated a significant and doskependent reduction in cancer growth, whilst the PCLS
remained viableA patientderived HCC cell line libsawas generated to tailor the sphereid
PCLS model farecision medicineHyperion imaging mass cytometry revealed that both the
HuH7 and patienterived spheroiePCLS systems stimulated a response from immune
components in the surrounding PCLS, alongpioiential matrix formation within the HCC
spheroid.Thus, theex vivomodels developegotentially presentas usefultoolsfor discovery
biology and precision medicine, where therapies can be tested on paliemted HCC cells in

the context of the tumoumicroenvironment.
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4 |Introduction

4.1 HCC epidemiolog¥ risk factors
4.1.1 Epidemiology

Liver cancer is théhird most common cause of caneezlated deaths worldwide, with an
incidence of approximatel906,000new cases each yeét-3). While the mortality rates have
fallen for many types of cancer over the past two decades, liver cancer mortality has increased
by 75% between 1990 and 2015, with the mortality rate expected to reach 1 million deaths
annually worldwide by @30 (4). Additionally, the relative fie-year survival rate is
approximately 20%and the comparable incidence and mortality rates (906,000 and 830,000
respectively) highlight the poor prognosis associated with liver ca®eincidence and
mortality rates vary according to geographical region and socioeconomic statd are
commonly a consequence of exposure to various risk faaigesmary liver cancer (PLC)
mortality is highest in Asian and s@aharan populations, where incidence rates exceed 15
per 100,000 inhabitants, while the incidence in Western countries is on an upwards trajectory
(6). Of the PLCs, hepatocellular carcinoma (HCC) is the most common type, accounting for over
85% of casefl). The majority of HCC cases are diagnosed in those between 60 and 70 years

of age, and the disease predominantly affects nGén

4.1.2 Risk factors

The worldwide incidence of HCC is variable due to numerous risk factors andrthalence

in different populations. HCC predominantly develops on the background of chronic liver
disease(CLD)and cirrhosis, which is the erglage of fibrogenesis and excessive wound
healing; the major aetiological agents responsible include irdastiith hepatitis B virus (HBV)

and hepatitis C virus (HCWetabolic dysfunctiorassociated steatotic liver disease (MASLD)

or metabolic associated steatohepatitis (MAS&hd alcoholrelated liver disease (ALD) or
alcoholicsteatohepatitis (ASHJB, 8) It is important to note that MASLD and MASH are the

new nomenclature for nosalcoholic fatty liver disease (NAFLD) and -atmoholic
steatohepatitis (NASH) respectivebfter a consensus to change the défon due tothe

SEOf dza A 2 y I NBf QKMKD farSOca yRW! OOdzNI G St & OF LI dzNR y
GSNY aFlFGdeée o0SAy3a O2 V(% AORIS NSRnd BulSararn Afrisad A y 3

where the highest number of HCC cases occur, the major risk factors are aflatoxin B1 exposure



and chronic hepatitis B infection, where risk of disease development correlates with viral load
and the duration of infectiorf11, 12) However, the incidence ofiral hepatitisinduced HCC

has declined in the past twoedadesas a result of effective antiviral treatments and the
implementation of a vaccination programme against HB¥15). In contrastto the decrease

in virally driven HCC, the incidence MAS.D andMASHrelated HCC is increasifg6). In
Europe and North Americavhere diets are typically high in fand sugar MASLDand
metabolic disorders such as diabetes are increasingly asedcwaith HCC, and are of
particular interest due to the high numbers of HCC cases they induce without the typical
underlying fibrosig17). Polymorphisms in patatiike phospholipase domain containing 3
(PNPLA3aNnd transmembrane 6 superfamily member 2 (TM6SFK#E associated with an
increased risk of HCC development in individuals WithS.D, MASHand alcoholic liver
diseasg(18, 19) whilst a variantof hydroxysteroid 17betadehydrogenase 13 (HSD17Bis3)
linked with a reduced risk &€LD(20). Though exposure to a given risk factor can predispose
an individual to develop HCC, demgient of the disease is typically multifactorial and will
often be a culmination of multiple factors relating to genetics, lifestyle (smoking and alcohol
intake), metabolism (diet, obesity and diabetes), underlying liver disease and demographic

factors swch as age, sex and ethnic{81-28).

4.1.3 Preventative measures agsirHCC

AsCLDhas been identified as major factor predisposing people to HCC, measures taken to
reduce the risk of underlying liver disease therefore act as a preventative measure for HCC.
For example, the introduction of a HBV vaccination progranmi®84for new-born children

in Taiwan reslted in a 35.9% reduction in the incidence of H&& the administration of
antiviral therapy for middleaged individuals reduced HCC incidence by approximately 15%
(15, 29) There is currently no effective vaccine against HCV,shiatessful direeacting
antiviral treatments havelicited a sustained virological response in over 95% of patiants
response which has been linked to a reduction in both {redsited mortality and HC(30,

31). Conversely, public health measures that address the increasingly significant risk factors
MAS.D,MASHand ASH @ scarce, with little known about the conditions outside of those in
the hepatology and gastroenterology communid, 32) Chemoprevention can be
implementedin individuals with established liver disease with the intention of preventing HCC

development, and measuresclude low-dose aspirin, statins and metformir§33-35). In
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addition, surveillancen individuals at high risk of HCC development can lead to early detection
and drasticdl improve the disease prognosia.these populations, an abdominal ultrasound
alongside the determination of serum alpffietoprotein (AFP)evelsat sixmonthly intervals

has the ability to detect HCC in the early stages of developi{3&)tHoweverthe accuracy

and effectiveness of these measures are controversial, with ultrasound demonstrating limited
sensitivity andAFP measurements yieldifgise-positives and suboptimal cosffectiveness
(37-39).

4.2 Pathogenesis

4.2.1 Hepatocarcinogenesia the contextof cirhosis

HCC develops predominantly of the background of liver cirrhosis, accounting-819%4 ®f

cases and arises via a complex multistep procgi3). On averageHCC developmeroccurs
approximately 10 years after cirrhosis develogs,cirrhotic precancerous nodules undergo
malignant transformation as hepatocytes adopt a proliferative phenotype and gain an invasive
and metastatic potential in a vascularised environmgtit) Solid hepatic noduleslentified

via screening methods such as abdominal ultrasound, computed tomography (CT) or magnetic
resonance imaging (MRI) should be investigated to assess whether they possess malignant
qualties, and the liver imaging reporting and data systerRADS) was developed to aid in

the diagnosis of HCC without requiring an invasive tissue biopsy. The system considers tumour
size, growth rate and capsule propertige distinguish between HCC, othéhepatic

malignancies, and benign nodul@g).

4.2.2 Hepatocarcinogenesis the context of MASLD

Hepatocarcinogenesis commonly occurs in the context of MASLD, progressing through a
sequene of liver disease phenotypeSteatosis describes an accumulation of lipiofsen
resultant of highfructosediets or metabolic disorders. This steatotic environmprdgresses

to MASHIn a minority of caseswith sustained hepatic inflammation, fiboroaasd aberrant
hepatocyte necrosis and regenerati¢f3, 44) These events can culminate in cirrhosis, which
describes the severe scarring of the liver alongside poor liver function, creating an abnormal
niche whid favours multiple genetic and epigenetic alterations leading to HCC initiation
(Figurel) (45, 46) It is possible for HCC to develop in patients ViWtASLD oMASHIn the
absence of cirrhosig an observation which is present in-88% of MASLIBICC cases and

presents significant obstacles. Although these patients may benefit from curative therapies
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such as resection, limited surveillance in patients without cirrhagien prevents HCC

detection at early stages anmdsults in a poor prognos(g7).

Normal liver MASLD{' MASH Cirrhosis Hepatgcellular
Steatosis carcinoma
* No underlying « Accumulation * Lipid * Severe scarring * Malignant
liver disease of excess lipids accumulation and fibrosis transformation
in the liver * Sustained * Poor of dysplastic
+ Often resultant inflammation hepat_ocyte nodules
of high fat diets and fibrosis funct_lon * Increasing
or metabolic * Aberrant ) Enwr(_)nment cellular
disorders hepatocyte favouring abnormalities
necrosis and developrpem f:'f and genetic
regeneration dysplastic lesions 5 jerations

25% 12-40% . 15-25% 7%

Figure 1. Hepatocarcinogenesis in the context of metabolic dysfunctiaasociated steatotic liver disease
(MASLD).A schematic demonstrating the pathogenesis of HCC developing on a background of. MASLD
Approximately 25% of the population develgpeatosis and 1240% of individuals with steatospgogress to
MASHas the environment becomes inflammatory and fibroti&25% of MASH casesolve into cirrhosis with
severe scarring and poor liver functidmeforemalignant transformatioroccurs in 7% of cirrhotic liversesulting

in HCC (14.3).HCC also develops in a number of patients with MASH in the absence of cit@resigd with
BioRender.com

4.2.3 Hepatocarcinogenesis in the context of ALD

In individwls with alcohotelated HCC, fibrosis and cirrhosis develop following the
metabolism of alcohol to acetaldehyde by alcohol dehydrogenase and cytochrome P450 2E1
(48). The production of reactive oxygen species (ROS) during this process activates hepatic
stellate cells (HSCs) and leads to fibrosis, and acetaldehyde produdidts i@ inflammation

and DNA hypomethylation through the formation of DNA adducts, culminating in
hepatocarcinogenesis as genetic stability is (@8t 49) Other contributing factors to alcohol
related hepatocarcinogenesis include the alcehm@diated alteration in gut permeability and
subsequent translocation of gut bacteria and lipopolysaccharides (LPS) to th&Hisaresults

in the activation of Kupffer cells, which secrete inlammatory cytokines and chemokines;

the secretion of these prinflammatory factors promotes fibrosis and activation of the
oncogenic interleukin (IL) 6/STAT3 and tumour necrosis f@EMFNuclear facto . -0 b €
signalling pathway&3, 50)
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4.2.4 Dysplastic lesions

Dysplastic foci (<1mm diameter) and dysplastidules (<2cm diameter) develop as groups

of hepatocytes with premalignant cytological abnormaliti&pigenetic factors have been
identified as important regulators in the advancement of dysplastic lesions to HCC, following
genomewide DNAmethylation studes (51, 52) A retrospective study of patients with
cirrhosis and at least one identified hypervascular,-peeplstic nodule deduced that the
severity of underlying liver disease predicts the risk of hepatocarcinogenesis; the risk of
individuals undergoing malignant transformation was 10.1 and -8 greater for those

with ChildPugh B and C respectively, in caripon to ChilePugh A patient§53). A sequence

of lesions is observed as H@Evelops; lowgrade dysplastic nodules (LGDNSs) with little
cytological atypia progress to higjnade dysplastic nodules (HGDNs) with increased
abnormalities and cell density, before evolving into early and advanced 34 Che risk of
malignanttransformation inLGDNs and HGDNs is 9% and 32% respectively, increasing as

cellular abnormaties become morabundant(Figure2) (55).

Mechanisms of hepatocarcinogenesis

A cirrhotic liver - dysplastic lesions:

- Alcohiol. | Cirrhosis LGDNs HGDNs
intake 7 AR V.
+ MASH g ’ \ ,
* Chronic —L, @SE. —> 5 = —» —>
hepatitis B e V
.& c . Little cytological Increased cytological
infection atypia. atypia and cell density.

9% risk of malignant 32% risk of malignant

transformation. transformation.

B Non-cirrhotic liver - hepatic adenoma:

Non-cirrhotic liver Hepatic adenoma

p-pr O

5% risk of malignant
- Often arises due to bt Sl

oestrogen-bases
contraceptives

Figure2. Mechanisms of hepatocarcinogenesBifferent mechanisms dfepatocarcinogenesis: (A) HCC arising

in a cirrhotic liver where dysplastic nodules arise as areas with premalignant abnormalities, progressing from
LGDNs to HGDNs with increased cytological abnormalities, before progressing to early HCC (14, 15). (B) HCC
arising with no underlying liver disease, as HCAs arise and undergo malignant transformation (16, 17). Created
with BioRender.com
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4.2.5 Hepatic adenomas

While the vast majority of HCC cases develop in patients@uthHCC can develop in patients
without underlying liver disease and cirrhosis. This occurs when hepatic adenpiftas) a
rare benign proliferation of hepatocytes, undgr malignant transformation, often arising in
women taking oralkontraceptives(56, 57) Other risk factors include the use of anabolic
steroids, metabolic disorders and obes(B7, 58) Histologically, there is a loss of the typical
lobular architecture, with dilated sinusoids and cells aged into cordg59). The risk of

malignant transformation of HCAs is relatively low, at less thafg8%

4.3 Molecular heterogeneity

4.3.1 Overview oheterogeneity in HCC

Thedevelopment of HCC is a complex process, resultant of interplay between genetic and
environmental factors. As well as the physical manifestation of the disease in which the
tumour interacts with various stromal and immune components, a number of genetic
alterations must be considered in relation to the initiation and progression of HCC. There are
several single nucleotide polymorphisms (SNPs) associated with HCC at different stages of the
disease, impacting factors involved in carcinogenesis such as infiaommoxidative stress,

DNA repair and the cell cyd80-64). A number of studies have highlighted the existence of
trunk mutations, which occur at an earlier stage of development and are present in all tumour
cells, and branch mutains, which only occur in a portion of tumour subclones and therefore
appear later in amour developmen{55). The polynorphisms that are associated with HCC
contribute to an increased risk of developing the disease via a number of mechanisms,
including through a predisposition to risk factors, the manner in which liver disease progresses

to cirrhosis, and the malignant tnaformaion of dysplastic lesion&0).

4.3.2 Categories of heterogeneity

The significant moleular heterogeneity of HCEntributesto the ability of the tumour to
grow and evade the immune systef@3). This heterogeneity can be observed in different
degrees (Figure 3). Firstly comparing tumours between different patients highlights
interpatient heterogeneity, and can aid in the categorisingatients and use of personalised
therapy (65). The other forms of heterogeneity observed aiintertumoural heterogeneity,
which occurs between different tumour nodules the same patient, and inttamoural

heterogeneity, which is between different areas of the same tumour no@6¢ Identifying
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genetic alterations in HCC and tracing the evolution of the tumour is crucial in order to target

the appropriate pathways and improve the clinical managemeri©C.

A) Interpatient B) Intertumoural C) Intratumoural
heterogeneity heterogeneity heterogeneity

Figure 3. Types of tumour heterogeneity.Different levels of tumour heterogeneity: (A) Interpatient
heterogeneity, (B) intertumoural heterogeneity, and (C) intratumoural heterogeneity (13, 25). Created with
BioRender.com

4.3.3 Commonly mutated genes in HCC

There are an average 60-70 somaticmutationsdetected in proteircoding regions of the
genomeineachHQ66).2 KAt S Yl yeé 2F GKSasS yvdziltdazya 20
not directly linked to carcinogenesis, some play a key role in tumour initiation and
development(1). Whole-exome sequencing studies and SNP array analyses have highlighted
YdzYSNR dza LIA@2G1If 3ISyS YdzitrdAz2zya yR O2Lk® yd
HCC, resulting in the activation of pathways linked to heg@rcinogenesis, promoting
proliferation, survival, invasion and immune evasion. These mutations relate to telomere
maintenancetelomerase reverse transcriptag€ERYmutations), inactivation of the tumour
suppressor p53 (encoded by TP53), activation\lTH -catenin signalling (mutation in
CTNNBL1), oxidative stress, chromatin modification (mutation in ARID1A), and PI3K signalling
cascade$67-69). The presence of mutations in TERT, TP53 and CTNNBL1 in 51% of small, early
stage HCC tumours highlights the significance of these variations in tumour initiétion.
continued accumulation of genetic alterations enabl@mbur progressionresultng in
advanced disease, with driver alterations such as DNA amplificatdassiflar endothelial

growth factor (VEGFA, MYC), DNA deletions (CDKN2A, AXIN1, IRF2) and DNA methylation
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(IGF2xontributing to broad intratumoural heterogengi(66). Unfortunately, the majority of
these alterations are notwsrently targetable; jus20-25% of HCCs bear mutations that can be
targeted clinically with existing drug®7, 70) Furthermore, a mere 6 of the 34 most

commonly reported genes in HCC are targetable by-&fiptoved drugg66).

4.3.4 TERT promoter mutations

The most common genetic alteratiorbgserved in HCC that develops on a background of
cirrhosis occurs in the TERT promoter, responsible for encodingatadytic subunit of
telomerase for telomere DNA synthegi&l, 72) A decrease in telomerase activity is often
observed in cirrhotic tissue, alongside shortened teloaseand replicati® senescencés4).
However, a reactivation of telomerase activity and TERT expression is reported to be required
to erase the senescence barrier and enable malignant transformation, resulting in telomere
lengthening and contributing to tuour intiation (54, 73) An upregulation of telomerase
activityis reported in 90% of cancers, and TERT promoter mutations are reporipdarc0%

of HCC casg$6, 74) TERT reactivation isually a result of somatic mutations in the TERT
promoter, but can also be resultant of TERT amplification, translocation or via viral insertion
in the promoter(75). Somatic alterations in the TERT promoter are the earliest genetic event
in hepatocarcinogenesis, present in 6% of LGDN and 20% of @6DMe frequency of TERT
promoter mutations remainstable during a comparison of early and advanced HCCs, while
additional genetic alterations occur, indicating that TERT mutations act as a gatekeeper for
malignant transformation, and play a role in tumour initiation rather than tumour evolution
(55, 77)

4.3.5 CTNNB1 mutations

Mutations in CTNNB1 occur in approximately 30% of HCC cases, meaning it is the second most
commonly altered gene in HCC after TESL/ ¢ b b . m S-ya@girwhiah is typically

targeted for degradation in the cytoplasm when there is an absence of Wnt signalling, as a
destruction complex is formed from the APC protein, AXIN;@GSK | yR Tée destruction

O2YLX SE (KSyYy NBf StaterfnawhittikK® aaKENR & & SRK$- 90 dzo A
TrCP, for ubiquitination and degradati@¢i8). Conversely, Wnt signalling is activated when

Wnt binds to its receptor lipoprotein receptaelated protein (LRP). The intracellular section

2T [wt 0S02YSa LIKZ2aLKcadhh destinciidd TomBléx aN&XINaddy 3 K S

GSko iare recruitedto the plasma membran€79). { (i I 0 A-Eafedir&ten translocates to
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the nucleus where it regulates target genes via the TCF/LEF transcription {8€&pAs Wnt

i -catenin signalling is predominantly limited to zonef3he hepatic lobules, HCC that arises

as a result of mutations in this pathway typically arise in this zone of thg(@8eB1) Specific
alterations in CTNNB1 have been associated with malignant transformation and tumour
progression,as a consequent of the unregulated transcription of genes relating to cell
proliferation, migration, survival and differentiatiqi®2). Such genes includeMyc andmatrix
metalloproteinasesNIMPs) (83). HCCs thasrise from CINNB1 mutations are described to
have a suppressed immune landscape, with limited infiltration of CD8+ and CD4+, T cells
therefore leading to a resistance to amiogrammed cell death protein 1PP1)

immunotherapy which activates cytotoxic T c€i8, 84, 85)

4.3.6 Chromosomal aberrations

Chromosomal aberrations have also been identified as gatekeepers for malignant
transformation in dysplastic nodules, with the frequency of copy number variations increasing
during hepatocarcinogenesis. Alterations in chromosomes 1 and 8 are reportedttarike
gatekeepers in dysplastic nodules which are maintained when the lesions progreadyto
HCCgq46, 86) In order to identify common copypumber variations, SNP array data from
LGDNs and HGDNs obtained from patients with cirrhosis was utilised. Both gains (6.9%) and
losses (6.9%) in chromosome 8 were observed to be the most frequent events, alongside gains
in chromosome 1q (3.4%) and lossexhromosome 22q (3.4%). Chromosomes 1q and 8q
affected by aberrations in 13.8% of dysplastic tissueglude the oncogenes MDMA4dBy
(ADPRribose) polymerasd (FARP)and MYC respective(y6) There is a significant increase

in the frequency of berrant chromosomes in early HCCs compared to dysplastic nodules, with
broad gains in chromosome 8q (29.4%) and 1q (47.1%), and broad losses in 8p (35.3%).
Additional chromosomal aberrations that are absent in dysplastic nodules have been
identified in ealy HCCs, including focal amplifications in 6p2YHGFAand 8g24.21 (MYC).

The absence of these aberrations in premalignant lesions identifies them asdrmeks of

tumour progressior(46).

4.3.7 Crossover between genetic aberrations and risk factors
Thepathogenesis of HCC is often a result of both the mutations in cancer driver genes and the
risk factors associated with the diseasketobservation that HCC commonly develops on a

background ofCLDis often due to polymorphisms that increase the predispos of the
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patient to risk factors such as obesity, alcohol intake viral hepatitig40, 60) For example,
polymorphisms in the genes PNPLA3 and TM6SF2 are associatedmaghand HCC
development, particularly in patients with alcol related cirrhosig18, 19, 87)As well as
cirrhosisrelated HCC, TERT promoter mutations strongly correlate with-rel@géd HCCs
where no HBV is present, indicatiadink between this genetic alteration and a predisposition
to infection with HCV, as well as suggesting thatdBd6ciated HCCs maintain telomeres via
different mechanismg88). Similarly, an activating polymorphism in the epidermal growth
factor (EGF) gene strongly correlates with the development of HCC fromet@d cirrhosis
(89, 90)

4.3.8 HCA genetic mutations

HCA<an be characterised into the following five molecular subgroups based on the genetic
mutations they include: HNFiutated (3040%), CTNNBhutated (L0-15%), inflammatory

subtype pertaining to mutations in genes including IL6ST, JAK1, STAT3 and FRK and activation
of the JAKSTAT pathway (480%), sonic hedgehog adenomagolving an overexpression of

GLI family zinc finger 1 (GLI1) (5%#)d unclassified HGAvhich lack the described mutations

and inflammatory phenotype (<7%56, 91) Unlike HCC cases that develop on a background

of cirrhosis where TERT promoter mutations are the gatekeepers for malignant
transformation, CTNNB1 mutations activaincatenin are the earliest genetic event leading

to malignancy in HGA(92). Chromosomal aberrations and DNA hypomethylation also

contribute to the malignant transformation of HC£2S).

4.3.9 Targeting genetic alterations

Utilising knovledge of the molecular signature of a tumour for precision medicine is not

currently a successful strategy in the treatment of H@E,the most frequent genetic

alterations in TERT, TP53 and CTNNB1 are not targetable kgppied drugg66, 67, 94,

95). Approved systemic therapies do not target biomarkers that coulérmn@loyed to predict
GNBFGYSyld NBaLRyasSs 6A0GK GKS SEHWSdddindEafor2 T St S
of improvedoverall survivalOS)in response to ramcirumab after sorafenil{96). Clinical

sequencing of tumours from a cohort of more than 10,000 patients deduced that whilst it was

possible to target genetic aberrations in-86% of patients with breast cancer, thyroid cancer,

melanoma, glioma or gastrointestinal stramtumours, actionable aberrations were only

identified in 5% of HCC casg/). Intratumoural heterogeneity has also pravéo be a
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significant barrier in the quest to identify useful HCC biomartkeard impacts decisiemaking
for cancer care when thenolecular information available derives from a single biof&g¢
100)

( 15% CTNNB1 )
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ov- g
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60% CTNNB1, 44% TERT
promoter
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MASH —>
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Figure4. Molecularevents contributing to HCC developmentiCC typically develops as a series of molecular
alterations accumulate: mutations, copy number gains and focal amplifications, copy number losses and focal
deletions, and DNA methylation alterations. HCC often arises on the background of liver inflamaration
cirrhosis, as dysplastic nodules contain molecular alterations that function as gatekeepers for malignant
transformation. In the absence of cirrhosis, HCAs gain molecular alterations that culminate in HCC development.
Subsequent alterations that aregsent in early HCC, but not in dysplastic nodules or HCAs, are considered to
function as drivers of progression rather than gatekeepers. Figure adapteddraiget al., 2019(55).

4.4 Classification

4.4.1 Overview of HCC classification

The classification of HCCs into distinct groups can aid the stratification of patients, ensuring
that they receive the appropriate treatment. There are a number of assessments and
techniques used to separate patients into subclasses; HCCs were previeassge using
tumour node metastasis (TNM) staginghich involves assessing the tumour burden (T),
presence of cancer cells at lymph nodB8, and distant metastases (N)01) However, this
method is limited and has been altered frequently due to its poor accugdahg technique

fails to consider alternative factors in the tumour ngenvironment and does not factor in

liver function(102) The Okuda classification is another stratificationthog that has been
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extensively used, and accounts for tumour burden and three parameters relating to liver
function ¢ ascites, serum albumin and serum bilirubin ley@l@83) Despite considering liver
function as well as the tumour parameters, the method is limitethat it accurately classifies
just the patients with enestage disease, rather than those with early H@@d does not
account for the effects of vessel, lymph node and adjacent organ invélddn 105)In order

to overcome the limitations presented by TNMdOkuda classification, 5 other classification
systems were established: Japanésiegrated Staging (JIS) scoFeench, Cancer of the Liver
Italian Program (CLIP), Chinese University Prognostic Index (CUPI) score, and Balioétona
Liver Cancer (BCL€laging(106-110)

4.4.2 Japanese Integrated Staging (JIS) score

The JIS score combines both TNM staging and -€bdt classification, which is a staging
system for individuals wit@LDand is used as a predictor of whether the individual is suitable

for elective surgery(111-113) Use of the JIS score was found to be a superior stayistgm
compared to TNM staging and the CLIP score in a cohort of 722 Japanese patients with HCC
(114) This obseration was validated in a further study of 4,525 patie(it$5) A TNM score

is assigned using criteria from the Liver Cancer studygd Japan(114) Individuals
classified as staggdcore Opresent with three conditions: no vascular invasiand a single

tumour smaller than 2 cm in size. Those with stagechhre 1disease present with two of the
aforementioned conditionsstage lli(score 2)presents with one, and stage I{gcore 3)
presents with nong116) A score between 0 and 3 is also assigned to thiel®ugh score (A

= score 0, B = score 1, C = score 2), and the combination of these scores is defined as the JIS
score. The biomarkeicombined JIS scoring system was later proposed by Kitai etnal.,
evaluates the presence of three HCC biomarkersanbination with the conventional JIS

score AFP, lens culinaris agglutininreactive AFP (AFPL3) and desgamma
carboxyprothrombin(DCP). Consideration of these biomarkers was found to be a better

prediction of prognosis than the standard JIS systghY)

4.4.3 Cancer of the Liver Italian Program (CédBie

The CLIP sdog system was developed in 1998 from a retrospective study of 435 Italian
patients with HCCMultiple tumour-related features are taken into consideration when
calculating the CLIP score: macroscopic tumour morphology, serum AFPdedgisytal vein

thrombosis, whilst also taking the Chidigh score into account. This stratifies the patients
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into groups with a score of between 0 and 6 assigned; the higher the score, the worse the
prognosis(116, 118)Limitations of the system include an inability to differentiate between
patients with CLIP scores between 4 and 6, and the discovery that Asian populations are not

accurately stratified by the syste(h16, 119)

4.4.4 French classification

The Fench classification siam was established following a prospective study of 761 HCC
patients who were enrolled over 80-month period. Five variables contribute to the
classification of individuals into groups according to their estimated risk of death. These
groups are A (low risk), B (intermediate risk) and C (high risk). The five prognostic factors
considered are Karnofksy pgermance status, serum bilirubin level, serum AFP, serum
alkaline phosphatase level and sonographic portal obstrudtids, 119, 120)The survival of
individuals in groups A, B and C were 51%, 17% and 3% respectively, highhgiting study
mostly included patients with advanced dise4%20) Moreover, the system has been shown

to have limited capability in predicting prognosis in patients with estge HC(CL21)

4.4.5 Chinese University Prognostic Index (CUPI) score

The CUPI score was developed following a prospective study of 595 Chinese patients
predominantly with HBVelated cirrhosis. Six prognostic factors are ¢desed: TNM stage,

total bilirubin level, asymptomatic disease at presentation, AFP level, alkaline phosphatase
level and ascitesThis results in the classification of patients into three groups: low risk (CUPI
scoreX), intermediate risk (CUPI score )or high risk (CUPI scog) (109, 122)Due to
HBVrelated cirrhosis being the predominant underlying liver aetiology of individuals in the
initial study, the CUPI score has a better prognostic power for patients @tfegith HBV

(123)

4.4.6 BarceloneClinic Liver Cancer (BCLC) staging

In comparison to the JIS score, CLIP score, FrendificiE®on and CUPI score which are
useful for predicting the outcome of advanced H®@,BCLC staging system has proven to be
particularly useful for identifying and assigning the appropriate treatment to patients with
early tumours(124, 125)The BCLC system accountsgarameters such as tumour burden,
number of nodulesyascular invasion, extrahepatic spread, and liver function determined by
the ChildPugh scorg104) Using the BCLC system, patients identified to be asymptomatic
with very early HCC (score of BCLC 0/A) become candidates for local curative treatments such
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as surgical resection, ablation and liver transplantation; those with ingeliate-stage
disease, with adequate liver function but multinodular disease (BCLC B) are treated with
locoregional therapies such as transarterial chemoembolization (TACE); patients with
extrahepatic spread or portal thrombosis are classified as havingragd disease (BCLC C)
and are therefore treated with systemilserapies(Figureb) (70, 126, 127)External validation

of the BCLC staging system has identified it as having superior prognostic abilities than other
systems, and is a useful tool for identifying patients who would benefin frrurative
treatments (128) A potential limitation of the methodology is that measurement of the
hepatic venous pressure necessary for the subclassification ofsagyg disease may not be
routinely performed in the clinic. Additionally, it has been suggested that the CLIP scoring
system is superior for predicting survivahion-surgical patients with advanced dised446,

129)

4.4.7 Molecular classification

Molecular classesf HCC have been established using factors such as the immune status of
the tumour, as well as the main molecular drivers and pathways involved. This separates HCCs
into two major classes: the proliferation class and the 4poaliferation class(40). The
proliferation class accounts for approximately 50% of all HCCs, and is characterised by
mutations in TP53 impacting cell cycle control, more aggressive tumours, vascular invasion
and poor histological differentiatiorf130) HCCs in this group are associated with poor
prognosis and can be divided intwo further subclasses. The proliferatipnogenitor cell
subclass (S2) is characterised by increased expressidpRyfoverexpression of epithelial cell
adhesion molecule (EPCAM), and activation of cell proliferation pathways such aSKF3K
MTOR sigalling and the RABIAPK pathway54). The second subclass is the proliferation
WNTtransforming growth factor beta TGF ) group (S1), and is characterised by non
canonical activation of Wnt and an associated imnmemrbausted phenotypg70, 130)
Conversely, the noproliferation class describes less aggressive HCCs, with well
differentiated tumours, lower AFP levels and less vascular invasion. These HCCs are commonly
associated withMASH ALD ad HCV infectionand are associated with a better clinical
outcome Within the nonproliferation class there are distinct subgroups: the interferon
subclass with increased HIBKSTAT signalling, and the WNTatenin subgroup with
mutations in CTNNB1 Bn a4 dz0 4SljdzSy i & O2f Ré (0 dzy 2 z0AE31)s A G K
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4.4.8 Immune classification

Knowledge of the relationshigbetween tumour and immune cells enabledurther
stratification of the tumour, with the charactera I G A2y 2F aK20¢é¢ 2NJ GO2f
the immune infiltrate(132) Previously, he quantification of CD8and CD8& lymphocytes in

the tumour core andinvasive margin providethe rationale for the Immunoscore;low
RSyaAdASa 2Ny 06aSyOS 27T (eddd imghunOssdrefof 1G] & LIS &
whilst high densities of bothCD3+ and CD8+ T cellsy | & K 2 fesultediidai2 dzNJ
Immunoscore of 14133135) More recentmethods ofimmunogenomic characterisatio

stratify HCC tumours into inflamed, intermediate or excluded subclasses of HCC.
Approximately 3% of tumours are imaey 2 f 2 3AO0F ff & aK2G¢ FyR GfFf
inflamed classwhich has recently been delineated to better understand immunotherapy
responseg134) This includes tumours belonging to theeviously reported immune subclass

(2299, whereby tumours present with minimal chromosomal alterations and increased
expressiorevels of the immune checkpoint molecules-PRndprogrammed death ligand 1

(PDLY), and a newlydefined immunelike subclass (15%)hich possesses a more diverse T

cell repertoire, high interferon signalling and expression of immaffector cytokineq131,

133, 134)The noninflamed class describes tumours in bolie irntermediate class (43%) with

TP53 mutations, a mild immune infiltrate and chromosomal abnormalities reladiagtigen
presentation and the excluded class (20%) with enriched CTNNB1 mutations and PTK2
overexpressionTumours outside of the excluded claggh CTNNB1 mutations are typically
accompanied by high interferon signalling or weak activation of the-Mrdtenin pathway

(134) Considering themmune classificationf a tumour is a superior prognostic factor than
through wse ofthe TNM staging system alonghich does not considehe immune infiltrate.

Immune excludedc2 f R¢ (G dzy2dz2NBA Kl @S | KAIKSNI FNBIj dzSy
resection as T cethediated antitumour responses are preventgd01) Knowledge of the

immune profile ofa tumour enables these components to be targeted with immune
checkpoint inhibitors, therefore enhancing the immune response against the turfiQ,

137).

23



4.5 Tumour microenvironment (TME)
4.5.1 TME overview

The HCC tumour microenvironmgftME)is a complicated network comprideof the tumour

itself, as well as stromal cells, infiltrating immune cells, proteins secreted by the cells, and the
extracellular matrix (B@) in which it all exists. Despite the purpose of many of the cell types
recruited to the TMEbeing to combat the cancer, the outcome of crosstalk between the
tumour cells and the stroma often contributes to carcinogenesis, and the stroma can be
inapproprately activated to contribute to the manifestatioof the disease(138) An
understanding of the components that constitute the tumour microenvironment and their
accompanying crosstalk is essential when assessing the most suitable immunotherapeutic
options. The mechanisms by which the TME can contribute to the pathogenesi€0fare
numerous. Tmour growth and progression can be favoured as the comporant®unding

the tumour contribute to processes including immune evasion, sustained proliferation,

induction of angiogenesis, invasion and metastasis, and resistance of aE{h&8)

4.5.2 Liver sinusoidal endothelial cells (LSECs)

Liver sinusoidal rdothelial cells (LSECs) are specialised cells that constitute the vascular
endothelium of the sinusoid€l39) The presence of fenestrae in LSECsombination with
Kupffer cellsthe liverresident macrophages, presents an efficient scavenger system whereby
virus particleslow-density lipoprotein ILDI) cholesterol and advanced glycation end products
can be recycled from the blool40143) LSECs are capable of antigegesentation via
pattern recognition receptors, and play a roler@gulating the inflammatory response in the
liver. For example, the recognition of thall-like receptor TLR4 ligand LPS by LSECs is linked

to reduced leukocyte adhesion following reduced nuclear translopadfNFS . ¥ LINB @Sy Ay
the liver from being in a constantly inflamed state as a result of exposure to bacterial products
from the gut(144, 145)Additionally, immune cell recruitment is modulated by LSECs through
integrins such a$ [ | H X and®m h M344, 146) Intercellular crosstalk irolving LSECs
contributes to HCC development; CD8+ T asilvation is inhibited by the overexpression of
PDL1 on LSECs, leading to immune evasion of(HA} Moreover, LSEGsom human HCCs
display a higher capacity for angiogenesis, fibrinolysis and coagu{@48ip The recruitment

of myeloid derived suppressor cells (MDSCs), an immature population of myeloid cells, results

in an immunosuppressive TME, promoting tumorigenesis and metagla&451)
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4.5.3 Neutrophils

Neutrophils are the most common leukocyte in circulataord are key players in the innate
immune responsg152) Theyare capable of eliminating pathogens through a number of
mechanisms, includinghrough the release of ndtophil extracellular traps (NETsthe
production of ROSby NADPH oxidase (NOXRhagocytosis and degranulatiqta53-158)

Initial attempts at classifying neutrophils defined them as having either and N1 or N2
phenotype.Most tumour associated neutrophi(§ANspresent with an immunosuppressive
GN2¢ phenotype, polaised by the high levels of TGF Ay GKS ¢a9> |yR aKk
expression of prangiogenic factors such as VEGINP9 and CXCR459161) Meanwhile,

G b mé troghflsdexpress higher levels of inflammatory cytokines and exhibit more
cytotoxicity (162) However, an emerging understandirgf the complex heterogeneity
displayed by neutrophils in cancer means it is difficult to accurately digssihdpetween these

two populations. An example of the overlap in functional characteristics between N1 and N2
neutrophils is that ROS is utilised by both populations: for tumour killing by N1 neutrophils
and for T cell suppression by N2 neutrophil$3, 164) Neutrophils comprise a large
proportion of the immune infiltrate in botfCLDand HCC, and there is a growing body of
evidence that identifies neutrophikss key drivers of tumour progression and metastéEes

167)

A study of two independent cohorts of HCC patients ascertained that neutropéils the
only cell type to be associated with patient outcome, with high neutrophil counts signiffcant
correlating with more advanced disease and worse(TBB) It hasbeen demonstrated that
neutrophils are a requirement for HCC development idiethylnitrosamine (DENnouse
model, in which antibodymediated depletion of neutrophils attenuated the HCC, normalising
the liver/body weight ratio and blunting tumour grow{a69) Additionally, it hadbeen fiown
that neutrophils induce telomere dysfunction and senescence in adjacent cells via the release
of ROS, potentially underpinning the liver disease that often precedegHOLSklic animal
model (STAM) mice present a system whereby HCC develops on the backgrivig8iin
this model of HCC neutrophils were found to be vital for HCC developmédre it is
speculated that free fatty acids stimulate NET production, leading th Hevels of

inflammation and tumorigenesis. Inhibition of NET formation attenuated these ef{@Ztk)
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These findings are potentially highly relevant to human HCC given tt@nihonlyarises on

the background o€LI(166)

454 Tcells

The presence of infiltratingytotoxic T lymphocyteCTLs)s associated with a significant
improvement in overall and progressidree survivallPFS)n HCC. A metanalysis of 7905
HCC patients determined that there was a positive correlation between improved survival and
the density oftumour-infiltrating CD8+CD3+, FOXP3+ and Granzymé&Bitg172) CD8+ T

cells have been identified as the predominant cytotoxic lymphocyte capable of killing cancer
cells,and act viaseveralmechanismdollowing the recognition of tumouspecific antigens
presented by major histocompatibility compléMHC)class I These include the FasL ligand
mediated induction of apoptosis, granular exocytosis, and the production of interfe¢tiN

1) and TNP (173) However, the exhaustion a€TLgesults in impaired pranflammatory
responses, a reduction in cytokine production and an accumulation of regulatastisr
(Tregs) An immunosuppressive nichieh in cytokines such as-10 and TGF  LINB @Sy i a (K
activation of CTLs and T helper tyfpg(Th1l) CD4+ T ce{ls46) CTLexhaustion is typicallg
consequence of overexpression of inhibitory molecules such &l 8@otoxicT-lymphocyte
associated protein 4(CTLA4), lymphocyteactivation gene 3 LAG3) and T cell

immunoglobulin and mucheontainingmolecule 3 TIM-3) (174177)

Immune exhaustion in HCC is commonly driven by thd/PD-L1 pathway, whereby T cell
receptor signalling is suppressed via the PI3K/AKT patiiiw; 179) A high expression of
PD1 and PEL1 is therefore associated with poor progm® (180, 181) Nevertheless,
exhausted infiltrating T cells with a high expression oflRfan have their cytotoxic effects
restored via PEL inhibition (182)

The immune checkpoint molecule CT4.4s also a major coributor to immune escape in
HCC, as it competes with CD28 to bind telRZD80) or BZ (CD86). The binding of CD28 to
CD80/@M86 would typicallypromote T cell proliferation, survival, and differentiation through
the production of IE2. However, the highebinding affinity of CTL-A to CD80/CD86 prevents

the stimulatory signal usually provided by CD28, resulting in limited T cell proliferation and

survival(183)
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Alternative drivers of T cell exhaustion include LAénd TIM3. LAG3 regulaes CD8+ T cell
accumulationand the hypofunctional CD8+cé&ll function can be reversed via L.8®Blockade
(184) Whilst the antiLAG3 monoclonal antibody relatlimab is FBRpproved for the
treatment of melanomaijts relevance in HCC has also been highligl€%$-187) TIM-3 is
expressed on CD8+ and CD4+ T cadlsyell as on multiple other immune cell populations,
and has been associated with a poor prognosis in HCC grahter risk of HCC development

in individuals with HBYL77, 188, 189)

4.5.5 Regulatory Tells (Tregs)

Whilst CTLs exhibit artimour effects prior to immune exhaustion, CD4+CD25+FOXP3+ Tregs
arean immunosuppressive T cell population tiwave also been shown to infiltratemours

and are associated with poor prognosis in HCID, 191) Their recruitment to the tumours
promoted by CCL28, CCL22 and CGlibkines that have been shown to be produced by
infiltrating macrophages, dendritic cells (DCs), CD8+ T cellsaamuer associatefibroblasts
(CAF¥ (192, 193) Tregs contribute to the immunosupgssive TME by producing anti
inflammatory IL10 and TG¥F, and express CTidAresultant in reduced survival of CTIL94,

195) Furthermore, the downregulation of CD80 and CD86 on DCs further contribmtes
impaired antigen presentation and T cell exhaust{@86) In addition to CTLA, Tregs also

express the immune checkpoint R andnhibit IFN* secretion(197)

4.5.6 Myeloid cells

Tumourassociated macrophages (TAMs) and MDSCs are the two main myeloid cell types in
the HCC TME, whereby MDSCs represent a more immature population present in both the
circulaton and intratumorally, and TAMs represent a tissasident population of
macrophageq146) Two subtypes of MDSCs have been identified: monocytic MDSCs (M
MDSC) and polymorphonuclear MDSCs (PWIDEC), the latter of which are phenotypically
and morphologically similar to immunosuppressive neutroplii88) Myeloid cells are
recruited to tumours through the binding of CXCR4 to CXCL12 released from HSCs and
endothelial cells(199) Infiltrating MDSCs have been shown to wtdiute to tumour
progression by supressing T cell proliferation through the depletion of arginine, and promoting
the expansion of Tregs by producing immunosuppressiidd® land TGF (200) Moreover,

MDSCs have been showmexpress higher levels of the immune checkpoint moleculd.PD
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in HCC patients, and increase the risk of HCC recurrence following liver transplantation via

CXCL10/TLR4/MMP14 signall{gg1, 202)

Whilst macrophages have the potential to elicit antitumour respong®il), with
CD68+CD169+ macrophages correlating with imgulo®@Sin HCCtheir heterogeneity can
result in polarisation to produce anthflammatory, pretumour (M2) TAMs(203,204) A high
density of CD68+ tumour infiltrating macrophages predicts poor prognosisiagie cell RNA
sequeicing has identified the presence of CD68+MARCO+ -i(diatmmatory) and
CD68+MARC(pro-inflammatory) macrophage@04, 205) A high number of TAMs in the
tumour microenvironment is associated with poor prognosis, angiogenesis, metastasis and
tumour cell proliferation(206) MDSCs engage in immunosuppressive crosstalk with TAMs,
whereby IE10 released by the former and -G released by the latter amplify the
immunosuppressive activity of the other cell ty{®97) Additionally, TAMs further contribute

to the immunosuppressive niehin HCC by recruiting Tregs and expressing. BOYG¥#,
indoleamine 2,3dioxygenase (IDO) and arginaseelucing T cell andatural killer NK) cell
activity (208-210) It is important to note that multiple studies have detected overlaps in genes
in M1 and M2 macrophage populations, highlighting that the binary classification of
macrophages into M1 and M2 subgroups does not truly reflect the complexity of macrophage

interactionsin the TMH211, 212)

4.5.7 Natural killer (NKgells

NK cells play a key role in innate immus@veillance andomprise a large proportion of
intrahepaticlymphocytes (3660%)146, 213)They exhibit rapid targetell killing without the
requirement for antigen presentation, via the release of cytokines (predominantly Hfid
TNFh) and chemokines, anthrough Fas/Fasimediated apoptosig191, 214, 215)The
presence of the cell surface receptors CD56 and Gder@ifies NK cells, with conventional
circulating NK cells being CE8€D16"9" and liverresident NK cells typically classified as
CD58"9"CD16™ (216) Upon secretion of cytokines such a2|Ul-12, I-:15 and [E18 from
hepatocytes and Kupffer cells, circulating NK cells are recruiteaiecanflamed liver and

activated alongside livenesdent NK cell$217)

In HCC, it has been demonstrated that intratumoural NK cells higth expression of CD96

are functionally exhausted, with the production of H-Nind TNF' impeded and poorer

clinical outcomes for the patien{®218) An accumulation of CD49aCD58'9" NKcells inHCC
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correlates with poor prognosis; CO8&NK cells are considered to be a more immature
subset of NK cells with lower cytotoxic capabilit{@d3, 219) The impairment to NK cell
function observed in HCC can be attributed to various components on the TME, including CAFs
(through secretion of immunosuppressive prostaglandiraritl IDO, MDSCgby impairing

IFN- secretion)and TAMginduces NK cell exhaustion and apoptosis via binding to the 2B4
receptor) (220-223). Similar to T cells, the expression of-PBn tumour infiltrating NK cells

and subsequent binding to P results in suppression of the PI3/AKT pathway, impairing
their cytotoxicity (224) Changes in expressiaf activating andinhibitory receptorson NK
cellscontributes to their change in functionaly. An upregulation ofthe inhibitory natural

killer group 2, member A (NKG2A) on NK cells in advanced HCC is associated with a worse
outcome (225) Meanwhile, the binding of the activating receptor natural killer group 2,
member D NKG2D) to ligands includingH@ class | chailated protein A/B and ULBP1,

which are expressed by malignant cells, leads to the downregulation of NKG2D and
suppression of NK cell activigg26, 227)Reduced activation of NKG2D cdates with early
recurrence in HC@) contrast to the finding that NKG&promotes tumorigenesis in a mouse
model of HC@228, 229)

4.5.8 Cancer associated fibroblasts (CAFs)

CAFsare a heterogeneous group of tumeunfiltrating fibroblastsderived from multiple cell
types in the TME, includingSCsHCC cellhat undergo epitheliaimesenchymal transition
(EMT), mesenchymal stromal cells and L$ERY The HSChat CAFs often evolve froare
another constituent dthe TME with a critical prelumorigenic role. They are one of the main
producers of ECM in the liver, and contribute to tumour progression through a number of
mechanismsincluding via the release of hepatocyte growth factor (HGF) to promote invasion,
and by inducing the expansion of regulatory T cells, contributing to the immunosuppressive
TME(231-234) CAFs similarly sexte ECM proteins, growth factors such as EGF and platelet
derived growth factor (PDGF), MMPs and an array of cytokines and chemdkiBi&s
Secretion of the cytokine CXCL11 by Q#sissbeen shown to enhance HCC progression and
metastasis by promoting the se#newal of tumourinitiating cells(236, 237) Furthermore,
preclinical studies have demonstrated thdte release of CCL5 by CAftemotes HCC
YSGFadlaAra @Al (2BSTHCCicél Stermmessiid ehlyahckainiltipld CAF

mediated mechanisms: HGF secreted by CAFs bindsMet and promotes cell cycle
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progression and abnormal proliferation, and througle ticctivation of Notch signallinigy 11-
6 released by CAF239, 240)The expression of proangiogenic factors by CAFs, such as VEGF,
PDGF and angiopoietih contributes to tumorigenesis and metastagl®1, 241, 242)The
numerous mechanisms by which CAFs contribute to hepatocarcinogenesis highlight it as an

emerging target in HCR43)

4.6 Therapies

4.6.1 Treatment strategies for HCC

Over thetwo past decads, the management of HCC has improved significantly. The most
suitable treatment must be assigned to each patient based on the classification of the HCC,
taking into account the number and size of the nodules, the molecular status of the tumour
and the immune profile of the TMEO01, 110) Treatment options can typically be separated
into those that are curative and those that are palliative.phsviously described, curative
treatments assigned to patients with early stage disease (BCLC 0/A) include liver
transplantation, resection and percutaneous ablation, and result in a high response rate
capable of improving survival by over 60 mon{B8, 40, 244)Despite this, up to 70% of
patients treated with these curative approaches present with disease recurrefitbén 5
years(1). The majority of patients are diagnosed with HCC in the later stages of disease, and
are therefore treated with palliatie treatments. Although these treatments are not designed

to cure HCC, they can improve survival and achieve good response rates. TACE (BCLC B) is used
to treat unresectable HCC in patients with intermediate disease, and involves administering
embolism agets to the hepatic artery to isolate the tumour from the vasculature, in
combination with chemotherapy drugs such as doxorubicin and cisplatin to induce severe
necrosis(244-246). This therapy has the potential to delay tumour progression and invasion
(247) Systemic therapies are used to treat those with advanced HCC (BCLC C), and
approximately 50% of patients will receive this form of treatment at spwiat (Figure5) (1).
Individualswith end-stage HCC (BCLC D) will not benefit from therapeutic intervention and

should therefore receive symgmatic management and palliative caf244)
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Figure5. Barcelona Clinic Liver Cancer (BCLC) classification sy§tamtive and palliative treatment options
applied to patients depending on their BCLC classification (49, 50). Created with BioRender.com

4.6.2 Firstline tyrosine kinase inlbitors (TKIS)

Approximately 6670% of HCC patients are treated with systemic therapies, due to either
diagnoses at advanced stages of disease or due to disease progression after surgical or loco
regional therapie66). In 2007, the Sorafenib HCC Assessment Randomised Protocol (SHARP)
trial demonstrated theeffectiveness of sorafenib at extending the survival of advarstade

HCC patients from 7.9 months to 10.7 months, and it became the standard of care and only
approved systemic therapy until 201848, 249)Sorafenib is aulti-target receptor tyrosine
kinase inhibitor(TKI)with up to 40 targets, includingascular endothelial growth factor
receptor(VEGFRplatela-derived growth factor receptor (PDGFRKitand Raf signalling. Its
efficacy may be due to the vast number of targets, meaning sorafenib targets both the cancer
cells and other cells in the TME, exhibiting gurtliferative and antangiogenic effect§250)

A metaanalysis of two placeboontrolled phase Il clinical trials (SHARP and Asia Pacific)
deduced that sorafenib improve@Sin all patient subgroups, but OS was significantly greater

in patients with HCV, without extrahepatic spread, and with a low neutragpHymphocyte

ratio (NLR)8, 248) Multiple phase Il trials have demonstrated the failure of many potential

first-line therapies to meet the standard of sorafenib, accompanied by significant liver toxicity
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and problematic trial design@l0, 251) Lenvatinib was approved as an ahative firstline
therapy for advanced HCC a decade after sorafenib, after its efficacy was demonstrated in a
multinational, randomised phase 1l trial (REFLEZ5D), 253) The study proved lenvatinib to

be noninferior to sorafenib in terms of OS (median of 13.6 months with lenvatinib; 12.3
months with sorafenib), and elicited a greater effect intipats with AFP levels higher than

200 ng/ml compared to sorafeni{d0, 252)In contrast to sorafenib, lenvatinib is a typdK|

with a higher potency against VEGF receptors and fibroblast growth factor (FGF) receptors
(70, 252)

4.6.3 Secondine TKis

Secondine therapies are administered to patients following disease progression after
treatment with sorafenib. Threseparate phase Il trials have led to the approval of three
agents: regorafenib, cabozantinib and ramucirumf@6, 254, 255) Regorafenib is a
multikinase inhibitor with targets including VEGFRandwas the first secondine therapy
approved for HCC following progression intolerance to sorafenib. Although there are
structural similarities between regorafenib and sorafenib, the former is more potent against
VEGF receptors and exhibits a broader acti{@g6) There is a resultant survival advantage
of 10.6 months verses 7.8 months in the placebatmeent group(254) Cabozantinib is @Kl
targeting VEGFR2, MET and AXL. It approves OS compared to those treated with a placebo,
extending survival from 8 months to 10.2 mon{2865) The HGF receptor MET plays a role in
the pathogenesis of HCC and notably, sorafenib resisté2isé) Ramucirumab is the first
approved HCC therapy for a biomarisaiected population of patients, improving OS in a
subgroup of patients witbaseline serum AFP levels of over 400 ng/ml (7.3 months in placebo
group; 8.5 months with ramucirumal§96). Rather than acting as @K] ramucirumab is a

monoclonal antibody targetip VEGFR258)

4.6.4 Immune checkpoint inhibitors (K}

Information on the immune profile of a tumour can provide targets for novel therapeutic
approaches, and has been utilised in the developmentwhune checkpoint inhibitor(ICI)
drugs such as an€TLA4, anttPD1 and anttPDL1 (135137, 259) Targeting these
checkpoint molecules blocks negative feedback pathways that enable immunosuppression.
The IMbravel50 trial demonstrated that combining aikzumab (antPDL1) and

bevacizumab (antVEGFA)vas superiotto sorafenib, improvingSfrom 13.4 months in the
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sorafenib armto 19.2 months with the combination treatmentas well as significantly
improvingPF3260, 261) Thistherefore led to thecombinationtreatmentbeing approved as
a firstline therapy for HCC and the new gold standard of ¢a64) Other aspects in which
the combiration treatment proved more favourable than sorafenib were in drug tolerability

and median time of deterioration to quality of lif&0).

In recent years, the effectiveness of a numbel@iscombined with the requirement for HCC
treatment options in the secontine settinghas led to the accelerated approval of a number
of agents by the FDA. The RDnhibitors nivolumab and pembrolizumab are approved as
single agents for use as secelink therapies. The CheckMa@#0 study demonstrated
nivolumab to be well tolerated by p@nts, as well as having an overall response rate (ORR)
of 14% and median OS of 15.6 months in a cohort of 262 pat{@®2) Similarly, the
KEYNOTE24 trial demonstrated pembrolizumab to induce an ORR of 17% and median OS of
12.9 months in 104 patients enrolled in the stu@®63) Interestingly, both nivolumab and
pembrolizumab were observed to improve OS in the dirs¢ setting. However, the results

did not reach statistical significan€@64, 265) Moreover, the CTLA inhibitor ipilimumab

was approved for use in combination with nivolumab for patients who showed disease
progression after treatment withaafenib, resulting in a median OS of 23 mon{®86) This
combination treament in currently under investigation in the US, in comparison with-fingt

therapies sorafenib anténvatinib(267)

Recent findings have highlighted the importance of stratifying patients douogrto
underlying liver aetiology prior to immunotherapy. ARiD1 and antPDL1 have been shown

to have limited efficacy iMASHHCC, following a metanalysis of 1,600 patients and studies

in preclinical mouse models of HCC. This impaired immuneianee is due to an expansion

of exhausted CD8+PD1+ T cellsich contributes to a worse prognosis. Indeed, 4}l
immunotherapy increased the incidence, tumour size and number of nodules in mice with
MASHHCC, whilst patients wittMASHrelated HCC dpayed reduced OS compared to
patients with different aetiologies(268) A subsequent study using an orthotopic mouse
model of HCC identified that aA8D 1 in combination with a CXCR2 antagoaisiblesVIASH

HCC immunotherapy. A reduction in tumour burden and improved OS was observed,
alongside increased CD8+ T cell numbergeased activation of intratumoural XCR1+ DCs,

and an unexpected increase in TANs, as neutrophils switched from-@rmour to antr
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tumour phenotype(269) These findings further emphasise the complexity of the tumour

microenvironment in HCC.

4.6.5 Combining TKls and ICls

Investigation into whether the efficacy ICls candmhanced by use in combination with multi
target TKiIs is currently underway. Té@mbination of theTKI lenvatinib, which exhibits anti
angiogenic activity, and the ICI pembrolizumate currently in phase Il trial$ollowing
encouraging results in a pee 1b trial; an objective response was achieved4®©% of
patients, as well as a median PFS of 8.6 months and OS of 22 nf{@i)sTo further
rationalise the use of lenvatinib and pembrolizumab in patieatstudy utilising multiple
mouse models of HCC determined that the combination therapy induced an imauiive
TME, reduced the Treg infifite and inhibited TGF signalling(271) Similarly, the phase |l
COSMIE12 trial combining cabozantinib with atezolizumab ascertained that the
combination therapy significantly improved PFS compared to sorafenib, though there was no

difference in OS between the treatment grou{y 2)

466 ¢ NBSGAY3 AYYdzyS aO2f Ré (dzy2 dzNA

Insight into the TME composition allows a different therapeutic approadfettaken for the
GNBFOGYSyld 2F aO2tR¢ GdzvY2dzNER>X ¢6KSNB GKSNB A& |
antigen presentation, and typical lines of immunothpy would be ineffective. The strategy

appliedAy GKA& Ayaidl yoOS Ardnicroedvirdnfmantahd trankf@m itdid2 f R G o
I aK20¢ GdzY2dz2NE | OKAS@OSR (KNRdAzZZIK (HKobckinghd FFA O
antibodies, antiangiogenic therapies and immunocytokines such as-ICBA The use of

chimeric antigen receptor (CAR)cé&lls to target tumour antigens is another method of

targeting immune deficient tumour&73) However, whilst the effectiveness of GARcell

therapy has been demonstrated in B cell malignancies, limited efficacy has bserved in

solid tumours, and further investigation into improving the tumour specificity of-CARIls

may be required274) Furthermore, toxicitfresultant ofo 2 (i K-targeoftl dzY 2 dzNE | OG A DA
and excessivecytokine productiondue to CART cells surpassing their #shold level of

activation) is a limitation of CARcell therapy275, 276)Potential targets for CARcells in

HCC arglypican3 (GPC3) and AFP due to their high expression in HCC tissue (approximately

70% and 50% respectively) concurrent with low expression of both markers in surrounding

non-tumour tissue(277-279)
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While the management of HCC has undeniably advanced over the last decade, there is still an

unmet need for novel therapies to further improve survival, particularly in advanced HCC.

4.7 HCC models

4.7.1 Requirement for novel HCC models

Preclinical models of HCC leded to vital insights into the pathogenesis of disease and have
proved to be essential drug discovery tools used in the validation of novel therapies. Despite
these models, the success rate of drugs that progress from Phase | of clinical trials taahpprov
is notably low, at less than 10&80) An explanation for this failure is inadequate preclinical
research, in which the disease models developed are not physiologically relevant to human
diseasg281) As such, it is imperative that new experimental approaches are developed that

succeed in bridging the gap betwepreclinical models of HCC and the treatment of patients.

4.7.2 2D cell culture

A commonly utilised system of modelling disease is the use of 2D ‘twhoes and ce
cultures of both human and rodent cells (primary cells and immortalised cell limkgh are

often used toinvestigatecell proliferationand therapeutic responses. Currently, there are
over 30 commercially available immortalised HCC cell lines which potentially offer a tool for
identifying links between molecular signatures and drug responsivd28, 283)HepG2 is

the most commonly utilised HCC line, often selected due to its lack of viral infection, although
controversy over its use exists as there is evidence to suggest that it originatedafrom
hepatoblastoma rather than HC84) Although these methods are cosdffective
reproducible,and provide a homogenous population of cells for consistent daty come

with many limitations. 2D cultures lack the structural architecture of native tissue, failing
reflectin vivosituations with the correct celtell interactions, as well as interactions between
cells and the ECK285, 286)Furthermore the plastic on which the cells are cultured subjects
them to mechanical stress, and subsequenidiféerentiation, metabolic changes, and loss of
typical characteristic§287, 28). Likewise, londerm culture of 2D cell lines can give rise to
genetic drift, potentially altering gene expression, morphology and drug sensi(R&S)
However,co-culture systems enable the caléll interactions between multiple cell types to

be accounted for an@rovide utility as drug screening toq285)
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4.7.3 Animal models

Animal models are often utilised to model disease, and mouse models in particular regularly
act as the basis for preclinical research in HZID) Different mouse models can be used
depending on the scope of the research and the underlying liver injury that is required

alongside thalevelopmentHCC.

Genetically engineered mous@EM) models are preferable when investigating genetic
alterations and their associated pathways, and exploit the activation of oncogenes and
inactivation of tumour suppressors to induce tumour formati@91, 292) The development

of GEM models with a livepecific knockout of p53 have demonstrated that loss of p53 alone

is sufficient to induce hepatocarcinogenesis, sthihutatingp53 alongside phosphatase and
tensin homolog (PTEMNjccelerates tumour growth in HBV transgenic mi2é3, 294) In
contrast, transgenic mice overexpressing the oncogene MYC and the transcription factor E2F1
develop tumours more rapidly than mice overexpressiny@4long alluding to synergy

between E2F1 and M¥Y{Qiring carcinogenesi95)

The use otarcinogeit agents encourages tumour formation via two mechanisms: inducing
DNA damage or prommn of the clonal expansion of preneoplastic c€#91, 296) For
instance, the alkylating agent DEN promotes hepatocarcinogemesise via the production

of RO%ndthough its ability to alkylat®NA This DNA damagesultsin hyperplastic nodules

and HCA development before culminating in HQE6-298) It is important to note that the
single intraperitoneal injection of DEN required to induce HCC does not result in the
underlying fibrosis and cirrhosis that often precede HCC. Theredstablishing a twestage
model may be necessg combining the DEMduced HCC model with regular injections of
carbon tetrachloride (Cg}lprovides a model of HCC that arises on a background of advanced
liver fibrosig299) Dietinduced models oMASH andHCCnvolvethe use othe Gubra Amylin
NASH (GAN) diend thecholinedeficient, kamino aciddefined, high fat diet (CDAHFB3PO,

301) Thesemethods offer tools for investigatingghe molecular mechanisms respoblg for

hepatocarcinogenesis and HCC development

Xenograft models describe thiplantation of HCC cell lines into recipient mice, either
directly to the liver tissue (orthotopicallyjo a foreign nearby tissue (heterotopicallgy
underneath the skin gctopically). This type of modes$ ideal forrapid generaton of
reproducible tumours for the screening of novel treatment strategieg do not capture the
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process of hepatocarcinogenegd02, 303)Murine HCC celines previously used to generate
xenograft models include Hep#&land HC4A (304, 305)Implanting human HCC cells or solid
tumour fragments into mice can tailor xenograft models to better represent husi@e and

has been achieved with PIRRF/5, HuH7, SNA¥5 and SN61 cells(306, 307) To
overcome the limitation of using immunodeficient mice to avoid cell and tissue rejection,
humanised miceontaining components of the human immune system enables contributions
from the TME to b considered (303, 308, 309) For instance,severe combined
immunodeficiency(SCID) mee engrafted with human peripheral blood mononuclear cells
(PBMCs) or foetal tissues serves as a preclinical bridge for the study the human immune

system in the context of a whole physiological organ{3a0)

4.7.4 3Dcellculture

3D models of HCC ercome some of the shortcomings presented by 2D and animal models.
They are more reflective of thia situliver, accounting for cell to cell signalling and cellular
organisation to a higher extent than 2D models, and can utilise human cells and tidseie to
more applicable to human diseag@11) Tumourderived organoid cultures accurately
capture the architecture, function and genetic landscayjenative tissuan vitro, providing
insights into tumour pathogenesis and useful drug discovery t¢®12) Eight tumour
organoid cultures derived from patients with PLC demonstrate the maintenance of
characteristics from the original tumour following letgrm in vitro expansion. The
maintenance of transcriptomic and expression profiles specific to individual patients enables
the identification of prognostic biomarkers, and have highlighted ERK as a potential target in
PLGQ313)

Spheroids offer 3D culture systems replicating the spatial conformation of soliduitemno
mimicking the heterogeneous access to oxygen and nutrients. Grown aidatieg cultures,
spheroids are not subjected to the mechanical stress applied to celidalsyic andenable
standardised drug screening due to their reproducibi{¢4, 315) Spheroids comprised of
multiple cell types better recapitulate the TME, accounting for prominent cells in a native
tumour, such as tumour associated fibrobla@46) Multicellular spheroids formed from HCC

cell lines alongside stromal cells such as hepatic stellate cells (LX2), fibroblasts (W138) and
human umbilical vein endothelial cells (HUVECs) demonstrate an increased spheroid

compactness and increased chemasgasnce, outlining stromal cells as promising targets to

37



enhance HCC therag$17, 318) Spheroid models of HCC have demonstrated a higher drug
resistance compared to 2D cell culture models, further highlighting the limitations of 2D cell

culture in drug discover{B19, 320)

4.7.5 Organon-a-chip

Organon-a-chip describeghe use of microfluidic chips to culture natural or engineered
tissues, giving rise to a system wherebjusons can be guided and maniputatwithin fine
microchannels to mimit vivomicroenvironmentg321, 322) Combining multiple cell type
also contribute to the simulation of native microenvironments, recapitulating-czl!
interactions, chemical gradients, mechanical properties and vascular perf(828h Organ
on-a-chip systems modelling many organ types have beereldped(324-326) HepG2 cells
have been utilised in an orgaim-a-chip system to simulate liver injury induced by ingested
nanoparticles (327) The prospect of a platform that allows the dynamics of the
microenvironment to be studied, as well as drug efficacy and toxicity presents-organ

chip technologyas an exciting platform for modelling HC328)

4.7.6 3D bioprinting

Reproducible 3D culture models can be generated via bioprinting. Customised,
multicomponent bo-inks can be utilised to construct biomimetic tissue models, reflecting
complex native tissue with multiple cell types and various other biomatgi328) The ECM

is specifically organised to support the function of a tissue or organ, anthksocan be
engineered to recapitiate these dynamics, exhibiting changes in response to stimuli such as
pH and temperature(330) The development of a ttomponent hydrogel consisting of
collagen, alginate and fibrin replicates physiological conditions displaying a iffnes
comparable to native soft tissues, and enables cells to be printed at a high density and viability
via the bioprinting system recently developed by the Dalgarno laboratory, reactive jet
impingement (ReJl331, 332) The ReJl bioprinting system creates a gel by fusing two jet
streams: thecollagenalginatefibrin polymer solution and a crodmking solution capablef
containing cells and growth facto(832) In vitro liver constructs have been successfully
printed using bioprinting technology, combining EG&sed solutions antaining collagen,
elastin, glycosaminoglycans and a range of growth factors with crosslinkers to generate a
hydrogel capable of printing liver spheroi@@@33) HCC constructs have been successfully

bioprinted, utilising both patient derived cellsid immortalised HCC cell lines, and display an
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expression of tumourelated genes comparable to real tumou334, 335) Vascularised
structures can be introduced to tissue via bioprintiagcounting for an important hallmark

of many cancers. A template resembling the vasculature is first deposited, before being
replaced by an endothelialised hydrogel mat(&36, 337) A number of studies have
demonstrated the potential of 3D printed liver tissues to mimic drug responses observed in
humans, proposing the model as a tool for screening novel therapies. Ngtygmodelled

drug induced liver injury in response to thetdmtics Trovafloxacin and Levofloxacin in a
bioprinted liver model comprised of patiewterived hepatocytes and neparenchymal cells,
allowing a distinction in toxicity between highly related compou(888) The responsiveness

of bioprinted liver models to drugs, alongside the potential to print HCC constructs presents

bioprinting as a valuable tool for anticancer drug discovery.

4.7.7 Precisiorcut liver slices

While 2D and 3D cellular models provide an insight into disease driving mechanisms and
subsequent drug discovery, they do not recapitulate the physiological composition and
heterogeneity ofin situtissue. Precisioiut liver slices (PCLS) generated from human and
rodent tissue offer a reproduciblex vivoculture model that retains the 3D structure and
cellular composition of native liver tissue, in which various diseasbopjies can be
investigated and treated339-341) A drawback of this methodology is that normal static
conditions esult in a functional life span of approximately 48 hours, due to hypdties
limitation can be overcome byé development of a bioreactor system within the Newcastle
Fibrosis Research Groughichgenerates a bdirectional flow of media to oxygenateORS
maintaining their viability for up to7 days.The extended potential culture period offered by

this bioreactor system enables both tissue manipulation and therapeutic intervention within
the viable lifespan of the PC(30) Referring specifically to cancétochet al.demonstrated

the adherence and invasiveness of multiple cancer cell lines into liver tissue. This model
highlights the potential role for THO complex subdiitomolog (THOCS5), as PCLS generated
from THOCS5 knockout mice display a greater than 80% reduction in adhesion of cancer cells
(342) Precisioncut tumour slices (PCTS)generated from solid tumours retain the
charaderistics of thein situtumour andare responsive to different anticancer therapies,
proving tissue slices to be a platform for the exploration of novel therapeutics, and alleviating

the contrast between human disease and most preclinical mo@4i3-345).
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5 Aims and objectives

The aim of my PhD project was to develep vivo3D models of HCQsing PCLS as a
foundation.HCC is typically diagnosed at advanced stages due to the asymptomatic nature of
the disease tearlier stages Approvedsystemictherapies currently employed ttveat those

with advanced HCC only offer the prospect of survivahffswmonths, in a small proportion

of patients. There is therefore an urgent requirement for models that accurately recagtulat
the pathophysiology of HCC, while accounting for the important crosstalk from the
surrounding TME that so often influences HCC development. Physiologic models of HCC
provide a useful platform for both drug discovery and investigation itite various

mecdchanisms of HCC development. The methods of modelling HCC exploited are as follows:

1. The generation and characterisation ofiarvivoorthotopic mouse model of HCC and
subsequent generation of PCTS from the tumeouos produce anex vivoculture
system condining important components of the TME capable of undergoing
manipulation and therapeutic intervention.

2. Combining HCC spheroids generated from murine and human HCC cell lines with PCLS
generated from mouse and human liver tissue, respectivemonstratethat the
resulting system accounts for both the HCC itself and the surroundingumoour
liver tissue, mimicking the TME. Therapies incorporated into the culture system can
be assessed for both efficacy against the HCC and toxicity to the background live
tissue.

3. Generation of a patientlerived HCC cell line library following isolation and expansion
of primary HCC cells from patient biopsies. Utilisation of these patienved cells in
the spheroidengrafted PCLS model, tailoring the model for a usepriecision

medicine.

40



6 Materials and Methods

6.1 Human tissue

Human liver tissudor PCLS generatiowas obtained from the normal margin following
resection of colorectal metastasis HCCLiver tissue was collected under full ethical approval

by the North East Newcastle and North TynesideResearchEthics @Gmmittee throughthe

CEPA biobaniREQ7/NE/0070)or by theNewcastle and North Tynesid&ResearchEthics
Committee (REC19/NE/0251) Y R dzA SR &adzo 2S04 G2 LI GASydaqQ
generated in fewer than two hours postsectionto minimize ischemic time and preserve
hepatocyte viabity. Tissue from all donors was frozen and formdiked before being
processed and embedded in paraffin blocks. Human HCC biopsies were obtained under full
ethical approval by theNewcastle and North Tynesid2 Research Ethics Gmmittee
(REC19/NE/0251)yY R &adzo 2SO0 G2 LI GASYGaQ sNARGGSYy O2)

6.2 Animal work

6.2.1 In vivoethical statement

All animal experiments were approved by the Newcastle Ethical Review Committee and
performed under a UK Home Office licence, in accordance with the ARRIVE guidelines. All mice
were housed in the Comparative Biology Centre at Newcastle University with free access to

food and water.

6.2.2 General animal work
C57BL/6 wildtype (WT) mice were obtained from an-lwuse breeding colony in the
Comparative Biology Centre and were used aswce of WT liver tissue. C57BL/6 WT mice

were purchased from Envigo to generate an orthotopic model of HCC.

6.2.3 Murine orthotopic model of HCC

Orthotopic models of HCC were generated in C57BL/6 mice using the immortalised murine
cell lines Hegp3.4, Hepaib and H22. Surgeries were performed under isoflurane general
anaesthesia and all animals were given pain relief. Following a laparotonfylutiérase
expressing Hep 3.4, Hepaib or H22 cells were implanted into the left lobe of C57BL/6 mice
via intrahegtic injection.In vivoimaging systems (IVIB)aging was performed on day 1, day

7, day 14 and day 21 post injection to assess tumour growth via bioluminescence, before mice
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were humanely killed, and samples harvested on day 21. After theSdepcell ine was
selected for orthotopic model generation, mice with H&p.4 tumours were harvested at day

14, day 21 and day 28 for characterisation of the tumour and liver tissue. Therapeutic
intervention with 45 mg/kgsorafenib (Tocris), 10 mg/kg lenvatinib l{&ekchem) or a
PEG/DMS@ontrol was started at 14 days post implantation and was administered via daily
oral gavage until mice were harvested at day 28, at which point tumour burden and liver to

body weight ratio was measured.

6.3 Precisioncut LiverTumour Slices

6.3.1 Precisiorcuttissueslice generation

Liver and tumour tissue was coré@m human or mouse tissugsing an 8nm Stiefel biopsy
punch (Medisag) to generate PCLS and PCTsres were submerged in 3% low gelling
temperature agarose (Sigredrich) in metal moulds and placed at 4°C for 10 minutes to set.
The tissue cores embedded in agarose were superglued to the vibratome mounting stage and
cut using a Leica VT1200S vibrating bladcrotome (Leica Biosystems) at a thickness of 250
>YI &LISSR 2F ndo YYk iTRePCUPCRYeheralell were daRuSed i@ ¥ H
ymKYTmLI2Z NS ¢ NI yagsS twith alotaldfS Mlokcell’lcyhure mediaperlpHiredi S &

well, and culturedin a patented bioreactor platforn(340) Tissue was culturech#? A € £ A I Ya Q

Medium E (Sigmdldrich) supplemented with 1% penicilatreptomycin 1%L-glutamine, 1%
pyruvate, 1 x insulin transferrselenium X, 2% fetal bovine serum and 100 nM

dexamethasone, at 37°C supplemented with 5%.CO

6.3.2 Tissue culture treatments

PCTS and PCuSre rested in culture for 24 houggior to treatment withreceptor tyrosne
kinase inhibitors or a mixture of free fatty acitdanti-PD1 immunotherapy. Murine PCTS and
spheroid HC®CLS were treated with the small molecule inhibitors sorafénith1 ¢ 20 uM)
(Tocris), regorafenib (2QM ¢ 5 uM) (Selleckchem)or lenvatinib 0.1 uM ¢ 2.5 uM)
(Selleckchemfpr a further 3 days after the rest period. Murine PCTS were also treated with a
2mM free fatty acid mixture comprising of linoleicid oleicacidand palmitic acidn a 1:1:1
ratio in 2.6% fatty acifree bovine serum altmin (BSA) (Sigma) from day dndthen 20
pg/ml Ultra-LEABK Purified anttimouse CD279 (RD (Biolegend) or IgG control from day 2
The PCTS were harvested at dayGRC3scFVM-CD28CD3zCART cells (Amsbio) were
stained with CellVue Jade Cell Labellirngit (Thermo Fisher) and added to Huspheroid
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PCLS culture for 48 hours (85,000 JARIIs per PCL®)ediaand treatments were refreshed
daily on all PCLS/PCTS.

6.4 Cell line culture and stable transfections

Stable transfections were performed on thiiH7and Hep53.4 cell lines with tdTomatdl1
(Figure 6A) or a custom pNL(sNLuc/CMV/NeoRig(re 6B) expressiorvector using the
Lipofectamine 3000 Transfection Reagent Khgrmo Fisher). 100,000 cells were seeded in
each well of a avell plate. The following day, a transfection complex comprised of 250
Opti-MEMu (Thermo Fisher), 5 pl P3000 Reagent, 7.5 ul Lipofectamine 3000 Reagent and 2.5
pg plasmid DNA was mixed andt or 10 minutes to enable DNMpid formation. The cell
culture media on the cells was refreshed and the transfection complex was added to the cells
in a dropwise manner. The following day, the media was removed from all cells and replaced
with selection media containing 1 mg/ml G418 disulfate salt (Sigkitich). The cells
remained in selection media until all cells in a control well had visibly died. Transfected cell
lines were cultured in selection media approximately once every two months to prevent
expansion of WT cellslep53.4, HuH1 and Hepe cells were cultured iDMEM with high
glucose (Sigma), and HuH7, SNB2, SNkB87, SNtB98, SNA75 and H22 cells were
cultured in RPML640 (Sigmapt 37°C with 5% CGQAIl culture media wasupplemerned with

10% FBS, 1% penicHtreptomycin, 1%-glutamine and 1% pyruvate

A B

Y

PNL(SNLuc/CMV/NeoR)

5302 bp

Figure6. Expression vectors employed for stable transfections of HCC cell li#@stdTomateN1 plasmid to
induce red fluorescence purchased fromRESY S® 6. 0 [/ dzad2Y a{ SO[ dz0¢ @SOG 2 N,
expression of secreted NanoLuc luciferase.
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Tablel. Information pertaining to the immortalised cell lines employed: origins and mutated genes.

Cell line Species Origin Mutations

Hep53.4 Mouse DEN HCC tumour, C57BL/6J mouse

Hepal6 Mouse Spontaneous BW7756 HCC tumour, C57

mouse

H22 Mouse HCC tumour, C3HA mouse

HuH7 Human HCC, 57Y, male, Japanese TP53
TERT
POLD3
VEGFR2

SNU398 Human HCC, 42¥nale, Korean CTNNB1
TP53

SNU182 Human HCC, 24Y, male, Korean TP53

SNU387 Human HCC, 41Y, female, Korean TP53
TERT
NRAS

SNU475 Human HCC, 43Y, male, Korean TP53
TERT

HuH1 Human HCC, 53Y, male, Japanese TP53
AXIN1

6.5 Primary cell culture andentiviral transduction

Patientderived HCC cell lines were isolated from HCC biopsies obtained from the Freeman
Hospital. The biopsies were initially dissociated with a scalpel in a sterile cell culture dish.
Further dissociation was performed by inculngtithe tissue with the enzyme mixture from

the human Tumour Dissociated Kit (Miltenyi) af@and 170 rpm for 60 minutes. Following

this, the falcon tube was topped up with ice cold DMEM supplemented with-gRtamine,
pyruvate and penicillisstreptomyan and centrifuged at 1000 rpm for 5 minutes. The media
was discarded and the cell pellet was resuspended in ice cold PBS and centrifuged at 8000 rpm
for 5 minutes. The PBS was discarded and the cell pellet was washed in ice cold PBS for a
second time. Thecells were centrifuged at 6000 rpm for 5 minutes. The cell pellet was
resuspended and expanded in RPMKUO supplemented with 1%dlutamine, pyruvate and
penicillinstreptomycin, 10% FB$, x insulin transferrirselenium X 40 ng/ml EGF, 18M

ROCK inhitor Y-27632 (Sigmaand 5 >M TGE pathway inhibitor A 83901 (Tocris). The
resultant cells were transduced with a lentivirp&V[ExpjnCherry:T2A:PuroCMV>MetLuc
(VectorBuilder) at a titre of 1x$@o express the red fluorescent protein (RFP) mCherry and a

secreted luciferaseAfter 2448 hours, the media containing the lentivirus was removed and

44



the cells were cultured in selection mediantaining 2ug/ml puromycin dihydrochloride for

a further 7 days to select for successfully transduced cells.

6.6 Spheroidgeneration

Roundbottom 96-well plates were coated with 1% agarose (Sigma). Cells were trypsinised
and counted using an EVE Automated Cell Counter. Spheroids were formseeetiyng
between 2,500 and 4000cells per well in a total volume of 160 DMEM wth high glucose
(Sigma)Hep53.4) or RPM1640 (Sigma) (HuHgupplemented with 10% FBS, 1% penieillin
streptomycin, 1% 4glutamine and 1% pyruvateat 37°C with 5% GOPatientderived
spheroids were cultured in RPNI640 supplemented with 1%-dlutamine, pyruvate and
penicillinstreptomycin, 10% FB&, x insulin transferrirselenium X 40 ng/ml EGF, 18M
ROCK inhibitor-27632 (Sigmagnd5>M TGH pathway inhibitor A 8391 (Tocris)Spheroids
were imaged using ZeissAXIO Observer Dhicroscopeand spheroid measurements were

recorded using Zen (blue edition) software

6.7 Spheroid implantation

Human or murine PCLS were removed from the BioR plates and placed into a sterile 10 cm
cellculture dish. The media inside the insert was transferred back to the relevant paetd

in the BioR plate via pipett&pheroids wes aspiratd with a pipette in a total volume of 3l

and slowly expelled directlypnto the liver slice. The resultant sphoid-PCLS were left for
approximately 5 minutes to enable spheroid engraftment before yh& k Y 1t LJ2 NB ¢ NJ
insertswere placed back into the appropriate pairgeells so the volume of culture media

inside and outside of the insert could slowly equiltieravithout disturbing the implanted
spheroid. The BioR plates were returned to the incubator and cultured’a Sdpplemented

with 5% C@

6.8 Scratch wound assay

A 96well ImagelLock plate (Sartorius) was coated withu§0ml rat tail collagen | (Gibco) in
20mM acetic acid to replicate the typical cell culture conditions for patagrived HCC cell
lines. 30,000 primary patient derived cells from lines ML018B, ML031 or ML043 were seeded
per well for confluency the following day. Two hours prior to wound gati@n the cells were
treated with4 >g/ml mitomycin c to prevent cellular proliferation. A scratch was generated in

each well using the Sartorius Woundmaker and the culture media containing mitomycin c was
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removed. The cells were washed three times witlSR&@remove debris from the scratch. 100

>| fresh cell culture media was added to each well and the plate was incubated in the Sartorius
Incucyte Live Cell Imaging instrument for 72 hours. One pbasgast image was taken of
each well every hour at 10x agnification. Image analysis and graph generation was

performed using Incucyte 2022B Rev1 software.

6.9 Multiphoton imaging

Spheroidengrafted PCLS were fixed in 4% paraformaldehyde (PFA) solution for 30 minutes,
then stained with 1Qug/ml Hoechst 33342 for further 30 minutes. The tissue samples were
then washed in PBS and transferred onto a microscope slide inside a gene frame with the side
of the tissue engrafted to the HCC spheroid facing upwards. The PCLS were then mounted in
the gene frames with VECTAEHD®© Antifade Mounting Medium (Vector Laboratories) and
cover slipped. Multiphoton imaging was performed by Dr Glyn Nelson using a Zeiss LSM880

NLO Multiphoton microscope in the Bioimaging Unit at Newcastle University.

6.10 Enzymelinked immunosorbent assay (HSA)

SandwiclELISA quantification forausealbumin (Abcamandhuman albumin (R&D Systems)

was performed on culture media samples harvested daily from murine and human PELS. 96
well halfarea plates (Corning) were incubated overnight with capture antibodies, and then
washed with 1x PBS/0.05% Tween. Mpecific binding was blocked with reageritént (RD)
comprised of 1% BSA in PBS for 1 hour and the plate was washed. Standards were prepared
by performing a serial dilution resulting in 8 standard samples; the highest concentration
being 8000 pg/ml for mouse albumin and 160 ng/ml for human albyrand the lowest
concentration being 0 (RD only). Samples were diluted in RD to an appropriate concentration
for the sensitivity of the assay, and standards and samples were incubated in duplicate in the
ELISA plate for 2 hours before the plate was washdw plate was then incubated with
detection antibodies for 2 hours, then washed and incubated with streptavidin conjugated to
horseradish peroxidase (HRP) in the dark for 20 minutes. The plates were washed, incubated
with a substrate solution which in@ted a colour change, and stopped with a sulfuric acid
solution when the standard curve had developed into a clear gradient of colour. The optical

density was measured at 450nm and 570 nm. Sandwich ELISA quantification for RFP (Cell

Biolabs, Inc)and mCNNE 6! 6 O YO SSNB LISNF2NNX¥SR |a LISN (K
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pre-coated plates. All sample concentrations were calculated using the relevant standard

curve generated for each protein and plate.

6.11 Lactate dehydrogenase (LDH) assay

Lactate dehydrogerse (LDH) was quantified aulture media samples harvested daily from
murine and human PCLS, using the CyQWANIH Cytotoxicity Assay kit (Thermo Fisher).
Reaction Mixture was created by dissolving Substrate Mix in 11.4 ml of molecular grade water
and mixng with Assay Buffer. A positive control was created by adding a PCLS to a mixture of
200l 20% Triton X00 and 1.3 m¢ A f £ A I Y & QThis Bikuredmds vBrtexed at room
GSYLISNI GdzNB (G2 SyadzNE (GAaadzS RSIFGK usedBs [ 51
a negative control. 2pl of all samples and controls were added to av@8| halfarea plate
(Corning) in duplicate and combined in a 1:1 ratio with the Reaction Mixture. The plate was
incubated in the dark for 30 minutes, at which point the rgac was stopped with Stop
Solution and the optical density was measured at 490 nm and 680 nm. The negative control
absorbance values were subtracted from the sample absorbance values and normalised

against the positive control to determine the LDH lewelsach sample.

6.12 Triglyceride assay
The triglyceride levels in PCTS and PCLSde&eminedusing the Triglyceride Quantification

Assay Kit (Colorimetric/Fluorometric) (Abcam). A set of five standards was prepared ranging
from 10 nmol/well to 2 nmol/welby diluting TG Standard in Assay Buffer, with Assay Buffer
alone used as a negative control. PCTS and PCLS were homogeniséiat2Biul 5% NP
40/ddHO solution and diluted in Assay Buffer to an appropriate concentration for the
sensitivity of the assy. The Triglyceride Reaction Mix was prepared by creating a 4% solution
of the Triglyceride Probe and Triglyceride Enzyme Mix in Assay Bufigrob@ll standards

and samples were added to a-9&ll haltarea plate (Corning) in duplicate and were mixed
with 2 ul Lipase to convert the triglycerides to fatty acids and glycerol. The samples were then
incubated in a 1:1 ratio with the Triglyceride Reaction Mixture for 1 hour before the optical
density was measured at 570 nm. Sample concentrations werelatdwsing the standard

curve generated.
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6.13 Resazurin assay

A resazurirassay was performed to determine the metabolic activity of PCTS or PCLS between
day 1 and day 4 of the tissue culture period. A 4.5 mM resazurin stock solution was diluted in
2 A f f Médivm Eto a working concentration of 4a6M. Each tissue slice was incubated in

a 96well plate with 10Qul of the working resazurin solution for 1 hour at°®with 5% CQ@

100 I of the working resazurin solution was used as a negative control. Afteud, the
solution was transferred to an opaque 9&Ill plate (Greiner) and the fluorescence was

measured.

6.14 Luciferase assay

A luciferase assay was performed to assess the levels of NanoLuc luciferase secreted into the
culture media by SecLuc transfectll€C cells, using the Nado®Luciferase Assay System
(Promega). Nan&la®Luciferase Assay Reagent was prepared by combining one volume of
NanoGla®Luciferase Assay Substrate with 50 volumes of Nal®Luciferase Assay Buffer.

40 ul of undiluted tisse or cell culture media samples were added to an opaque/&ibplate
(Greiner) and 4@ul of the relevant culture media was used as a negative control. The samples
were combined in a 1:1 ratio with the Nai@ald®Luciferase Assay Reagent and left for aslea

3 minutes for the reaction to take place. The luminescence values were then measured.

6.15Bromodeoxyuridineg(BrdU)assay

A lromodeoxyuridine (BrdU) assayas performed to determine the proliferation rates of
patient-derived HCC cell lines treated with anticancer therapies. To replicate the usual cell
culture conditions, a 96vell cell culture plate was coated in §8/ml rat tail collagen | (Gibco)

in 20mMacetic acid. The plate was washed three times with sterile PBS and 10,000 cells were
seeded per well in a total volume of 160 The following day, the cell culture media was
removed and replaced with fresh media containing either a vehicle control %0 D§SO),
sorafenib (5uM or 10uM) or dose lenvatinib (0.aM or 0.63uM) and the cells were incubated

for 4 hoursat 37°C supplemented with 5% €Q0>| BrdU labelling solution was then added

to each well to create a final concentration of 20 BrdU andhe cells were incubated with

the treatments and BrdU solution for a further 24 hours. The BrdU labelling solution was then
removed from the cells and 209 of FixDenat was added to each well and incubated at room

temperature for 30 minutes. The FixDeneds removed from the cells and replaced with 100
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>| of AntiBrdU-POD working solution per well, followed by a®thute incubation at room
temperature. The AntBrdUPOD working solution was removed and the cells were washed
three times with 300> of PBS$er well. 100>] of Substrate Solution was added to each well
and the optical density was measured afrfinute intervals for a total of 30 minutes using a
TECAN Infinite® M Nano plate reader at 370 nm and 492 nm. Multiple absorbance readings
were recordedto obtain readings at a suitable timepoint whereby the colour development

was sufficient for photometric detection.

6.16 Ribonucleic acidRNA isolation

Snapfrozen PCLS and PCTS were homogenised imI5®@0QIAzol lysis reagent (QIAGEN),
before being combied with 140ul of chloroform and centrifuged at 12,000 x g for 4 minutes

at 4°C The clear layer of solution was transferred to a new tube and combined in a 1:1 ratio
with 50% ethanol. The mixture was then transferred to a RNeasy Mini Spin column from the
QIAGEN RNeasy Mini Kit (QIAGEBNJ centrifuged briefly at 8,000 x g. The fitwough was
discarded. The RNeasy Mini Spin column was then washed once witl 30®uffer RW1

and twice with 50Qul of Buffer RPE, each time discarding the ftbwough. The spin column

was transferred to a new tube and the RNA was eluted inul36f RNasdree water by

centrifugation for 1 minute at 8,000 x g. The resulting RNA was stor&0«

6.17 RNA quantification

The purity and quantity of isolated RNA was measuredguaim IMPLEN nanophotometer
which measured the absorbance of the samples at 260 nm and 280 nm. After a blank
measurement was obtained fromd RNasdree water, 1jl of the RNA sample was loaded

onto the optical pedestal and measured.

6.18 Complementary DNACDNA) synthesis

Complementary DNA (cDNA) was synthesised from RNA using reagents from Promega and a
2720 Geneamp thermal cycler (Life Technologies). BetweerlO&fwas diluted in RNase

free water to a total volume of fl. EaclRNAsamplewasthen treated with 1 ul DNaseand 1

ul Dnase Buffer at 3Cfor 30 minutesto digest any contaminating DNEBNase activity was
stopped with 1l Stop Solution, before 0.8 Random Hexamer was added and the sample
was incubated at 7 for 5 minutesThe samples were then immediately placed on ice for 5

minutes. RT mixture was made by combiningl RNasdree water, 1yl M-MLV Reverse
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Transcripase, 4ul M-MLV RT 5X Buffer, Qb RNasin andidl 10mM PCR Nucleotide Mix per
sample. The RT mixture was added to the RNA sample on ice and the mixture was incubated

at 42Cfor 60 minutes The resultant cONA was diluted to 10 pband stored at30°C

6.19 Quantitative PCR (qPCR)

Quantitative polymerase chain reactiqPCR was carried out using.5 ul SYBR Green
JumpStart Taq ReadyMix (SigAddrich), 1 ul of 10ng/ul cDNA and 1l of the forward and

reverse 2.5uM primers, diluted to a total volume of 1@l with nucleasdree water. The

primers used ardisted inTable2. Eachreaction underwent 40 cycles of denaturing at°@5

for 15 seconds, followed by annealing at 55°C for 20 seconds and elongation at 72°C for 30
seconds. A final cycle of 15 seconds at 95°C, 60 seconds at 60°C and 30 seconds at 95°C
produced a dissociatiorueve. All results were normalised to the control housekeeping gene

GAPDH.

Table22 PR NB I NR | YR NBOGSNBRS a4Sj-d8yO&IASRTT YRIA & YINA YSHNE IS pQ/

Forward sequence Reverse sequence
CXCL1 CTGGGATTCACCTCAAGARA CAGGGTCAAGGCAAGC(C
CXCL2 CCAACCACCAGGCTACAG({ GCGTCACACTCAAGCTC]
CXCL5 GTTCCATCTCGCCATTCA | TCCACCGTAGGGCACTG
CXCL9 AAAATTTCATCACGCCCTT(Q CTCTCCAGCTTGGTGAG
CXCL10 GGATGGCTGTCCTAGCTCT ATAACCCCTTGGGAAGAT
CCL2 CCAATGAGTAGGCTGGAGA TTCAAAGGTGCTGAAGA(
CCL3 GATCTGCGCTGACTCCAAA GTCCCTCGATGTGGCTA
CCL4 TCCCACTTCCTGCTGTTTC| CTCTCCTGAAGTGGCTCH
CCL5 TGCTGCTTTGCCTACCTCT( TGGCACACTTGGCGGTT
GADPH GCACAGTCAAGGAAGAGAA GCCTTCTCCATGGTGGT

6.20 Immunohistochemistry(IHC)

To perform immunohistochemistfHC) formalinfixed paraffirembedded(FFPE) um thick
tissue sections were first deparaffinisbyg passing the sections through clearene, followed by
100% and 70% ethanol solution for 5 minuesch. Bdogenous peroxidase activity was

blocked with 0.6% hydrogen peroxide/methanol solutifor 15 minutes Heatmediated
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antigen retrieval was performed using either antigen unmasking solution (Vector
Laboratoriespt pH 6.0, or 1 mMtaylenediaminetetaacetic aciqEDTA) solution at pH 8.0 or
TrisEDTA solution at pH 9.0. The antigen retrieval method applied for each primary antibody

Is detailedin Table 3. The sections were allowed to cool and washed with PBBe
Avidin/Biotin Blocking Kit (Vector Laboratories) was used to block endogenous avidin and
biotin for 20 minuteseach with a PBS was in betwedallowed by blocking of neapecific
bindingwith 20% swine serum for 45 minuteBhe sections were incubated with the relevant
primary antibodies overnight at°C at the dilutions detailedn Table 3.Primary antibodies

were washed off and sections were incubated wiitle relevant secondary antibodidisted

in Table3 for 45 minutes Slides were washedith PBSand incubated with Vectastain Elite

ABC HRP Reagent (Vedtaboratories) for 30 minute3he slides were washed with PBS and
positive $aining was developed using DAB peroxidase substrate kit (Vector Laboratories),
followed byaO2 dzy G SNE G F Ay 6 A (i Kfor 2 miBu@NIKES Ky dSOv | SiA2 EseSt AR
withS@ G 6 Q& G LI g S Nechichd\dene thahdehgadintsthrough®0%) F0% &

and 100% ethanol sequentially, before being transferred to clearene for 10 minutes. The
sections were thenmounted in Pertex Mounting Medium (Cell Path). Terminal
deoxynuatotidyl transferasemediated dUTP nick end (TUNEL) labelling was performed using

the TUNEL Assay KitHRPDAB(Abcanmbd | & LISNJ G0 KS Y ydzF I Ol dzNBE NI 2

Table 3. Primary and secondary antibodies and relevant antigen retrievalssed to perform

immunohistochemistry.

Antigen Catalogue Species Clonality/host | Antigen | Primary | Secondary | Antigen
number & applied to | species retrieval | antibody | antibody function/cell
supplier type

h{al! F3777, M, H Mouse Citrate 1/1000 Goat anti Myofibroblasts
SigmaAldrich monoclonal pH 6.0 fluorescein

(1A4) (BA0601-
.5) (1/300)

CD3 MCA1477, M Rat EDTA 1/200 Goat ant CD3T cells

Bio-Rad monoclonal pH 8.0 rat (BA
(CD312) 940%.5)
(1/200)

CD4 Abl181724, H Rabbit Tris 1/400 Goat anti CD4 T cells

Abcam monoclonal EDTA pH rabbit (BA
(EPR6855) 9.0 1000-1.5)
(1/600)

CD8 372902, H Mouse Tris 1/100 Rabbit CDS8 T cells

BioLegend monoclonal EDTA pH anti-mouse
(C8/144B) 9.0 (E0354)
(1/200)

CD68 OABB00472, | H Rabbit Citrate 1/200 Goat ant CD68

Aviva polyclonal pH 6.0 rabbit (BA | macrophages
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Systems 10001.5)
Biology (1/600)
CD9%4 Ab238166, H Rabbit Tris 1/4000 Goat anti CD94 NK cells
Abcam monoclonal EDTA pH rabbit (BA
(EPR21003) | 9.0 1000-1.5)
(1/600)
Cytokeratin | Ab181597, M, H Rabbit EDTA 1/800 Goat anti Cytoskeletal
18 Abcam monoclonal pH 8.0 rabbit (BA | protein
(EPR17347) 10001.5) expressed by
(1/600) hepatocytes
Cytokeratin | Ab84632 M Rabbit Citrate 1/250 Goatanti- Cytoskeletal
19 polyclonal pH 6.0 rabbit (BA | protein
10001.5) expressed by
(1/600) biliary cells
Cleaved 9661, Cell M Rabbit Citrate 1/400 Goat anti Cell apoptosis
caspase3 Signaling monoclonal pH 6.0 rabbit (BA
(Aspl75) 1000-1.5)
(1/600)
F4/80 70076, Cell M Rabbit Tris 1/800 Goat anti F4/80
Signaling monoclonal EDTA rabbit (BA | macrophages
(D2S9R) pH 9.0 10001.5)
(1/600)
Ki67 14-569882, M Rat Tris 1/10,000 | Goat anti Cellular
monoclonal EDTA rat (BA proliferation
(SolA15) pH 9.0 9401-.5)
(1/200)
Ly6G Ab210204, M Rat Trypsin &| 1/200 Goat anti Ly6G
Abcam monoclonal citrate rat (BA neutrophils
(1A8) pH 6.0 9401-.5)
(1/200)
PCNA Ab18197, M, H Rabbit Citrate 1/5000 Goat anti Cellular
Abcam polyclonal pH 6.0 rabbit (BA | proliferation
1000-1.5)
(1/600)

6.21 Hyperion Imaging Mass Cytometry (IMC)

Hyperion Imaging Mass Cytometry (IMC) was performed on human spkemngrdfted PCLS
samples.5 um thickFFPHissue sections were first deparaffiniséy passing the sections
through clearene, followed by 100%, 90%, 70% and 50% ethanol solution for 5 minutes each.
Sections were then washed in deionised water for 5 minutes, before-imealiated antigen
retrieval was performed usin@risEDTA solution at pH 9.0. The sections were allowed to cool
and were washed in PBS for 5 minutes. A ring was drawn around each tissue section with a
hydrophobic pen and nospecific binding was blocked with 3% BSA/PBS for 45 mirk@és.

pl of a metalconjugated primary antibody cocktail was then added to each section in 0.5%
BSA/PBS and incubated overnight &€4The primary antibody cocktail was comprised of the
antibodies listedn Table4 which were labelled with metal isotopes using tivaxpar® X8
Multimetal Labeling Kit 40 Rxn (Standard BiotoolsThe sections were washed in Fris

Buffered Saline + 0.1% Tween (AIBSor 8 mmutes followed by two consecutive 8 minute
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washes in PBS. The sections were then incubated for 30 minutes withuNI2G193Ir)
Intercalator at a dilution of 1:400. The sections were washed in-plar@ water for 5 minutes

and subsequently aidried at roomtemperature. A region of interest (ROI) was selected
around the HCC spheroid and the tissue was ablated by the Hyperion Fluidigm Imaging System.

The data was analysed using the Bodenmiller pipeline.

Table4. Primary and secondary tibodies and relevant antigen retrievals and used to perform Hyperion IMC.

Antigen Catalogue | Metal Clonality/host | Antigen Primary Secondary | Antigen
number & | conjugate | species retrieval antibody | antibody function/cell
supplier type

h{al! F3777, 174 Yb Mouse Citrate 1/1000 Goat anti | Myofibroblasts
Sigma monoclonal pH 6.0 fluorescein
Aldrich (1A4) (BA060L-

.5) (1/300)

CD3 85061, Cell 161 Dy Rabbit TrisEDTA | 1/500 Goat anti | CD3 Tells

Signaling monoclonal pH 9.0 rabbit (BA
(D7A6E) 10001.5)
(1/600)

CD4 Ab181724, | 153 Eu Rabbit TrisEDTA | 1/400 Goat anti | CD4 T cells

Abcam monoclonal pH 9.0 rabbit (BA
(EPR6855) 10001.5)
(1/600)

CD8 372902, 151 Eu Mouse TrisEDTA | 1/100 Rabbit anti | CD8 T cells

BioLegend monoclonal pH 9.0 mouse
(C8/144B) (E0354)
(1/200)

CD16 Ab215977, | 170 Er Rabbit TrisEDTA | 1/100 Goat anti | T cells, NK

Abcam monoclonal pH 9.0 rabbit (BA | cells,
(EPR16784) 10001.5) neutrophils,
(1/600) monocytes

CD31 85873SF, 158 Gd Mouse TrisEDTA | 1/500 Rabbit anti | Endothelial
Cell monoclonal pH 9.0 mouse cells
Signaling (89C2) (E0354)

(1/200)

CD56 88856SF, 168 Er Rabbit TrisEDTA | 1/100 Goat anti | CD56 NK cells
Cell monoclonal pH 9.0 rabbit (BA
Signaling (E7X9M) 1000-1.5)

(1/600)

CD68 Ab213098, | 176 Yb Mouse TrisEDTA | 1/100 Rabbit anti | CD68

Abcam monoclonal pH 9.0 mouse macrophages
(C68/684) (E0354)
(1/200)

CD163 MCA1853, | 145 Nd Mouse TrisEDTA| 1/100 Rabbit anti | Monocytes/

Bio-Rad monoclonal pH 9.0 mouse macrophages
(EDHe) (E0354)
(1/200)

Collal 81375SF, 150 Nd Rabbit TrisEDTA| 1/100 Goat anti | Collagen, type
Cell monoclonal pH 9.0 rabbit (BA | |, alpha 1
Signaling (E8F4L) 1000-1.5)

(1/600)

Granzyme B| 79903SF, 171 Yb Rabbit TrisEDTA | 1/100 Goat anti- | NK cells,
Cell monoclonal pH 9.0 rabbit (BA | cytotoxic T
Signaling (D6E9W) 10001.5) cells

(1/600)
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Ki67 9027 146 Nd Rabbit TrisEDTA| 1/200 Goat anti | Cellular
monoclonal pH 9.0 rabbit (BA | proliferation
(D2H10) 10001.5)
(1/600)
p21 556432, BD| 157 Gd Mouse TrisEDTA | 1/100 Rabbit anti | Cell cycle
Biosciences monoclonal pH 9.0 mouse arrest
(SXM30) (E0354)
(1/200)
Pan CF190321, | 147 Sm Mouse TrisEDTA | 1/100 Rabbit anti | Various
Cytokeratin | Thermo monoclonal pH 9.0 mouse keratins: 4, 5,
Fisher (AE1+AE3) (E0354) 6, 7, 8, 1013,
(1/200) 14,18, 19
PD1 Ab201811, | 159 Tb Mouse TrisEDTA | 1/20 Rabbit anti | Immune
Abcam monoclonal pH 9.0 mouse checkpoint on
(NAT105) (E0354) T cells/B cells
(1/200)
Vimentin 46173, Cell 142 Nd Rabbit TrisEDTA | 1/500 Goat anti | Type 1l
Signaling monoclonal pH 9.0 rabbit (BA | intermediate
(D21H3) 1000-1.5) filament
(1/600) protein

6.22 Immunofluorescence (IF)

Immunofluorescence (IF) staining was performed to determine the expression of
mesenchymal cell markers and typical HCC and-$ipecific biomarkers itHuH7 cells and
patient-derived HCC cell lines. Cells were seeded in chamber slides (Falcon) the day before
performing IF staining. The following day the cell culture media was removed and the cells
were washed with PBS. The cells were fixed with 4% RHAA foinutes and washed with PBS.
The cells were permeabilised with 0.1% Triteh(0 in PBS for 10 minutes and then washed
with PBS. Nospecific binding was blocked with 1% BSA in PBS for 30 minutes, and primary
antibodies diluted in 1%BSA/PBS were sgbgatly added to the cells and incubated for 1
hour at room temperature or overnight at 4°C. The cells were washed with PBS and incubated
with the relevant secondary antibodies for 1 hour at room temperature. The primary and
secondary antibodies and reqatt dilutions are lied in Table5. The cells were washed with
PBS, before the nuclei were labelled with d@ml Hoechst 33342 for 15 minutes. Thdlse

were mounted withProLongt Gold Antifade Mountan{Thermo Fisher).

Table5. Primary and secondary antibodies used to perform immunofluorescence.

Antigen Catalogue Species Clonality/host Primary Secondary
number & | applied to species antibody antibody
supplier
Alpha 1| Ab133617, H Rabbit monoclonal 1:100 Donkey antrabbit
Fetoprotein Abcam (EPAFP61) (A32754) (1:1000)
Cytokeratin 18 | Ab181597, H Rabbit monoclonal 1:100 Donkey anti-rabbit
Abcam (EPR17347) (A32754) (1:1000)
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Glypican3 Ab207080, Rabbit monoclonal 1:100 Donkey antrabbit
Abcam (EPR20569) (A32754) (1:1000)
Hepatocyte Ab190706, Mouse monoclonal 1:100 Goat antimouse
specific antigen| Abcam (OCH1Eb5) (A-11005) (1:1000)
h { aFITC F3777, Sigma Mouse monoclonal 1:100 N/A
Aldrich (1A4)
VimentinFITC | Ab128507. H Mouse monoclonal 1:100 N/A
Abcam (RV202)

6.23 Histology
6.23.1 Haematoxylin &osin(H&E) stain

5 um thick FFPHssue sections were first deparaffiniséy passing the sections through
clearene, followed by 100% and 70% ethanol solution. Sections were then rinsed with running
GFL) 6 GSNI YR O2dzy SNREGFAYSR Ay al&@SNDRa |+ S
washed with running tap water to remove excess stain from the slides and the nuclei were
GofdzSR¢e¢ Ay {O2Gd0Qa GFL) 61 GSNJI F2NI ™M YAydziSo
1 minute before being stained in Eosin for 1 minute. The sections wecklg washed in tap

water to remove excess Eosin without causing the stain to leach out the tissue, and then
placed into 100% ethanol for 5 minutes before being transferred to clearene for 10 minutes.

The sections were themounted in Pertex Mounting Medm (Cell Path).

6.23.2 Oil Red O stain

Oil Red O staining was performed to detect lipids in murine PCLS and PCTS. A 0.5% stock
solution was made by dissolving Oil Red30. (26125§Sigma) in 100% isopropanol. This was
diluted in a 3:2 ratio with deionised watéw create a 60% Oil Red O working solution, which

was left to stand for 10 minutes before being filtered to remove undissolved powder. The
stock and working Oil Red O solutions were covered with foijurd&ections of crydrozen

tissue were generated &icryosectioning and fixed in formalin for 30 minutes. The sections
were then washed with running deionised water for 2 minutes, then rinsed with 60%
isopropanol for 2 minutes. Following this, the sections were stained in freshly prepared Oil
Red O workingolution for 15 minutes. The sections were then rinsed with 60% isopropanol
F2N) mdp YAydziSasz o0SF2NB o0SAy3d O2dzy i SNRUGI Ay S

sections were rinsed in deionised water and mounted with Glycergel (Dako).

6.241mage Analys

Brightfield image analysis was performed on sections stained via IHC, H&E or Oligteg O

a Nikon Eclipse NJ microscope and NHSlements BR analysis softwaiensitometry was
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performed on IHC stained sections by applying predefined threshold settings to images
acquired at 20x magnification. This yielded data pertaining to individual object counts in the
image or the percentage area of positively stained tisgueninimum of 12 nowverlapping
fields were analysed fromm vivomouse tissue sections, and a minimum of 6 1awerlapping

fields were analysed from PCLS and PCTS due to the smaller available area of tissue.

6.25 Statistical analysis

Results are presentedls means standard error of the mean (SEM3raphPad prism 9 was

dza SR G2 LISNIF 2 NY |-tgst oda/tdway Mialgsis pf vata Sy ANQEA) With

I ¢dzl SeQa LkRad K20 (Sadoe f tfndnpI FfF tfndnawn
significat. h dzi £t ASNJ 1SaGa 6SNB LISNF2N)SR2f2standaidf R G F
RSOAIFI GA2YyE€3T KSNB RIGlI 2dziaARS 2F (KA& NIy3aS
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7 Anin vivoandex vivoorthotopic model of murine HCC

7.1 Introduction

Treatment options for advanced HCC are sparse, and currently improve OS and PFS by a
matter of months. Moreover, this slight improvement in prognosis only applies to a minority

of patients (66, 133) Mice have commonly been utilised to model HCC via numerous
strategies, often forming the basis of preclinical research and drug screening. Although it is
impossible for animal models to compddy capture human disease, they offer a method of
studying disease in terms of a whole physiological system and consider factors such as the
tumour microenvironment and circulating immune cells. Methods implemented to induce
HCC in mice include GEM modéseful for understanding the implications of various
mutations on HCC initiation, progression and therapy respdndlee use ofcarcinogenic

agents (useful for studying hepatocarcinogenesis), and xenograft models (gives rise to rapidly

growing tumours fo drug screening(283, 346)

Orthotopic models describe xenograft models whereby the tumour cells are implanted or
injected directly into the organ from which the cancer originat@dthotopicmodels of HCC,
involving direct implantation of HCC cells into the liver, prove usefuligstigating therapy
responses due to their ease of use, reproducibiliigease kineticgnd the manner in which
they consider the TME346) Luciferaseexpressing human HuH7 cells have previously been
orthotopically transplanted into immunodeficient mice, providingrethod of repeatedly
monitoring tumour growth vian vivobioluminescencé347) However, this model does not
account for the important immune interactions that mediate tumorigenesis and treatment
response. Enabling the TME to be considertte murine Hegp3.4 cell line has been
employedto generate successful orthotopic tumours ibABL/6 mice which have been
exploited to improve the efficacy of immunotherag269, 271) Key disadvantages of
orthotopic models are that they are not useful for studying tumour progression or genetic
alterations relating to hepatocarcinogenesis, and that animals must be sacrificed in order to

gain in depth knovddge of tumour growth and histological featurg83)

Whilst animal models can provide a breadth of information in relation to disease and
treatment responses, there are of course ethical considerations and strict rules that must be

adhered to regarding the use of animals in scientific procesluThe Animals (Scientific
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Procedures) Act 1986 (ASPA) regulates the use of animals for scientific research in the UK
through a set of laws pertaining to the licences required to undertake procedures with animals
(348) The Three Rs are principlppomoting more ethical use of animals in research and
describe replacement (using methods other than animals), reduction (use of fewer animals
whilst still obtaining significant levels of information), and refinement (refining procedures

with animals to ause as little suffering as possib{8%9)

PCTS generated from whole tumour tissue allows indalighatient responses to multiple
therapies to be investigated. They perngk vivoexamination ofin vivo tumours, with
retention of complex tumour biology and TME compone(3$0) HCC PCTS have been
employed to study the effects on proliferation and apoptosis of antineoplastic agents, as well
as in the screeing of immunotherapeutic agent&851, 352) In relation to the 3Rs and the
ethical use of animals in research, generating PCTS from murine orthotopic tumours would
enable multiple treatment strategies to be employed using the tissue from one mouse,

therefore reducing the number of animals used.

Here | describe the characterisation of anvivomouse model of HCC, which has previously
provided a tool for enhancing immunotherapy respong89, 271) In addition, | describe the
characterisation of PCTS generated from these murine tumours and illustrate their utility in

the assessment of anticancer therapie
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7.2 Results
7.2.1 Hep53.4 cells establish orthotopic tumours in 100% of C57BL/6 mice

A rapid orthotopic mouse model of HCC was developed to provide boiin\anoHCC model

and a large supply of fresh tumour tissue suitable for generating PC€S$ Voroculture. All

in vivoanimal work was performed by Dr Jack Lestid Rainie Camerdnom the Newcastle
Fibrosis Research Group. Three commercially available murine cell lines of hepatocellular
origin were selected to assess their utility in generaimgivo tumours: H22 hepatoma line,
Hepal6 hepatoma line and Hep3.4 HCC line. The cell lines were lucifeftasged and
implanted into C57BL/6 mice via intrahepatic injection of Bxddlls to the left lateral lobe
following a laparotomy under surgical anaessia. Bioluminescence IVIS imaging was
performed at day 1, day 7, day 14 and day 21 to assess tumour engraftment and growth
(Figure7A). The mice were humanely killed and the livers were harvested after 21 days for
histological and biochemical analysis. Intrahepatic injection of H22 cells did not result in
tumour growth inany of the mice injected, whilst Hep&l and Hep53.4 cells yielded

macroscopic tumours in 20% and 100% of the mice injected respectiigiy€7B).

Measurement of the tumour burden at day 21 determined that tumours generated with Hep
53.4 cells were significantly larger than those generated with H&pedlls Figure7C). Weekly

IVIS imaging to monitor tumour growth demonstrated that although Hepalmour growth

was initially observed in 60% of the mice injected, a decrease in bioluminescence was
observed in all mice after day 7 or day Fgre7D), indicating that the tumours decreased

in size after an initial period of growth leaving 20% of the mice with a macroscopic tumour at
day 21. ©nversely, IVIS imaging determined that there was an exponential increase in
bioluminescence between day 1 and day 21 in 100% of mice orthotopically injected with Hep
53.4 cells Kigure 7E), indicating that the Hep3.4 cell line can be employed to establish

reproducible orthotopic tumours in C57BL/6 mice with a 100% success rate.

Following intrahepatic transplant of 1x46lep53.4 cells, large macrosdeptumours were
established primarily in one half of the left lateral lobe, without spread to the other lobes of

the liver Figure7F).
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Figure7. Establishment ofthe orthotopic tumour model. (A) Schematic detailing the timeline of intrahepatic
transplant of Hepb3.4, Hepa® or H22 cells in WT C57BL/6 mice to generate murine orthotopic tumours, and
subsequent IVI8naging at day 1, 7, 14 and 21 to assess HCC engraftment and grow#acid bar chart
displays the percentage of mice that developed tumours 21 days after intrahepatic injection witb3:#ep
Hepal6 or H22 cells. N = 10 mice. (C) Graph showingtuinurden and representative imagesef vivdivers

with Hepal6 or Hep53.4 orthotopic tumours. Data are mean + SEMNor 10 mice per cell line. {E) Graph
showing bioluminescence levels from IVIS imaging of mice at 1, 7, 14 and 21 days following intrahepatic injection
of (D) Hepa®% or (E) Hefp3.4 cells. (F) Image displaying a mouse liver harvested 21 days after pat@ahe
transplant of 1x10Hep-53.4 cells with a large macroscopic tumour in the left lateral |élework presented in

this figure was performed by Dr Jack Leslie.
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7.2.2 Characterisation of Hep3.4 orthotopic tumours

Following the establishment of reprodible orthotopic tumours with Hep3.4 cells,
characterisation of the tumours was performed to ascertain the features ofithgivo
tumours. Under surgical anaesthesia, C57BL/6 mice underwent an intrahepatic transplant of
1x1® Hep53.4 cells and were ssbquently harvested at day 14, day 21 and dayRgure

8A). Small macroscopic tumours were visible at day 14, while tumour burden increased in
tumours harvested at day 28. There was an exponential increase in tumour growth between
day 21 and day 28{gure8B), at which point the humamnendpoint was identified and the

mice were culled due to tumour burden.

Assessing the expression of multiple genes relating to inflammation determined that there
was an upregulation of 9 proinflammatory gen&x¢l1, Cxcl2, Cxcl5, Cxcl9, Cxcl10, C&82, Ccl
Ccldand Ccl§ in tumour tissue harvested at day 14 compared to normal-tnonour liver
tissue. Furthermore, there was a further upregulation of these proinflammatory genes in
tumour tissue harvested 28 days after intrahepatic injection of-H2g@ cel, compared to in
tumour tissue at day 14~gure8C). The increased expression of these genes suggested that

Hep-53.4 orthotopic tumours are likely toe immunogenic.

To ascertain whether the immune infiltrate in the HBB.4 orthotopic tumours reflected the
upregulated inflammatory genetic landscape, histological and immunohistochemical analysis
was performed to further characterise the model. H&Erstag determined that the tumours
have a dense stroma compared to rtnmour tissue Figure8D), and immunohistochemical
staining for cytokeratin 18 ahcytokeratin 19 demonstrated that Hég8.4 tumours are not
positive for the biliary marker cytokeratin 19, and are indeed of hepatocellular ofggure

8E). Further immunohistochemical analysis revealed that compared teturaour liver
tissue, Hegb3.4 tumours has significantly higher numbers of PCNA+ proliferative cells
(p<0.0001) Figure8F), fibroticalphasmooth muscle actinnSMA+) cells (p=0.01)L(Figure

8G) CD3+ T cells (p=0.000EBidure8H), F4/80+ macrophages (p=0.036bj)g(re8l) and
Ly6G+ neutrophils (p=0.002&)igure8J) Thisnalysis confirmed that Hep3.4 tumours have

a rich immune infiltrate which would potentially be responsive to immunotherapy.
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Figure8. Characterisation of He»3.4 orthotopic tumours.(A) Schematic detailing the timeline of intrahepatic
transplant of Hegb3.4 cells to generate orthotopic tumours, and subsequent harvest at 14n2t128 days post
injection. (B) Graph showing tumour bl of Hep53.4 tumours at 14, 21 and 28 days post intrahepatic
injection. Data are mean = SEM for n = 5 mice per timepoint. (C) Heatmap showing expression of Cxcl1, Cxcl2,
Cxcl5, Cxcl9, Cxcl10, Ccl2, Ccl3, Ccl4 and Ccl5 in normal liver tissue-&8diHepour tissue 14 and 28 days

post intrahepatic injection. (I£) Representative image of (D) H&tgined and (E) keratih8 and keratinl9-

stained tumour and nostumour tissue. Black dotted line denotes tumour marginJYHistological quantification

of F) PCNA i I A ¥y S R >stain@p(H)CP8tained, (1) F4/8&tained and (J) LyéSained tumour and non

tumour tissue harvested 28 days post intrahepatic injection. Data are mean + SBM:formice Sections AC

of this figure were performed by Dr Jackslie.
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7.2.3 Hep53.4 orthotopic tumours respond to firkhe TKIs

After the establishment and characterisation of syngeneic orthotopic tumours, the mice
underwent therapeutic intervention with firsine therapies for the treatment of advanced
HCC, to detemine whether the orthotopic mouse model was responsive to currently
employed, approved therapies. Following the intrahepatic transplant of IEp-53.4 cells

in C57BL/6 mice, orthotopic tumours were allowed to develop for 14 days before therapeutic
intervention via daily oral gavage with either a vehicle treatment or the-lingt TKIs sorafenib

(45 mg/kg) or lenvatinib (10 mg/kg) for a further 14 days until the mice were culled and livers

were harvested at day 2&igure9A).

Compared to the vehicle treatment group, tumour burden was significantly lower in mice
treated for 14 days with both sorafenib (p=0.0017) and lenvatinib (p=0.00gire9B).
Moreover, there was a significant reduction in the liver to body weight ratio of mice in the
sorafenib (p=0.0295) and lenvatinib (p=0.025) treatment arms wioempared to the vehicle
control group Figure9C).

Following a reduction in size of the macroscopic tumours, immunohistochemical staining was
performed to investigate the impact of sorafenib and lenvatinib on ¥8p4 tumours at the
cellular level. There was a trend towards higher numbers of apoptotic actispase 3+ cells

with both TKIsKigure9D), whilst there were significantly lower numbers of proliferative Ki
67+ cells following treatment with lenvatinib (p=0.0039) and a trend towards few87Ki

cells following treatment with sorafeniti-{gure9E).
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Figure 9. Hep53.4 orthotopic tumours respond to firstine TKIs.(A) Schematic detailing the timeline of
intrahepatic injection of Hed3.4 cells at day O to generate orthotopic tumours, followed by therapeutic
intervention at day 14 with sorafeni@5 mg/kg)or lenvatinib(10 mg/kg)via daily oral gavage. Tumours were
harvested at day 28. (B) Graph showinghbur burden at day 28 of orthotopic tumours in the vehicle, sorafenib
(p=0.0017) andenvatinib (p=0.0014) treatment arms. (C) Graph showing liver to body weight ratio at day 28 of
orthotopic tumours in the vehicle, sorafenib (p=0.0295) dedvatinib (p9.0259) treatment arms. (B)
Histological quantification of (D) acthoaspase 3tained and (E) ¥d7-stained orthotopic tumour tissue
following treatment for 14 days with either a vehicle control, sorafenillearatinib. Data are meat SEM for

up to N = 8 mice per treatment groupgmages were taken at 20x magnificati@ections AC of this figure were
performed by Dr Jack Leslie.
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7.2.4 Rocked bioreactor platform improvése metabolic function of PCTS

PCTS provide an effective method of modelling EYC@vo where therapeutic responses can

be studied in the context of the tumour immune microenvironment. Acquiring large samples
of fresh HCC tumour tissue for the generation of PCTS presents a chadleripe,Hegb3.4
orthotopic tumours characterised previously were utilised to generate murine PC&s\fivo
manipulation and drug screening. It has previously been demonstrated that theuse
bioreactor system developed by the Newcastle Fibrosis Relséaroup successfully extends

the functional lifespan of PCLS generated from human and rat tissue. To assess whether this
GNRO1SR¢ O0A2NBIFOG2N) aeaidsSYy Aa NBIljdzANBR F2NJ
tissue, livers were harvested 28 days aftdgrahepatic transplant of 1x®MHep-53.4 cells and

PCTS and PCLS were generated from the tumour anctunoour regions of tissue

respectively Figurel0A).

H&E staining was employed to provide a visual representation of the PCLS and PCTS after 4
days in either typical static culture or the-louse rocked bioreactor system. This revealed

that in both the rocked and static culture, PCTS cultured fay$ dnaintained a dense stroma

with live nuclei. PCLS generated from ftamour tissue displayed a distinct lack of live nuclei

and appeared nonviable in static culture, whilst a higher number of viable nuclei were
observed in PCLS following 4 days in rdok@ture Figurel0B). Daily resazurin assays were
performed on PCLS and PCTS during Haay4 culture period to assess their metabolic
function. Ths revealed that the rocked bioreactor system significantly improved the metabolic
activity of PCLS compared to static culture (p=0.007 at day 4), and also resulted in a trend
towards higher metabolic activity in PCTS (p=0.0629 at dalyigQré10C). The process of
generating PCLS typically results in the release of high levels of LDH from the tissue,
particularly within the first 24 hours. PCTS in ratkalture released significantly lower levels

of LDH within the first 24 hours compared to static PCTS (p<0.0001), rocked PCLS (p=0.0044)
and static PCLS (p=0.0005)glre 10D). Whilst PCTS are certainly viable in typical static
culture, this data suggests that rocked culture results in lower levels of cytotoxicity, whilst

rocked culture is indeed a requirement for ntumour PCLS.
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Figure10. Rocked bioreactor platform is superior for culturing murine PCLS and P@J Schematic detailing

the timeline of intrahepatic transplant of HepB.4 cells to generate orthotopic tumours before generation of

PCTS or PCLS anbdsequent culture period in static or rocked culture. (B) Representative images edtdited

PCTS and PCLS after 4 days in either static or rocked culture. (C) Graph showing fluorescence quantification from

a resazurin assay performed on PCTS and P@isS dcdays in either static or rocked culture. Data are niean

SEM for n = 3 PCLS/PCTS per timepoint and treatment group. (D) Soluble LDH quantification for PCTS and PCLS
across 4 days in either static or rocked cultubata are meant SEM for n = 3 PGBETS paired wells per

timepoint and treatment grouplmages were taken at 20x magnification.
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7.2.5 PCTS retain the histological characteristiés wivotumours

After determining that the rocked culture system would be beneficial for culturing PCTS
generated from Hegb3.4, histological characterisation of the PCTS andtaorour PCLS was
performed. Tumouwbearing livers were harvested from C57BL/6 mice 28 days after
intrahepatic transplant of 1x®OHep53.4 cells and PCTS and PCLS were subsequently
generated from the tumour and netumour regions respectively. The PCTS and PCLS were
cultured in the rocked bioreactor platform for 4 days, with tissue harvested daily for
histological characterisatiorrigurel1A). H&E staining confirmed that PCTS maintain densely
packed tissue architecture between day 0 (PCTS generation) and day 4, while PCLS also retain

their day O tissue structure at day Bigurel1B).

Immunohistochemical staining was performed to ascertain whether specific markers and cell
types remained present in the tissue duriegvivoculture. Pertaining to immune components
present in the tissue, there were significantly higher numbers of F4/80+ macrophages in the
PCTS than in PCLS, and although the number of F4/80+ cells decreased in the tissue from day
0 to day4, there were still vial®l macrophages present in the tissue at the final time point
(Figure11C). Similarly, there were significantly greater numbers of CD3+ T cells pnesent
PCTS than in PCLS; there were fewer CD3+ cells present in tissue harvested at day 3 and day 4
than in the initial three days a#x vivoculture, but viable CD3+ T cells were still abundant in
tissue harvested at the latest time poirfEigure11D). In contrast, despite the presence of
Ly6G+ neutrophils in PCTS at day 0, with very few of the cell type present in PCLS, the
abundance of Ly6G+ cefieastically decreased in PCTS harvested at day 1, and there were no
Ly6G+ cells present in tissue harvested from day 2 onwdsidgire 11E). This was ot
unsurprising due to the short lifespan of neutrophils which have entered the circulation and
tissues. Quantification of proliferating PCNA+ cells determined that PCTS have significantly
higher numbers of proliferating cells than ntummour PCLS, and wsii there is a reduction in

PCNA+ cells from day O to day 1, the number of proliferating cells in the tumour tissue is
consistent between day 1 and day 4 of tee vivoculture period FigurellF). The level of

h SMA+ staining was also significantly higher in PCTS than in PCLS, and the fibrotic tumour

stroma was maintained throughout thedhy culture periodKigurellG).

These findings demonstrate that PCTS cultuerdrivoreflect thein vivoHep53.4 tumours

and retain many histological features displayed in the whole physiological system. &miesen
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where certain cell types are not retained or mined in PCTS, there is the potential to
supplement these components into the culture system if the activity of the cell type is integral

to the study.
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Figurell. PCTS retain the characteristics of original H&$4 tumours.(A) Schematic detailing the timeline of
intrahepatic transplant of Hep3.4 cells to generate orthotopic tumours before generation of PCTS or PCLS and
subsequent 4ay culture period in rocked bioreactor system. (B) Representative images oftdified PCTS

and PCLS across 4 days of culture in a rocked bioreactor syst&h Hi€tological quantification of (C) F4/80
stained, (D) CDS8tained, (E) Ly6&tained, (F) PONstained and (G) SMAstained PCTS and PCLS across 4 days

in rocked culture. Representative images of PCTS at day 0 and day 4 of culture period. Data are mean + SEM for
N = 6PCTS/PCLiBnages were taken at 20x magnification.
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7.2.6 PCTS recapitulaie vivoresponses to firsine therapies

The aim was to utilise PCTS generated from-b&2@ tumours in theex vivoassessment of
potential novel anticancer therapies, providing a platform whereby different therapeutic
strategies can be tested on tissue from the same tumour and individual, also reducing the
number of animals used in drug screening studies. Theref@€SRvere cultured with various
anticancer drugs to demonstrate that they respond to therapies currently employed to treat

advanced HCC in the same manneimagvotumours.

To assess whether PCTS respond to-liimst multitarget TKIs, they were cultudewith
sorafenib (2QuM), lenvatinib (0.54M) or a vehicle control from day 1 to day 4 prior to being
harvested for histological analysiBigure12A). Quantification of activeaspase 3 revealed
that there was a significant increase in apoptotic cells following therapeutic intervention with
sorafenib compared to the vehicle control (p=0.012B)g@re 12B), reflecting the trend
observed following the treatment of tumotliearing mice with sorafenib. Likewise, there
were significantly fewer proliferative {i7+ cells following treatment with lenvatinib

(p=0.0387) Figurel2C), mimicking the in vivo response to lenvatinib.

It has been demonstrated previously that afiD1 immunotherapy is efficacisun the
orthotopic mouse model characterised here. Since ICIs are increasingly employed to treat
advanced HCC, PCTS generated from33e$ orthotopic tumours were cultured with anti
PD1 to determine their utility in the screening of immunotherapies. PGTSPCLS were
generated from livers bearing H&8.4 orthotopic tumours and cultured in the rocked
bioreactor system for 4 days, with therapeutic intervention with IgG control orRDtd (20
pg/ml) from day 2 to day 4, at which point the PCTS were h&gddsr histological analysis
(Figurel2E). Quantification of TUNEL determined that while-&il did not induce apoptosis
in PCLS, it resulted irgsificantly more apoptotic TUNEL+ staining in PCTS (p<0.G0gdne(
12F). Similarly, there was no difference in CD3+ positive cells inceldr®d with either an
IgG control or antPD1, whilst antPD1 immunotherapy resulted in significantly higher
numbers of CD3+ T cells in PCTS (p=0.0008)ré 12G). The correlation between the
increased CD3+ cells and TUNEL staining suggests thdnstimulates an expansion of T

cells which induce apoptosis in the tumour tissue.
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Figure 12. PCTS recapitulatén vivo responses to therapy.(A) Schematic detailing the timeline of PCTS
generation fromin vivotumours and subsequent treatment with or without 20 pM sorafenib or 0.5lgiwatinib

across a 4lay culture period. () Histological quantification of (B) actisaspase 3tained and (C) 57-

stained PCTS following 3 days of treatment with or without sorafenib or lenvatinib. Data are mean + SEM for up
to N=4 paired PCTS peeatment group. (D) Representative images of acttaspase 3and Ki67-stained PCTS
following 3 days of treatment with or without sorafeniblenvatinib. (E) Schematic detailing the timeline of PCTS
and PCLS generation and subsequent treatment widhitptype control or 20 pg/ml ar@D1 immunotherapy
across a 4lay culture period. &) Histological quantification of (F) TUMNEined and (G) CBained PCTS

and PCLS following treatment with or without aRD1 immunotherapy. Representative imagdsisotype
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7.2.7 Efficacy of immunotherapy is limited in lipichded PCTS

The efficacy of anPD1 in Hefb3.4 PCTS suggests that there is the poteniaXploit theex

vivo culture model to study responses to immunotherapy drugs. It is known that ICls are not
STFFSOGADS Ay |ttt LI GASYyGa YR INB GeLAOIT (2
tumours with increased levels of immune checkpaimilecules. Furthermore, the response

to immunotherapy is limited in patients with MASElated HCC. To determine whether these
findings could also be modelled in HBB.4 PCTS, the PCTS were first cultured with either a
control mixture containing BSA o2aM lipid-loading cocktail comprised of oleic, linoleic and
palmitic acid from day 1 to day 4 of the culture period, at which point the tissue was harvested
(Figurel3A). Triglyceride levels in the PCLS and PCTS were quantified and Oil Red O staining
was performed to determine whether the tissue was capable of metabolising lipids from the
culture media. This determined that both PCTS and PCLS cuhutetipresence of the lipid

loading mixture contained higher triglyceride levels than tissue cultured with the BSA control,
with lipids also visible at higher quantities in limditured tissue from Oil Red O staining
(Figure 13B). Quantification of PCNA+ cells via immunohistochemistry identified that the
presence of lipids further exacerbates the proliferative capacity ofb8p PCTS, with higher
numbers of PCNA+ cells present in lijmdded PCTS compared to the BSA control group
(Figurel3C).

' FGSNI FAOSNIFAYAY3 GKIFEG t/ ¢{ &SNB 20IRSIREZS t2
were again cultured in the presence of a 2mM liwdding cocktail from day 1 to day 4, with
therapeutic intervention with an 1gG isotype control or aRD1 (2Qug/ml) from day 2 to day

4, at which point the tissue was harvested for immunohistochemical anakyigjaré13D).
Quantification of TUNEL+ stainidgtermined that antiPD1 resulted in a significant increase

in apoptotic cells compared to the isotype control in PCTS cultured in BSA control media
(p=0.08) Figurel3E). However, when PCTS were cultured the presence of lipids, therapeutic
intervention with anttPD1 caused no difference in TUNEL+ staining compared to the isotype
control, though there were more TUNEL+ apoptotic cells in all-liggided PCTS than in
IgG/BSA control treated PCTS implying thatipatling contributes to apoptosisigurel3E).

These findings are reflected in the CDB+ell numbers; aPD1 resulted in significantly

higher CD3+ cell numbers compared to the isotype control in BSA control treated PCTS
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(p=0.013), whilst there was no difference in CD3+ betweenRDi and isotype control

treated PCTS cultured in the gence of lipids (p=0.95Figurel3F).
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Figure13. Lipids reduce the efficacyfaanti-PD1 in Hepp3.4 PCTSA) Schematic detailing the timeline of
PCLS/PCTS generation and subsequent culture period with a 2mModgidg mixture. (B) Graph showing
triglyceride assay absorbance values for PCLS and PCTS cultured for 3 days with or without a 2mM lipid loading
mixture. Data are meart SEM for N = 3 PCLS/P(Répresentative images of Oil Reestained PCLS and PCTS
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7.3 Resultssummary

The murine HCC line H&B8.4 was employed to generate an orthotopic mouse model of HCC
via intrahepatic transplant of 1x2@ells in C57BL/6 mice, and resulted in rapigtgwing,
aggressivén vivotumours. An exponential increase in tumour growths observed between

day 21 and day&, indicating that this was the humane epdint at which the mice should

be humanely killed and the livers should be harvested for analysis. Numerous
proinflammatory genes were upregulated in H&B.4 tumours in compason to nortumour

liver tissue, suggesting that the tumours were potentially immune rich. Furthermore,
histological characterisation revealed that the dense tumours contained infiltrating CD3+ T

cells, F4/80+ macrophages and Ly6G+ neutrophils.

Therapeuic intervention in tumowbearing mice with the firsine TKls sorafenib and
lenvatinib indicated that there was a significant reduction in both tumour burden and liver to
body weight ratio in response to both drugs. Immunohistochemical analysis to iga&testhe
impact of the TKIs at a cellular level determined that lenvatinib significantly decreased the
number of proliferative K67+ cells and there was a trend towards increased apoptotic active

caspase 3+ cells in response to sorafenib.

PCTS were gerated from the Hegs3.4 tumours forex vivoculture whereby fewer animals

could be utilised to investigate multiple treatment strategies. TheKid dza S & NR O]
bioreactor system was employed as it improved the metabolic function and viability of the
PCTS. istological characterisation determined that PCTS retained many features iof\the
tumours, with tissue cultured for 4 days still displaying proliferative potential and the presence
of viable T cells and macrophages. Neutrophils were not maintain®€ S cultured for an
excess of two days due to their lack of longevity. In addition, PCTS mimickéa ¢he
response to firstine TKIs, with significantly increased actoaspase 3 staining in response to
sorafenib and significantly less-&4{ stainng in response to lenvatinib. Immunotherapeutic
approaches are increasingly used to target advanced HCC, specifically in individuals with
immune rich tumours. PCTS treated with aAb1 immunotherapy displayed a significant
increase in both CD3 T cell nuemb and apoptotic cells; interestingly, this response was lost
when PCTS were cultured in the presence of a-lgmding cocktail, a finding which is line with
previously published data concerning preclinical models of Néited HCC and a meta

analysisof 1,600 HCC patients.
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7.4 Discussion

Precision cut slices generated from whole tumour tissue present a platform with utility for
modelling HC@x vivq retaining many of the structural, functional and cellular properties of

in vivotissue(339, 353) The static culture of PCTS has previously been described as models
of both human and murine HCC offering an insight into therapeutic effi(@&y, 354) The
development of a He3.4 orthotopic mouse model of HCC, followed by PCTS generation and
subsequent tissue culture in an-lmuse rocked bioreactor system offers a method of
modelling HCCral therapeutic responsesx vivo.The possibility to apply multiple treatment
options to PCTS derived from the same tumour offers a higher throughput system compared
to in vivomouse models, therefore being more cost efficient and ethicaklation to the
Three Rs of scientific researglspecifically the reduction in the number of animals used in

experiments.

Murine HCC and hepatoma cell lines previously used to generate orthotopic liver tumours
include Hepa®$ and HC4 (304, 305) Whilst the use of the aforementioned cell lines has
culminated in successful tumour growth, a common limitation of these models is the variable
engraftment and growth rate of the cells following intrahepatic transp(@55, 356) Cell lines

that were readily available in the laboratory were employed when initially optimising the
orthotopic HCC model: Hep3.4, Hepai6 and H22. Prior to intrahepatic transplantation in
mice, Hep53.4 cells displayed a highly proliferative phenotype in 2D cell culture and a high
expression of epithelial cell marker genes. Therefore, it was hypothesiseththase of Hep

53.4 cells would result iaggressivén vivotumours before the revelation that use of the cell
lines resulted in a 100% engraftment and growth rate in C57BL/6 mice. The future use of
alternative cell lines to generate contrasting orthotopmodels of HCC would provide a
platform whereby potential novel anticancer therapies could be screened inotivoand ex

vivo in tumour tissue possessing varied characteristics and mutational signatures. The Hep
53.4 orthotopic model described here digged a high immune infiltrate comprised of
macrophages, T cells and neutrophils and may therefore contribute to the investigation of
immunotherapeutic strategies. A theoretical orthotopic model displaying a lack of infiltrating
immune cells may offer antarnative use to screen therapies specifically targeting immune
GO02f Ré¢ (dzY2dzNBI ¢KSUKSNI GKIFG NBfIFGSa G2 AYLNE

of small molecule inhibitors that do not target immune components.
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The PCTS generated from Hg$4 orthotopic tumours were determined to be highly
metabolically active via daily resazurin assays performed on the tissue throughoutine 4
culture period. Additionally, in a separate experiment conducted by another member of the
laboratory Hep53.4 FCTS displayed consistently high levels of metabolic activity for a total of
Mn RIFE@&ad 2AffAFYQa 9 YSRA dzY-steprndydin dgtutayiteS R & A
pyruvate, insulin transferriselenium and dexamethasone was identified as the essential
culture medium for maintaining the viability of hepatocytes in PCLS when the technology was
initially developed as a model of liver fibrog&0) PCTS were also cultured in this medium

to standardise the culture conditions when comparing PCTS to PCLS for histological analysis
and viability assessments. It is important to consider that the PCTS are comprised
predominantly of Hegp3.4 cells which araypically cultured in high glucose DMEM
supplemented with 10% FBS. It may be the case that33ep cells do not require highly
specific culture medium, and the viability of the immune populations in the PCTS should be
probed via flow cytometry in additioto the resazurin assay which primarily yields metabolic
information on the Hegb3.4 cells due to their prominent presence in the PCTS. Both the HCC
cells and various other components of the tumour immune microenvironment should be

considered when selectinpa tissue culture medium.

IHC analysis has been utilised to identify the presence of particular markers and immune
populations in the tissue. This has revealed that PCTS cultured for 4 days retain a proliferative
capacity, alongside macrophages and Tsc#iat have infiltrated the tumour tissue. An
alternative method of assessing the presence and viability of components in the tumour
microenvironment would be via flow cytometry, which would not only give a more accurate
depiction of the cell viability ttough live/dead staining but would provide a more reliable
guantification of the cell types present throughout the whole 258 thick PCTS, in contrast

to IHC which provides a window intopn sections of tissue. The FFX Tissue Grinder (Fast
Forward Discouwges) is an instrument available in the laboratory providing a method of
enzymefree tissue dissociation and has demonstrated the ability to digest PCTS and whole
tumour tissue from Hefb3.4 orthotopic tumours in preparation for flow cytometry analysis.
Another method of more robustly characterising HBB.4 PCTS would be by employing
Hyperion IMC, which combisdaser ablation with cytometry by timef-flight (CyTOF) using
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metal-conjugated antibodies to visualise over 40 markers in the same tissue sgrteiding

insight into the spatial configuration of components within the tissue.

Comparing standard static tissue culture to théhimuse bioreactor system in which the tissue
slices are rocked yielded initial information about the viability of PCT®@h&. Whilst rocked
tissue culture is vital for maintaining the viability of ntamour PCLS340) further
investigation is required to determine whethat is essential for PCTS culture. Initial
investigation revealed that in the first 24 hours after PCTS generation tissue cultured in the
rocked bioreactor system released significantly lower levels of the cytotoxic marker LDH
compared to PCTS in statidtoire. Despite the indication that rocked culture may reduce the
initial levels of cell death, resazurin assays demonstrated that the PCTS remained
metabolically active in static culture throughout theddy culture period, with no decrease in

in the levds of the reduced byroduct reorufin at the later timepoints. This metaboli
activity is likely to be predominantly due to H&B.4 cells which are the most prevalent cells
present in the PCTS. PCTS in static culture did display a slightlyeegl@fmetabolic activity

than those in rocked culture, however this different was negligible and unsignificant. The LDH
assay data led to the initial statement that rocked PCTS culture is advantageous to static
culture. However, the impact of static culture tme individual cellular components, such as
important immune factors, had not be studied. The potential revelation that various
components in the tumour microenvironment are not impeded by static tissue culture would

allow Hep53.4 PCTS to be cultured watlt the equipment required for the rocked system.

Therapeutic and immunotherapeutic drugs applied to ¥4 PCTS revealed the potential
utility of the model as amex vivotherapeutic screening platform; changes to the number of
proliferative and apoptoti cells were observed in response to lenvatinib and sorafenib
respectively, and the response to aD1 immunotherapy in the presence and absence of
free fatty acids mimicked previously published findings from both mouse models and human
data (268) CD3 T cells increase in BSA control treated PCTS in response-RbhAnti
immunotherapy; performing a dual stain for Ki67 and CD3 in these samples will provide
evidence that immunotherapy is stimulating a clonal expansion offtlcells retained in the
PCTS. Continued investigation into the loss ofBBX efficacy in lippkbaded PCTS may reveal
the exhausted subset of CEIRDI T cells that has been identified in MASH mice and human
patients with MASLD or MASH. An interestingestigation would involve deciphering
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whether rescuing the steatotic phenotype in the PCTS by intervening with drugs such as
pioglitazone or metformin simultaneously rescues immunotherapeutic efficacy. Further work
would involve assessing whether additibrtherapeutic strategies for the treatment of
advanced HCC display an anticancer effect in the PCTS. For example, adzliticaakcer
therapies such as the small moleculibitor cabozantinib andhe monoclonal antibody
ramucirumalby or the goldstandard combination of atezolizumab (afbDL1l) and
bevacizumab (aMVEGFA). Despite PCTS being detached from the circulation and VEGFA
commonly impacting the vasculature and stimulating angiogenesis, targeting VEGFA directly
on renal celtarcinoma cells has previously been shown to increase apoptosis and limit cancer

cell proliferation, migration and invasiq857, 358)

Exploiting the PCTS platform by modulating components of the tumour microenvirorerent
vivohas the potential to provide a novel understanding of how the immuneaoeitvironment
exhibits pretumorigenic effects. Moreover, targeting various components present in the
tumour has capacity to give rise to the generation of novel anticancer agents. It was recently
discovered that targeting the recruitment of neutrophils NASHHCC with the chemokine
receptor CXCR2 antagonist AZD5069 improves the efficacy @P@htimmunotherapy by
reprogramming neutrophils from a p#wmour to an anticancer phenotype, while
intratumoural XCR1DCs became activat@69) Furthermore, AZD5069 has been shown to
reverse resistance to androgen recepsagnalling inhibition in a subset of castratiogsistant
prostate cancer patient359) These examples of synergistic treatment combinations suggest
that targeting the immune system in a cooperative manner, whether that is in combination
with other immune modulators or small molecule inhibitors, may revealehdreatment
strategies, particular in the PCTS system where macrophages and T cells are retained and
neutrophils can be supplemented into the culture system:HeRb8 cells are immortalised
estrogencontrolled neutrophil progenitors which possess the aapato differentiate to an
immature neutrophil phenotype, and may provide a method of investigating neutrophil

interactions in PCTS60, 361)

Generating PCTS from human HCC tumours would offer a more physiologically relevant model
with a higher likelihood of novel findings translating to huntisease. Moreover, patient
specific PCTS generation from human tumours would elevate the model to offer utility in

precision medicine, and has been achieved by research groups with access to sufficient

77



tumour tissue(362) Giventhe restricted access to whole tumour tissue in the laboratory this
approach was not possible. Alternatively, the development of orthotopic tumours in
humanised mice with human HCC lines and subsequent PCTS generation would partially
overcome this compli¢d@n. This has previously been achieved in SCID mice which lack T and
B cells, with the cell lines PLC/PRF/5, HUH7:&MlAnd SNJ61(306-308, 355) Moreover,
xenograft models have been successfully developeagusrimary HCC cell lines offering the
potential to generate patientlerived PCTS for precision medicme possibility given the

access within the Newcastle Fibrosis Research Group to human HCC H@fEsjes

More recent PCTS development by other members of the laboratory include miniaturisation
of the 12-well system by generating PCTS 3 mm in diameter which are subsequently cultured
in 96-well plates. This improves the throughput of the platform by yielding higher numbers of
PCTS per tumour, enabling the PCTS to be probed with a greater number of treatment
combinations to provide an tdepth screening platformA single Hegb3.4 tumou typically
yields approximately 24 PCTS for use in the standardelPsystem In comparisonit is
possible to generate more than 96 slices for use in the 3 mwélbsystem thereby enabling

a greater number of therapeutic approaches to be screenédditionally, the use of an
expression vector inducing the expression of a secreted NanoLuc luciferase 53 Aalls
enabled the proliferation and viability of HCC cells in H8g PCTS to be tracked
longitudinally via luciferase levels detected in thdture medium. The measurement of the
secreted luciferase offers an alternative technique to previously used anddimsuming IHC

analysis to monitor therapeutic response in PCTS.

78



8 Bioengineering HCC tumour microenvironments with

spheroids andprecisioncut liver slices

8.1 Introduction

Knowledge of the TME in HCC is imperative to accurately stratify patients and apply the most
suitable treatment strategy for the individual, in addition to improving the understanding of
how complex interactions beteen cell types contributes to the pathogenesis of HCC. The
TME is a complicated network of interacting factors and does not consider just the tumour
cells alone. Indeed, communication between HCC cells and various immune cells, stromal
cells, the ECM andtloer factors secreted by these cell types all contribute to HCC
pathogenesis and the immunosuppressive niche in which HCC tl{ti9é¥ For example,
despite the capacity of neutrophils to target pathogens they have been identified as key
mediators of immunosuppression and tumour progressino HCCleading to a number of
clinical trials investigating the efficacy of neutroptiitected therapieg165) Likewise, TAMs

in the TME are associated with poor prognosis, angiogenesis and metg863js364) In
relation to stromal components of the TME, tumour cells exploit ECM remodelling via ECM
deposition, degradation, and foremediated modification to promote tumorigenesis and
metastasig365) Considering these relationships enables novel therapeutic approaches to be

researched, in addition to the assignment of suitable currently approved immunotherapies.

3D spheroids present the opportunity to culture HCC cells alongside ateortant
components of the TME in a superior modality to typical 2D cell culture. The mechanical stress
resultant of culturing cells on plastic is avoided, and a greater physiological relevance is
provided as celtell and celmatrix interactions are foned. In addition to mimicking the
spatial conformation of aim situtumour, spheroids also reflect the heterogeneous access to
oxygen and nutrients that am vivotumour would receivg366, 367) HCC spherogdhave
demonstrated an increased resistance to apoptesducing drugs compared to 2D cell
cultures, reflective of the chemoresistance observed in solid tumours, and produce elevated
cytokine factors linked to immune cell recruitment, ECM regulation arglagenesig320,

368) Pertaining to the chronic liver disease which frequently underpins HCC, murine liver
derived spheroids have been utilised to model fatty liver disease and assess the effectiveness
of antr-MASLD drgs(369)
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Whilst spheroids provide an improved system for modellingaallinteractions and are more
physiologically accurate than 2D cell culture, the system does not offer a method of modelling
HCC in the context of structurally intact liver tissue, in whidides various immune cells
capable of responding to cancer cells to elicit fpumour or antitumour effects. Here |
describe the development of a spheresthgrafted PCLS model of HCC and the subsequent
utility of the model for determining therapeutic effaicy. The system developed presents as a
unique tool whereby HCC is modelled in 3D within PCLS that retain the structural architecture,

function and cellular components of native liver tissue.
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8.2 Results

8.2.1 Spheroid formation utilising the murine HCC cedl liep53.4

Prior to the combination of HCC spheroids with PCLS technology to crestevaaspheroid

PCLS model, it was necessary to identify suitable HCC cell lines capable of forming robust
spheroids. Preliminary experiments were conducted with mugalls and tissue due to the
limited supply of human liver tissue. The murine HCC line33ep, which was derived from

a DENnduced HCC, was previously shown to result in large, aggressive tumours in C57BL/6
mice in an orthotopic model of HCC. Resultahthis finding, and due to the cell line being
readily available in the laboratory, the spherdaming capacity of Hep3.4 cells was
investigated. Rourndbottom 96-well plates were coated with 1% low gelling temperature
agarose, resulting in low adheree. Then, He3.4 cells were seeded into each well at
densities of 40,000, 20,000, 10,000, 5,000 and 2,500 cells per well. Following spheroid
formation within the first 24 hours, the spheroids were imaged daily between day 1 and day
4 (Figure 14A). The diameter was measured using Zeiss Zen Blue software and spheroid

volumes were calculatedr{gurel4B).

Across the 4ay culture period, spheroids generated from 40,000, 20,000, 10,000 and 5,000
cells decreased in volume by 55.7%, 41.1%, 42.8% and 22.9% respekEioalg1dC). The

only condition by which spheroid volume increased between day 1 and day 4 was when 2,500
cells were used at day 0 and spheroid volume increased by 90.36%, suggestsghiroids
generated from 2,500 cells or less are required if cell growth is to be measured by volume
from day 1 Figurel4C). Brightfield imaging skved that the surface of the spheroid appeared
irregular at day 1 and more uniform at day 4, whilst the spheroid density seemed to be higher
at day 4 Figurel4A). These findings suggest that the decrease in spheroid volume observed
in many cases was potentially due to spheroids becoming more compact, rather than due to
the cells dying. Of note, spheroids of all size display a small increasebetsieen day 3 and

day 4, indicating that volume measurements can be utilised as a measure of growth after 3
days of spheroid formatiorH{gurel4B-C).To investigate the integrity and rate of formation

of Hep53.4 spheroids, spheroids were generated from 20,000 cells each and transferred from
the original well via pipette to a new well in the 9&ll plate at day 1, day 2 and day 3
following spheroid geeration Figurel4D). There was a significant decrease in the volume of

spheroids transferred to a new well at day 1 (P=0.0010), indicating thatBidpspheroids
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have not completely formed cetlell interactions and become damaged upon transfer at this

early timepoint. Consistent with previous data, the volume of 38p} spheroids is smaller

at day 2 and 3 compared to day 1, although spheroids tearnsfl to new wells at this
GAYSLRAYI
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Figure14. Spheroidformation utilising Hep53.4 cell line.(A) Representative brightfield images of spheroids
generated from 40,00@ 2,500 Hegh3.4 cellsat day 1 and day 4, at 4X magnification. (B) Graph showing the
volume of spheroids generated from 40,00@,500 Hep53.4 cells between day 1 and day 4, using calculations
from diameter measurements recorded on Zeiss Zen Blue softw@eGraph showing changes in spheroid
volume between day 1 and day 4 presentexparcentage change from day 1 volume measurement. Data are
mean+ SEM for N = 6 spheroids. (D) Schematic detailing the timeline obBldpspheroid generation and
subsequentransfer to new well at day 1, day 2 and day 3 to assess spheroid integrity. (E) Graph showing Hep
53.4 spheroid volume before and after transfer to a new well at day 1, day 2 and day 3. Data are3&ddrior

N = 16 spheroids.
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8.2.2 Hep53.4 spheroids engrabn, invade and proliferate in murine PCLS

After ascertaining that robust, compact spheroids could be formed from%34 cells, they
were cultured in combination with murine PCLS to generate a sphergdafted PCLS model.

In order to induce tdTomatoed fluorescence for visualisation of the cells once implanted on
PCLS, Hep3.4 cells were stably transfected with the vector tdTombitb. Hep53.4
spheroids were generated from 20,000 cells, which was the lowest number of cells whereby
the resulting sphesids could be confidently visualised by eye for transfer onto PCLS. The
spheroids were allowed to form for 3 days, at which point murine PCLS were generated
followed by implantation of thaspheroids onto the tissue, before being cultured in the rocked

bioreactor system for 4 day§&igurel5A).

Fluorescent imaging of PCLS with implanted -B@@ spheroids between day 1 and day 4
revealed that the spheroids had engrafted to the tissue and remained adhered to the same
region of tssue throughout the culture periodrigure 15B). Furthermore, -8tack images
generated via multiphoton imaging with assistance fr@nGlyn Nelson infte Newcastle
University Bioimaging Unit confirmed that in addition to engrafting to the tissue;33ep
spheroids (red, tdTomato) migrated through the PCLS (blue, Hoechst), invading the whole 250
>m thick PCL%(gurel5C). ELISA quantification of the red fluorescent protein (RFP) expressed
by Hep53.4 cells determined that there were significantly higher RFP levels in the PCLS at day
4 compared to day (P=0.0055), indicating that H&3.4 cells proliferate in the PCLEgure

15D). Following therapeutic intervention with sorafenibX5a- 20 >M) between day 1 and

day 4, there were significantly lower RFP levels in PCLS treated witiM2€orafenib
compared to the vehicle control at day 4 (P=0.0009) demonstrating that specific drug doses

elicit an anticancer response in the H@@CLS model generateeigurel5E).
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Figurel5. Theformation of a Hep53.4 engrafted HC@&PCLS mode(A) Schematic detailing the timeline of
spheroid generation and implantation on murine PCLS, and subsequent culture period. (B) Representative
fluorescent images of HeR3.4 cells (red tdTomato) engraftech murine PCLS between day 1 and dayt 4X
magnification Yellow dotted line denotes border between spheroid and PCLRefi¥sentative miltiphoton

images of Hefb3.4 spheroids (reddTomato) invading PCLS (bjioechst), showing top view and sidewiof

a zstack image. (D) ELISA quantification of RFP levels in PCLS at day 1 and day 4 (PED.BOBESA (
quantification of RFP levels at day 4 in PCLS treated with a vehicle controidr(26:0.0009), 18M (P=0.1967)

or 5>M (P=0.2981) sorafenilRata are meart SEM for up to N = 4 PCLS.

84



8.2.3 Use of a secreted luciferase to track cancer growth and drug responses

Whilst assessing the levels of RFP in the PCLS presents-stagadneasurement of the Hep

53.4 growth in the tissue, the method doest yield information relating to cancer growth

prior to the final day of a culture period when the PCLS are harvested. To overcome this and
provide a method of longitudinally tracking cancer growth within the same samplebBidp

cells were stably transtted with a custommade vector from Promega
(PNL(sNLuc/CMV/NeoR), inducing the expression of a secreted NanoLuc luciferase. This
luciferase could then be detected and measured at daily intervals in the culture media, which

was completely replaced every Bdurs.

Initial validation of the secreted luciferase system involved confirmation that the luciferase
assay utilised was sensitive enough to differentiate between spheroids of different sizes. Hep
53.4 SecLuc spheroids were generated from 40,000, 201@0000, 5,000 and 2,500 cells and
cultured for 4 days, after which the levels of secreted luciferase were assessed. This
demonstrated that at day 1, there were significant differences in the luciferase levels detected
between PCLS engrafted with 40,0@0d 20,000cell spheroids (P<0.0001), and between
PCLS engrafted with 20,008nd 10,00€cell spheroids (P=0.0008). At day 4 there were
significant differences between 40,000 and 20,000 (P=0.0011), 20,000 and 10,000 (P=0.0234)
and 10,000 and 5,000 (P=0.004Zhe luciferase levels remained consistent throughout the

culture period despite the lack of therapeutic interventidfigurel6A).

To investigate whether responses to anticancer therapies were detectable in the secreted
luciferase system, spheroids were generated from 20,000-%8¢ SecLuc cells. After
spheroid formaion in the first 24 hours, the spheroids were cultured with a vehicle control,
sorafenib6>a BONJR O 2 NJ f0Ow Glad A2yNUom 6>al0 0S0i6SSy RI &
dependent reduction in secreted luciferase was observed in response to both sorafehib a

lenvatinib Figurel6B).

After determining that the luciferase assay employed was suitably sensitive, spheroids
generated from 20,000 cells were gnafted onto murine PCLS and subsequently treated with

a vehicle control, sorafenibeéM ¢20>a 0 X f SY2BIMEEYA® 2 NJ NBINe NI TS
¢20>au0v 0S0G6SSyYy RHEigarelgC). A gidghifidarit &d doskependent reduction

Ay € dzOAFSNI&asS 41 a 20AaSNUSR Ay NBaLkryasS (2
(P=0.0035) sorafenib compared to the vehicle control, whiisiplayed increased luciferase
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levels at day 4 compared to day Eigure16D). Following therapeutic intervention with

lenvatinib there were signifantly lower levels of luciferase secreted by sphetB{dLS treated
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Figure 16. Secretedluciferase for tracking cancer growth and drug responsés) Graph showing luciferase
assay luminescence values from FHgeH4 SeclLuc spheroids generated from 40,@0®500 cells. (B) Graph
showing luciferase assay luminescence values from33e$ SecLuc spheroids treated with sorafenik» (&or
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86

6tTndnodp



8.2.4 Murine PCL&ability is maintained following anticancer killing with TKls

Measuring the levels of luciferase secreted from spheroids engrafted to PCLS provides a
method of closely tracking both the growth of HCC cells in the model and responses to
anticancer agentsmplemented in the system. However, this data does not provide
information pertaining to the viability and response of the background liver tissue. The
combination of HCC spheroids and aAomour liver tissue in this model presents an
opportunity to gain iformation on the anticancer effects of a therapy alongside identification

of any toxic impacts to the surrounding liver tissue, which would inevitably translate to toxicity

in humans. The viability of He&g8.4 spheroieengrafted PCLS was assessed in respdo
sorafenib(5>M ¢ 20 > a,denvatinib(1.25>M ¢ 5> a and regorafenib(5 >M ¢ 20> a by
measuring two soluble factors: albumin which is synthesised and secreted by viable
hepatocytes, and LDH which is an enzyme released upon damage to the cell membra
providing a measure of cellular cytotoxicity. It is important to note that following the process
of generating PCLS, high levels of LDH are released within the first day due to the mechanical
damage induced by cutting through liver tissue with a vibna¢. The level of LDH secreted

typically decreases and stabilises as the culture period progresses.

The viability of Hefp3.4 spheroieengrafted PCLS cultured with three doses of sorafenib was
maintained throughout the 4lay culture period. Despite a de@se in the levels of secreted
soluble albumin after day 1, the levels of albumin secreted remained consistent until day 4
when the Hepgb3.4PCLS were harvesteigurel7A). Similarly, the amount of LDH secreted
by vehicletreated and sorafenidreated Hep53.4PCLS decreased from day 1 to day 4, with
no treatment group producing elevated levels of LMHiyre17B). The same trend was
observed in He»3.4PCLS cultured with three doses of lenvatinibggre 17GD) and
regorafenib Figurel7&F), whereby the soluble albumin levels remained cdesidbhetween

day 2 and day 4, and LDH levels attenuated with the absence of a specific treatment group
producing elevated levels of cytotoxicity. Whilst a multitude of secreted factors could be
inspected in response to the tissue culture conditions, alburand LDH have been

investigated here to confirm tissue viability.
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8.2.5 Spheroid generation from commercially available human HCC cell lines

Initial optimisation of the spheroigéngrafted PCLS model utilised murine tissue and cells, due

to the limited access to human liver tissue from HCC or colorectal cancer (CRC) metastases
resections. However, this was not physiologically relevant to human HC&vats the benefit

of mouse models which consider the whole physiological system. Therefore, advancements
were made to the spheroCLS model by developing it in human PCLS in combination with
human HCC cell lines. Six commercially available HCC linese&lected and assessed for

their spheroidforming ability: HuH7, SNBPB8, SNkL82, SNB87, SNt475 and HuH1. Cells

were seeded in agarossated roundbottom 96-well plates at densities of 5,000, 10,000 and
20,000 cells per well and daily brightfieldages were taken from day 1 to dayFdqurel8A).

The spheroid diameter was measured using the Zeiss Zen Blue software and spheroid volumes

were calculated.

Only spheroids generated from HuH7 and S3®8 cells displayed an increase in spiid

volume between day 1 and day 4. Regarding HuH7 spheroids, volume increases of 248.9%,
263.5% and 148.0% between day 1 and day 4 were observed for spheroids generated from
5,000, 10,000 and 20,000 cells respectivéligyre18B). Brightfield imaging showed HuH7
spheroids to have a dense, compact appeararfeigure 18A). SNkB98 spheroid volume
increased by 443.0% (5,000), 347.1% (10,000) and 216.7% (20,000) between day 1 and day 4
(Figure18C) while brightfield imaging showed that SKB98 spheroids lacked the compact
appearance of HUH7 cells, with an irregular spheroid surficgi(e18A).Changes in spheroid
volume for the cell lineSNU182, SNkB87 and SN475followed the same trend regardless

of whether the spheroids were generated from 5,000, 10,000 or 20,000 beksintrastto

HuH7 and SNA398, spheroids generated from SNL82, SNU387 and SN#75 cells all
decreased in volume between day 1 and day 4. 3B® spheroids displayed a decrease in
volume of 44.2% (5,000), 55.3% (10,000) and 58.5% (20/i0Qy€18D); brightfield imaging

of SNU182 spheroids at day 1 and day 4 indicated that the spheroids lacked the compactness
necessary for transfer onto a PCE®&)(rel8A). SNB87 spheroids decreased in volume by
44.8% (5,000), 50.9% (10,000) and 54.8% (20,66§)re18E), with visible debris around the
spheroid at day 4 suggesting that cell death may be responsible for the decrease in size. SNU
475 spheroids displayed a decrease in volume of 60.6% (5,000), 57.6% (10,000) and 58.8%
(20,000) Figurel8F). Whilst SN4475 spheroids appear more dense at day 4 suggesting that
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the spheroids could be more compact than at day 1, there is also visible debrsinding

the spheroid indicative of cell deattFigure 18A). Spheroids generated from HuH1 cells
decreased in volume between day 1 and day 4, aibhed a denser appearance suggesting
that the spheroids became more compact during this period. Interestingly, spheroids
generated from 5,000 HuH1 cells displayed an increase in volume after day 3, indicating that
HuH1 spheroids generated from fewer célecome compact at a quicker rate before visually
increasing in volume as a response to cell proliferatligyrel8G). Given the linear growth

and campact spheroid appearance exhibited by HuH7 spheroids, the HuH7 cell line was

selected to develop the human sphédeengrafted HCC model.
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Figure18. Spheroidgeneration from human HCC cell ling®\) Representative brightfield images of spheroids
generated from HuH7, SNBB8, SNLL82, SNkB87, SNU475 and HuHlcell lines at day 1 and day 4, at 4X
magnification. (B3) Graphs showing changes in spheroid volunesgmted as percentage change from day 1,

for (B) HuH7, (C) SN398, (D) SNU82, (E) SN387, (F) SNU75 and (G) HuH1. Data are mea8EM for N = 6
spheroids.
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8.2.6 HuH7 spheroids engraft on, invade and proliferate in human PCLS

For initialquantification and visualisation of HuUH7 spheroids implanted onto human PCLS,
HuH7 cells were stably transfected with the vector tdTordtbto induce the expression of

the RFP tdTomato. Human liver tissue was obtained for PCLS generation from HCC or CRC
metastases resections. Spheroids were generated from 10,000 HuH7 tdTomato cells 1 day
prior to human PCLS generation, at which point the spheroids were implanted onto the PCLS

and subsequently cultured for 4 dayadurel9A).

H&E staining of HUH7 spheresmhgrafted PCLS revealed the spheroids embedded within the
liver tissue, displaying densely packed cancer cells in comparison teutheunding non

tumour liver tissueKigurel9B). Multiphoton imaging was performed with assistance from Dr
Glyn Nelson in the Newcastle UniversitpiBiaging Unit, and the resulting intensity plot
ascertained that HuH7 cells (red, tdTomato) implanted onto human PCLS (blue, Hoechst)
displayed complete invasion throughout the 250a GKA Ol t/[{ m RI &
implantation Figure19C). Quantification of RFP levels in HuH7 sphaP@dS harvested at
different timepoints demonstrated that there were significantly higher RFP levels in PCLS 4
days afer spheroid implantation compared to day 1 (P<0.0001), indicating that HuH7 spheroid
proliferate within human PCLS5igurel9D).

91



Implant HUH7 - n
spheroids Harvest TP L ‘
¢ ¢ ':f 2 @ y
[ T T T 1 g o il
d0 d1 d2 d3 d T

T e
Make Harvest &
hPCLS replace media

e
L2

D Red fluorescent protein

i 400000
Top view P<0.0001

Y

Day1 Day4

Figure19. Development of the HUH7 spheroiBCLS systentA) Schematic detailing timeline of human PCLS
generation and HuH7 spheroid implantation, and the subsequent culture period of 4 (@yRepresentative

H&E image of a HuH7 sph&@oembedded within a human PCLS 4 days after spheroid implantgi@n.
Representative multiphoton imageshowing thetop view and 2.5D intensity ploof HUH7 spheroidgred,
tdTomato)embedded within human PCI(8ue, Hoechst) and secorgkneration harmoits (green) displaying

a nearby vessetonfirming tissue invasioMultiphoton images were taken with assistance from Dr Glyn Nelson.

(D) Graph showing quantification of RFP in HuH7 sph&@GildS at day 1 and day 4 following spheroid
implantation, demongtating that HuH7 cells proliferate within PCLS (P<0.0001). Data are mean + SEM for N = 4
PCLS.
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8.2.7 Human HuH7 spherc#dCLS respond to therapeutic intervention with TKIs

The NanoLuc secreted luciferase system provided a useful tool for the longitudriahgaf

HCC cell growth in the H&B8.4 spheroidPCLS model. The same system was therefore
implemented in the human spherclCLS model to accurately assess cancer growth
throughout the culture period using paired media samples from the same sphEOLE
avoiding the use of unpaired samples whereby PCLS must be homogenised to yield an RFP
value. HuH7 cells were stably transfected with the vector pNL(sNLuc/CMV/NeoR) inducing the
expression of a secreted NanoLuc luciferase, which could be measured iresahpulture
media. To first determine the accuracy of the secreted luciferase system in HuH7 cells,
spheroids generated from 10,000 HuH7 SecLuc cells were cultured for 4 daysirekh @éte,

with complete media changes and brightfield imaging conedataily. In addition to a linear
increase in volume, spheroids generated from 10,000 cells were selected due to their
macroscopic size suitable for transfer with a [@0pipette tip. The luciferase levels were
assessed in the harvested media samples agttesoid volumes were calculated from the
diameter measurements taken on Zeiss Zen Blue software. There was a strong positive
correlation between spheroid volume and the corresponding secreted luciferase levels
(R=0.9223), indicating that exploiting thevigls of secreted luciferase as a measure of cancer
growth was comparable to spheroid volume in HuH7 cells, which notably form compact

spheroids within 24 hours and henceforth increase in dtigufe20A).

To investigate whether the anticancer effects of TKls (employed to treat advanced HCC) on
HuH7 cells could be detected via secreted luciferase, HUH7 SecLuc spheroids were generated
from 10,000 cells 1 day prior to human PCLS generation and spheroid implantation, before
treatment with a vehicle control, sorafenib (M ¢ 20 uM), lenvatinib 0.1 uM ¢ 2.5 uM) or
regorafenib & uM ¢ 20 uM) between day 1 and day #igure20B). In the context of HCC
background liver tissue, there was a significant and elteggendent reduction in secreted
luciferase in response to sorafenib (@®; P<0.000110 uM; P<0.0001 and gM; P=0.0002)
(Figure20C) and lenvatinib (2.pM; P<0.0001, 0.68M; P=0.0001 and 0.iM; ns) Figure

20D). Likewise, in the context of HCC background liver tissue the highest doseubf 20
regorafenib resulted in significantly lower levels of secreted luciferase compared to the
vehicle control(P=0.0174)Kigure20E). In PCLS generated from CRC metastases resections

HuH7 spheroids exhibited a very similar therapeutic response to TKIs: fecaiggrand dose
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dependent decrease in secreted luciferase was observed in response to sorafemqbl;(20
P<0.0001, 1QuM; P<0.0001 and uM; P=0.0005) Rigure 20F) and lenvatinib (2.3uM;
P<0.0001, 0.68M; P<0.0001 and 0M; P=0.0003)Rigure20G). Reflective of the response
observed in HCC backagrad liver PCLS, the highest dose ofu®0 regorafenib resulted in a

significant reduction in secreted luciferase compared to the vehicle control (P=0.¢46@)g
20H).
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Figure20. Secreted luciferase taneasuretherapeutic response in HuH7 spherelICLS(A) Graph showing
correlation between spheroid volume arsbcreted luciferasdevels (R=0.9223)of HUH7 SecLuspheroids
generated from 10,000 cells. N = 5 spheroids per timep@B)Schematic detailinthe timeline ofhuman PCLS
generationand HuH&pheroidimplantation, and the subsequent culture period of 4 dayth and without TKIs

(GE) Graphs showing secreted luciferase levels from HuH7 spHe@ii® (HCC background liver) treated with a
vehicle control, (C) sorafenib gM ¢ 20 uM), (D) lenvatinib@.1pM ¢ 2.5uM) or (E) regorafenitb(uM ¢ 20 pM)
between day 1 and day 4. Dataeamean+ SEM for N = 3 HCC resection donor livef$1) Graphs showing
secreted luciferase levels from HuH7 sphesBdLS (CRC metastases background liver) treated with a vehicle
control, (F) sorafenitb(uM ¢ 20uM), (G) lenvatinib 0.1uM ¢ 2.5uM) or (H) regorafenib % uM ¢ 20 uM) between

day 1 and day 4. Data are measSEM for N 5 CRC metastas@ssection donor livers.
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8.2.8 Human PCLS viability is maintained following anticancer killing with TKIs

The spheroiePCLS system provides a unique tool in that contributions from the surrounding
TME in HCC can be accounted for, whilst the impact of various therapeutic agents on the
surrounding noAumour liver tissue can also be considered. In line with thability
assessments performed in the murine spherBi@LS model, soluble albumin and LDH levels
secreted from human PCLS were quantified to measure hepatocyte viability and cytotoxicity
respectively. The data obtained from all donor livers, regardlesshether the tissue was
received from a HCC or CRC metastases resection, was combined to assess the overall impact
of sorafenib, lenvatinib and regorafenib on PCLS viability. In response to sor@gaMix 20

UM ) (Figure21A), lenvatinib(0.1 uM ¢ 2.5uM) (Figure21C) and regorafenitb uM ¢ 20 uM)
(Figure21E) the levels of albumin in the daily madsamples remained consistent; day 4
albumin levels were comparable to day 1 albumin levels indicating that PCLS remained viable
throughout the culture period regardless of treatment dose. In terms of cellular cytotoxicity,
elevated LDH levels were obsedvat day 1 due to the damage caused by the PCLS generation
process. In response to sorafenib, the LDH followed the typical trend whereby the levels
decreased from day 2 onwards. However, elevated but-significant levels of LDH were
detected in media saples at day 4 in response to the highest dose ofu®0D sorafenib,
suggesting that this dose had a potentially toxic impact on the FEgS€21B). Fdowing
therapeutic intervention with lenvatinib and regorafenib, the levels of soluble LDH detected
in the culture media decreased during the course of the culture period, with no differences in
LDH concentration observed between different doses of eaaly,dndicating that these TKIs

did not have cytotoxic effects on the PCEre21D, F). Assessment of these factors could

be usefully implementediia scenario whereby a novel anticancer drug is incapable of exerting

anticancer effects without also inducing cytotoxicity in the surrounding liver tissue.
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Figure21. Human PCLS remain viable after therapeutic intervention with TKASB) Graphs showing levels of

soluble (A) albumin and (B) LDH secreted by HRELS in response to a vehicle control or soraféibd ¢ 20

> a 0 dD) Grdphs showing levels of solublg)(albumin and (D) LDH secreted by HPELS in response to a

vehicle control ofenvatinib 0.1> a¢ 2.5> a 0 &)Gdaphs showing levels of soluble (E) albumin and (F) LDH

secreted by HUHPCLS in response to a vehicle control or regoraf@mwbdc20>a 0 ® 5F G I NB YSIy §
N = 8 donor livers, with data from HCC and CRC metastases resections combined.
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8.2.9 Characterisation of the HUH7 spheri€LS model via immunohistochemistry

Initial characterisation was performed on the human HuH7 sphedidSmodel via
immunohistochemistry to provide insight into the stromal and immune components of the
model. Knowledge of these components offers the possibility to investigate varying
therapeutic strategies that target numerous components in the TME, rathan targeting

the HCC alone. Additionally, an understanding of how the components present in PCLS
respond upon engraftment of a HCC spheroid may provide further insight into avenues of HCC

development and progression.

Immunohistochemical staining on sphété®CLS samples harvested 4 days after spheroid
engraftment determined that HuH7 spheroids engrafted on human PCLS remained highly
proliferative; the implanted spheroids were positive for PCNA, and HuH7 cells interestingly
appeared to migrate into the susunding PCLS beyond the initial spheroid margigure

22A). Regarding the stroma, positiV&MA staining was visible in the surrounding liver tissue
and notably at the spheroid margin, surrounding the implanted HegLi(e22B). Pertaining

to immune constituents, CD8+ T cells were visible withia $ppheroid in low numbers,
indicating that cytotoxic T cells migrated from the PCLS in response to the engrafted HCC
(Figure22C). CD68macrophagesKigure22D) and CD4+ T celBigure22E) were visible in

the PCLS surrounding the spheroid but were omitted from the spheroid itself. Interestingly,
CD94+ NK cells were observed in abundance within the engrafted HuH7 spheroid, at a high

density compared to the surrounding liver tiss{régure22F).

Immunohistochemical analysis of HuH7 sphef®@LS confirmed that the surrounding PCLS
is reactive to the implanted HCC spheroid, as-difectional migration of cells was observed
from the liver tissue into the spheroid and vice versa, alongside the presence of stromal

components in response to the spheroid.
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8.2.10 Characterisation of the HuH7 spherl@LS model via Hyperion imaging mass
cytometry
Immunohistochemical analysis of the human sphetf®@LS model ascertained that immune
components in human PCLS interacted with implanted HuH7 spheroids; invasion of
proliferative HCC cells was observed into the surrounding liver tissue, while CD94+ and CD8
cells were seen to migrate into the spheroid in different capacities. Despite providing
preliminary knowledge of the interactions between human PCLS and an engrafted HCC
spheroid, the methodology presented disadvantages. A forrfaded paraffinembedded
PCLS only has the capacity to provide a limited number of tissue sections for
immunohistochemical staining due to the 2hfn thickness, and whilst dual IHC staining is
possible, it does not enable multiple biomarkers from the same tissue section tcebayesd
to indicate where certain markers are-expressed. Moreover, microtomy often damaged the
engrafted spheroid and dislodged sections of the implanted tisBigu(e22). To provide a
deeper insight into the multitude of cellular biomarkers and stromal components present in
the samples, Hyperion imaging mass cytometry (IMC) was employed and performed by Erik
RamonGil from the Newcastle Fibrosisesearch Group. Hyperion IMC allows the
simultaneous imaging of more than 40 protein markers via IHC with metglgated

antibodies and timeof-flight mass spectrometry.

HuH7 spheroiedPCLS samples generated from both HCC and CRC metastases resecéions wer
harvested 4 days after spheroid implantation before being stained and ablated using the
Hyperion Imaging System. The predominant observations were that engrafted HuH7
spheroids maintained a proliferative Ki67+ phenotype with vimentin present in the sjgher
while alphal type | collagen and endothelial CD31 remained excluded from the spheroid in
the surrounding PCLS; consistent with the findings from IHC, myeloid markers were largely
excluded from the spheroid, with very few CD68+ or CD163+ cells obdsetein the
spheroid Figure23). Marked differences between the three samples initially ablated appear

in the lymphoid compartment: sample 1 on a@Gl6ackground liver exhibited a high influx of
CD8+ and CD56+ cells with granzyme B present in the sphere@kpoession of these
markers was observed suggesting the presence of anlikiKpopulation of cellsHigure23A).

In contrast, there was no invasion of the lymphoid components into the HuH7 spheroid in a

separate HCC background livéiigure23B) and very little in a HuH7 spheroid on a CRC
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background liver, with low numbers of CD8+ and CD56+ cells observed inside the spheroid
(Figure23C). Hyperion IMC on an increased number of samples is vital to decipher whether
immune responses to HUH7 spheroids can be stratified based on background liver disease or

whether responses are simppatient-specific.
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Figure 23. Hyperion imaging mass cytometry to characterise HuH7 sphef@LS(A-C) Images of HuH7
spheroidPCLS generated via Hyperion imaging mass cytometry displaying tumour proliferation, tissue
topography, lymphoid components and myeloid components in the contect of (A) HCC background liver 1, (B)
HCC background liver 2 and (C) CRC background liver 1. The markers displayed are listed below the image in the
colour that they appear in the imag8anple was stained and ablated by Erik Rar@ih

100



8.2.11 Targeting HuH7 sphereRICLS with GPC3 CREBElls

CART cell immunotherapy enables engineered T cells to target specific cancer antigens and
encourages anticancer killing by T cells. The approach has deatedseffectiveness in
targeting B cell malignancies but thus far has shown limited efficacy in solid tumours. To
investigate the impact of CAR cells introduced into the HuH7 spherd€LS model, and
potentially establish a method of modelling and impireg CAR cell killing, engineered T cells
were purchased from Amsbio. It was first necessary to determine which biomarkers relating
to the liver and HCC that the HUH7 cell line expressed sel@a&Rs with the correct specificity
could be employed. Fluescent immunocytochemistry performed on 2D cells revealed that
HuH7 cells expressed the HCC biomarkers GPC3, AFP and hepatocyte specific
antigen/hepatocyte paraffin 1 (HepParl), as well as the hepatocellular marker cytokeratin 18
(CK18)Kigure24A). Following this discovery, GARells engineered to recognise GPC3 were

selected and purchased.

HuH7 spheroids were generated from cells expressing ettiiBomato or secreted NanoLuc
luciferase and implanted onto human PCLS; GPC3I@ARs were labelled with CellVue Jade
Cell Labelling Kit and added to HUH7 spheR@LS (approximately 85,000 per spheiflLS)

at day 4 and samples were harvested at &agnd day 6Kigure24B). Utilising the levels of
secreted luciferase as a measure of HuH7 growth, there was less luciferase in the day 5 media
from HUH7 spheroiePCLS cultured with added GPC3 -CARIls for 24 hours compared to
those without the addition of CAR cells, while the luciferase levels at day 6 were comparable
between the two conditionsKigure24C). While GPC3 CARells potentially reduced HuH7
spheroid growth in the initial 24 hours after the addition of the cells, this effect was lost by
day 6 suggesting that the CARcells mayave been unviable in the culture system by this
timepoint. Prior to the addition of GPC3 CGARcells, the luciferase levels in the CAR
treatment group were slightly lower than those in the control group. Therefore, to calculate
the luciferase levels atay 6 relative to the initial levels observed prior to the addition of GPC3
CART cells, the day 5 luminescence values were subtracted from the day 6 luminescence
values. This demonstrated that within the initial 24 hours there were lower, albeit non
signficant levels of luciferase secreted by HUH7 spheR@1LS cultured with GRBGCART cells
compared to the control (P=0.0914igure24D). There waa limited number of CAR cells
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available for this experiment, but further work would involve replenishing the supply of CAR

T cells to the culture system rather than incorporating them at one day alone.

Multiphoton imaging was performed with assistanceorfr the Newcastle University
Bioimaging Unit to assess the invasive capacity o TCA&Is added to the HuH7 spheroid
PCLS system:sfack images generated demonstrated that GPC3-TA&Is (green, CellVue
Jade) invaded the HUH7 spherdt€LS (red, tdTorw, and were observed both inside the
centre of the spheroid and at the spheroid margin, offering a platform with the potential to

study improved CAR cell targeting of solid tumour&igure24E).
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Figure 24. Targeting HuH7 spheroiBCLS with GPC3 GARcells.(A) Representative immunocytochemical
images of HuH7 cells expressing GPC3, AFP, HepParl and CK18. (B) Schematic detailing timeline of implanting
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HuH7 spheroids on human PCLS and subsequent culture period with the addition of GRC2d«llaR D)
Graphsshowing luciferase assay data for (C) the final 3 days of the culture period wheré CAR were
incorporated in the tissue culture and (D) the difference in luciferase secreted by HuH7 spRéidiicultured
with and without CAR cells in the 24 hosrafter addition of CAR cells. (E) Multiphoton images of a HuH7
spheroid (red, tdTomato) engrafted in a human PCLS (blue, Hoechst) with invading GPT8eB&\Rgreen,
CellVue Jade) in the centre of the spheroid and at the spheroid margin.

8.3 Results smmary

PCLS were engrafted with HCC spheyaiih the intention of modelling HCC in the context

of the surrounding TME and the manner in which TME factors may contribute to HCC growth
and therapeutic responses. Initial optimisation of the model employedmettissue and cells;
following the successful use of H&B.4 cells in the orthotopic mouse model of HCC, the cell
line was exploited to generate HCC spheroids which were subsequently implanted onto
murine PCLS. H&8.4 cells expressing the RFP tdTomatere utilised to visualise the
engraftment of HCC spheroids on PCLS, which progressed to confirmation of complete
invasion into the 25@m thick PCLS viastack images generated by multiphoton microscopy.
Furthermore, quantifying the RFP present in PR&rSested at 1 and 4 days after spheroid
engraftment demonstrated that Hep3.4 spheroids proliferated significantly within murine
PCLS. These findings were mirrored in the development of a human spi&aid model;
spheroids generated from the human HIg@ HuH7 displayed complete invasion into human

PCLS and proliferated within the tissue on which they were implanted.

These promising results prompted the developmentaosystem which could provide a
method of longitudinally tracking HCC growth withiretsame spherodPCLS sample, as the
previous method of assessing RFP levels via ELISA required the sample to be homogenised. A
custommade vector supplied by Promega provided this opportunity; HCC cells were
transfected to express a luciferase which wasrsted and could therefore be measured in

al YL S&a 2F RIFEAf @ Odzf dzNE YSRAI dPCLSTultyfedl withK A &
the TKls sorafenib, lenvatinib and regorafenib displayed significant and-ddpsandent
reductions in HCC growth, indtogy that the platform developed offers a utility to assess
anticancer therapeutic responses. Importantly, the presence oftaomour PCLS surrounding

the HCC spheroids enabled the viability and cellular cytotoxicity of surrounding liver tissue to

be invesigated. In response to the three TKIs employed here, albumin ELISAs demonstrated
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that tissue viability was maintained, whilst LDH quantification provided a method of

communicating whether specific interventions or doses were cytotoxic to the PCLS.

Initial characterisation via immunohistochemistry identified that the HuH7 sphdP@dS
model exhibited bidirectional migration of various cell types, as implanted HCC cells invaded
the surrounding PCLS and immune cells such as NK cells and T cells migr#tedspheroid.

The model was further characterised through the employment of Hyperion imaging mass
cytometry, which identified proliferative spheroids alongside ECM components and
endothelial cells in the surrounding liver tissue. While myeloid companevere largely
excluded from the spheroids, a large influx of lymphoid cells was observed in a specific sample,
with CD8+ and CD56+ cells observed in the spheroid. Tegpression of these markers
suggests the presence of an NIKKE subtype of cells wbh possess the characteristics of both

T cells and NK cells. This characterisation demonstrated that the surrounding TME is reactive

to implanted HCC spheroids.

The effectiveness of CARcell immunotherapy in the HuH7 spher®@€LS model was

assessed byargeting the GPC3+ HuH7 spheroids with CGP3TG&Rs. Multiphoton imaging

identified that CAR cells added to the culture media of HUH7 sphef@lS could invade

the tissue, with populations of CARcells observed both in the centre and at the spikro
YENBAY® ! GAfAAAYy3T GKS a{SO[dz0¢ aeaiasSvyz afAiAiak
spheroidPCLS cultured with GPC3 E€RRells for 24 hours, suggesting that they were

potentially limiting HCC growth.
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8.4 Discussion

The use of HCC spheroids bypas some of the limitations presented by 2D cell culture.
Interactions between different cell types are accounted for and the mechanical stress exerted
on cells by plastic is avoid€866) Moreover, spheroids mirror the spatial conformation and
heterogeneous access to nutrients of solid tumo(887) Precision cut liver slices are an
alternative example of a 3D culture model whereby the originséue architecture and
function are retained whilst the tissue maintains viability in cult(@89, 362) The
combination of PCLS with HCC spheroids has culminateceixano3D TME which accounts

for both the HCC and the surrounding liver tissue containing various immune and stromal
components. The resulting tool has potential utility as a tool for therapeutic screening and

further understanding HCC tumorigenesis.

Spheroids were initially implanted on PCLS using murine cells and tissue as a proof of concept
before developing a human odel. Hep53.4 cells had previously been utilised to generate
rapidly-growing tumours in an orthotopic model of HCC, and were employed once again to
generate Hegh3.4 spheroids. This demonstrated that HCC spheroids implanted on murine
PCLS display tissuagraftment and invasion and proliferate within the surrounding liver
tissue. Despite Hep3.4 cells proliferating within PCLS, F&p4 spheroids cultured alone
typically decreased in volume unless generated with a very low number of cells. Two
suggestiongor this observation are that factors from the surrounding PCLS influenced HCC
proliferation, or that Hepb3.4 spheroids cultured alone became more compact instead of

increasing in volume, whilst still proliferating.

The HuH7 cell line was selected to further develop the model with human cells and PCLS due
to the ability of the cell line to form compact spheroids that exhibited high growth rates. The
compactness of the spheroid enabled spheroids to be transferred ant®CLS without
disaggregating, allowing reproducible spheroid implantation. PCLS were generated from HCC
or CRC metastases resections. The same findings relating to engraftment, invasion and
proliferation were observed with HuH7 spheroids and human P@eSupply of human liver
tissue for PCLS generation was limited at the start of the project duthe¢oCOVIEL9
pandemic Given more time, HCC spheroids generated from numerous other cell lines would
ideally be implanted onto human PCLS. Developing therspdiPCLS model with HCC cells

displaying differing characteristics and mutations would allow differences in therapeutic
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response and TME to be attributed to these factors. Spheroids were also generated with the
immortalised human HCC cell lines SN82, SNU387, SNtB98, SNW75 and HuH1.
Comparable to HuH7 spheroids, SB®8 spheroids exhibited high growth rates in terms of
volume when cultured alone, indicating that they may have displayed high proliferation rates
within PCLS. SN&87, SNW175 and HuH3%pheroids were compact in appearance and would
therefore be transferrable to PCLS without disaggregating. Similarly, the formation of
multicellular tumour spheroids (MCTS) comprised of HCC cells alongside other cell types, such
as fibroblasts, may furthegsrogress the model to reflect the TME in which a multitude of cell

types interact to influence tumour progression, invasion and therapeutic resp@76371)

Quantification of RFP provided an epdint measurement of HCC growth within PCLS.
However, the method did not provide an insight into HCC growth or treatment response at
earlier timepoints throughout the culture period. A custemade expression vector was
designed by Promega, inducing the expression of secreted NanoLuc® luciferase capable of
being measured in the culture medium. NanoLuc® luciferase is approximately three times
smaller than Firefly luciferase and 100 times brighter than both Firefly and Renilla luciferases
(372, 373) This was an important feature of the system, considering that the relevant
luciferase assay needed to haadnigh enough sensitivity to detect the luciferase secreted by
approximately 10,000 cells in a total media volume of 3 ml in the bioreactor plates.
Furthermore, secreted NanoLuc luciferase remains stable in culture media for more than 4
days at 37C(372) PCLS undergo a complete media change once every 24 hours, therefore
attributing the luciferase signal to the previous 24 hours as opposed to an accumulation

throughout the culture period.

Following therapeutic intervention with the TKIs sorafenib, lenvatinib and regorafenib a dose
dependent reduction in the levels of secrdtduciferase were observed, indicative of a
reduction in HUH7 proliferation. Drug concentrations were selected according to previous
studies whereby HCC cell lines were probed in 2D and 3D culture with various small molecule
inhibitors (374, 375) Lenvatinib was initially applied at higher doses than stated in this report,
however the therapeutic response to the higher concentrations was indistinguishable from
the 2.5 UM dose. A therapeutic response was observed irrespective of whether HuH7
spheroids were engrafted with PCLS generated from a HCC resection or a CRC metastases

resection, suggesting that there were not factors specific to each type of cancer that
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influenced the anticancer effect of the TKls. Compared to the-lfiret TKIs sorafeh and
lenvatinib, the secondine therapy regorafenib exerted a lesser therapeutic effect on the
HuH7#engrafted PCLS. The highest applied dose pi\2@egorafenib resulted in decreases in
secreted luciferase equivalent tostar significance (P = 0.0184 HCC resection PCLS; P =
0.0469 on CRC metastases resection PCLS), whilst lower doses exersaghif@ant effects.

A potential explanation for this is that regorafenib predominantly targets VEGF receptors with
limited functionality in PCLS which aisolated from the circulation, whilst sorafenib and
lenvatinib possess potency for a wider range of targets that may be present in th ®ICLS

249, 252, 256)

Over the past 6 years there have been advances in immunotherapy for the treatment of
I RGFYOSR |1/ / ® ¢KS OdNNByd aa32tR aidl yRINRE
atezolizumab targeting RD1 alongside bevacizumab targeting VEGE®L, 376) The
potential use of the spheroi®CLS platform as a screening tool for immunotherapies improves
its utility in afield where immunotherapy is becoming a more prevalent option. The
consideration that the implanted HCC spheroid and the PCLS are not derived from the same
donor impedes the possibility of a therapeutic response with agents such aBRftias the
liver-resident T cells will not recognise the MHC class | molecules presenting tumour
associated antigens. Thmcorporationof allogenic CAR cellsinto the spheroidPCLS system
enablesan immunotherapeutic approadio be taken(377) The use of GPC3 GARells in the
HuH7 spheroidPCLS system demonstrated the capacity for employing the model to
investigate and improve CARcell immunotherapy. Although a namgnificant decreas in
secreted luciferase was observed in the 24 hours following addition of TCédfls to the
culture system, the experiment was severely limited by the number of CA&Is available.

The CAR cells purchased for the experiment lacked the ability tifarate and were limited

to approximately 1 million cells, which were divided between a total of 12 PCLS. Future
collaborative work with experts in the field of GARells could further exploit the technology
and provide a greater source of GARellsfor optimisation of the system, allowing greater
numbers of CAH cells to be repeatedly added to the same PCLS. Multiphoton imaging of a
HuH7 spheroiePCLS sample with added GPC3-TA&lIs demonstrated that CARcells were
capable of invading the tissubut were predominantly observed in clusters close to the

spheroid margin. IHC analysis identified the formation of "eB®MApositive stroma
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surrounding the implanted spheroid, indicating that there is a physical, and potentially
chemical barrier which maynpact the invasion of CARcells. These findings are in line with
the evidence demonstrating that CARcell therapy has limited efficacy in solid tumours. An
interesting intervention would involve modulating the matrix, for example via inhibition of
TG~ type | receptor kinase (ALK5), to investigate whether-CABRIl invasion and anticancer
effect is improved. The multiphoton image of the sample cultured with-CARIls displays
areas on each side of the spheroid where the tdToradsitive HuH7 cedlare not visible.
This is an observation that was not visible on samples untreated witATGARs. Exploring
whether these regions ctocalise with caspases may reveal whether JARIIs have exerted

a therapeutic effect.

Hyperion IMC provided insighito the spatial configuration of the HUH7 spheroid surrounded

by a multitude of immune, stromal and matrix components in samples harvested 4 days post
spheroid implantation. HuH7 spheroids embedded within PCLS from both HCC and CRC
metastases resectionsexe highly proliferative and infiltrating immune cells were observed,
particularly in one spheroPCLS from a HCC resected liver. CD56 and CD8 positivity is visible
in the HUH7 spheroid. Moreover, these cellular markers arexgyessed by a number of tel
suggesting the presence of NKKe cells¢ T lymphocytes which express fdksociated
receptors and have previously been identified in diseased li{&#8, 379) Stimulaion with

IL-15 may enhance the functional capacity of NK cells resulting in an incréddedesponse

(380) Vimentin positivity was also visible in the HuUH7 spheroid and surrounding liver tissue.
Vimentin has been shown to promote angiogenesis and immune suppression, which can be
overcome by blocking vimentin activi(g81) leading to the hypothesis that targeting HuH7
spheroidPCLS with an artimentin antibody will stimulate migration of immune cells into

the spheroid and attenuate HCC growtheThajority of myeloid cells were excluded from the
spheroid and could be visualised in the surrounding liver tissue; an observation that could
potentially be overcome via vimentin inhibition. Performing Hyperion IMC on samples at
timepoints earlier than 4days could provide a visualisation of the TME responding and
migrating into the implanted spheroid. Likewise, live imaging of PCLS beginning promptly after
spheroid implantation would offer a redilme visualisation of the various interactions within

the HUH7 spheroiePCLS platform.
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A difficulty encountered when harvesting the spherfi€LS was that microtomy performed

on formalinfixed paraffirembedded samples occasionally disrupted the tissue and appeared
to tear the spheroid from the remaining PClissue. Consequently, numerous PCLS were
engrafted with spheroids in order to obtain intact paraffinised sphei€lLS samples for IHC
and Hyperion analysis. Current experiments within the laboratory involve miniaturising the
model to create a 96vell sysem whereby PCLS 3 mm in diameter and engrafted with HUH7
spheroids. Optimisation will be required to accurately implant the spheroids onto a smaller
tissue surface area. Nevertheless, the development of a higher throughpued&ystem will
elevate the herapeutic screening abilities of the model. Standard 2D and 3D cell culture will
not comprehensively reveal the effects of potential anticancer therapies that exert responses
on TME components rather than specifically targeting HCC, and the spiirshiinodel
described here has been utilised with an industrial collaborator to assess the potency of a

novel therapeutic agent.
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9 Generating a patienderived HCC cell line library to

engineer precision medicine platforms

9.1 Introduction

The merging of HCC spbats with PCLS resulted in an exciting tool in which HCC growth and
therapeutic response could be considered without omitting potential contributions from the
surrounding liver tissue, more closely reflectingsituHCC than 3D spheroid culture alone.
Although development of the human HCC sphei®@LS model was performed using the
HuH7 cell line, the model design allows the HCC cell line to be interchanged to recapitulate
specific factors, such as the genetic profile of the cell line. HuH7 cells weatetsélom a

liver tumour in a 5#4earold Japanese male, representing a specific age, sex and ethnicity
(382) Whilst the employment of HUH7 cells pertains te thitial patient from which the cells

were isolated in 1982, the use of HUH7 and other immortalised cell lines does not capture the
highly heterogeneous landscape present in most HCC tumours. As a consequence of repeated
passages, cell lines are subjeotdenetic drift with stark differences in morphology, gene
SELINB&aaAz2y YR RNHzZZ NBalLl2yairoSySaa 2048SNBSR
different sources, despite the previous assumption that cell lines are c(888| 384) This
knowledge points to limitations presented by immortalised cell lines that do not accurately
reflect diverse multicellular HCC tumours, although they do yield reproducible results at a low
cost(385)

The isolation of primary cells directly from human tissue mles a supply of cells whereby
the functional and morphological characteristics are more reflective ofitheivo human
situation. Primary cells isolated from original tumour tissue have displayed a higher retention
of tumour markers and microRNAs compared immortalised cell lines, therefore more
reliably mirroring the cancers from which they were deri({86) However, the lifspan of
primary cells is typically limited as repeated passages often result in functional and
morphological changes. Changes in gene expression, proliferation rate and drug responses
have been observed in primary cells that have been subjected to a lovb@uof passages
(387) Despite the difficulties presented by primary cells due to potential scarcity of tissue and
phenotype alteration, they offer a promising system to improve precision medicine regimens
(388)
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Here | describe the generation and characterisation of a patiemived HCC cell line library
from patient tissue biopsies, and the subsequent incorporation of these primary cell lines into

the previously described sphereRICLS model of HCC to producelatform capable of

improving precision medicine strategies.
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9.2 Results
9.2.1 A patientderived primary HCC cell line library: 2D and 3D culture

A primary HCC cell line library was generated to provide a bank of cells with a higher
resemblance to diversm vivotissue than previously employed immortalised cell lines, such

as HuH7. HCC biopsies were obtained from patients with advanced stage HCC, and primary
cells were isolated by digesting the sample using a cocktail of human tumour dissociation
enzymes. The isation and characterisation of the patiedierived HCC cell lines was
performed by Maja Laszczewska. The resulting isolated cells were seeded and expanded on
collagencoated plates to reflect then vivosituation and ECM more closely. Of the 35 patient
biopsies obtained (MLO1BILO51), 6 were dismissed following pathology reports that
identified no HCC in the samples. Considering the remaining 29 biopsies, 8 biopsies yielded
successful patiendlerived lines capable of expansion and -ammation after
cryopreservation: a success rate of 28%. The nomenclature assigned to these lines was
MLO18B, ML024, ML0O31, ML032, ML043, MLOMLO50 and MLO51 (Figure 25). The
remaining samples were discarded or dismissed due to a lack of cell proliferation or significant

de-differentiation following the initial passages after digestion.

Patientderived HCC spheroids were formed by seeding 20,000 primary cells per lwal in
adhesion rounebottom 96-well plates. All primary lines formed compact spheroids with the
exception of MLO44Rigure25). ML0O32 formed a loose spiad which could be transferred

via pipette and formaliffixed for histological staining, while ML044 cells did not form
spheroids with the necessary integrity for transfer and fixation, and therefore could not be
histologically assessed. H&E staining wasformed on fixed spheroids, as well as
immunohistochemical staining for CK18 to highlight that the cell lines are derived from
hepatocytes, and'SMA to highlight the presence of fibroblastigure 25). Information
pertaining to the underlying liver aetiology and previous treatment strategies applied to the

patients from which the HCC biopsies were obtained are detaild@a@lihe6.
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Figure 25. Generatinga patient derived HCC cell line librargA) Representative images of 8 HCC cell lines
generated from patient biopsies, in 2D monolayer culture and 3D spheroid cultlirt618B, ML024, ML031,
MLO032, ML043, ML044, MLOBBdMLO51 Spheroids were H&&ained and stained vismmunocytochemistry
F2NJ / Ymy CelypBpulatipna displayed in this figure wéselatedby Maja Laszczewska

Table 6. Liver aetiology and therapeutic interventionseceived by HCC biopsy donorsThe therapeutic
interventions listed include those received by the donor both pr@nd postbiopsy. BSC stands for best
supportive care.

Primary Liver aetiology | Cirrhosis | Pre-biopsy Postbiopsy therapy

cell line therapy

MLO18B No CLD No Resection Ablation

ML024 MASLD/ALD | Yes None TACEthensorafenib
MLO31 MASLD/ALD | Yes BSC None

ML032 MASLD/ALD | Yes None Atezolizumab/bevacizuma
ML043 No CLD No None Sorafenib

MLO44 MASLD/ALD | Yes None Ablation

MLOS0 ALD Yes BSC None

MLO51 No CLD No None Resection

9.2.2 Characterisation of patiesterived primary HCC cell lines
To develop the spheroi#®CLS model with patiewterived HCC cell lines, three of the eight

primary lines were selected for further investigation due to the limited access to human liver,
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since thee would not be sufficient PCLS generation to implant all available cell lines. Compact
spheroids were formed by ML018B, ML031 and ML®gu(e25), 0 these three cell lines
were consequently selected since the spheroids would be easily transferrable.
Immunofluorescace staining was performed to characterise the patieldrived HCC lines
generated for the presence of classic HCC and hepatic biomaAders:GPC3, HepParl and
CK18. As well as providing potential identifying markers for each of the cell lines, the staining
provided potential therapeutic targets. Determining the expression of CK18 confirmed that
the HCC cell lines originally derived framepatocytes. Additionally, the cell lines were
assessed for the expression ®EMA to evaluate the presence of stromal cells or cells
undergoing EMT Higure 26). The findings from this immunofluoresaan staining are

summarisedn Table?.

HepPar1

MLO18B

aSMA

aSMA

Figure 26. Characterisation of patientlerived primary HCC cell lineRepresentative immunofluorescent
images of the patientlerived HCC lines ML018B, ML@31 ML043 stained for the HCC and hepatic biomarkers
AFP, GPC3, HepParl and CK18 (red). The cell lines were also stdiisddAtr assess the presence of stromal
or mesenchymal cells (green).
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Table7. Characterisation of patientlerived primary HCC cell linesexpression of biomarkerdvL018B, ML031

and ML043 cells were assessed for their abtlitexpress a number of biomarkers related to HCC (AFP, GPC3
and HepParl) and hepatocytes (CK18). Expressiod chwas also assessed to evaluate the presence of stromal
or mesenchymal cells.

Primary AFP GPC3 HepParl | CK18 h SMA
cell line

MLO18B | + (weak) |+ + + +
MLO31 + + + + +
MLO43 + + + + +

9.2.3 Whole exome sequencing (WES) data for ML018B, ML031 and ML043

Whole exome sequencing (WES) was performed on the three cell lines selected for further
model development ML0O18B, ML0O31 and ML04Bhe 20 most commonly mutated genes in
HCC were identifiedia the COSMIC database, and these genes were therefore intéstbga

to determine the number of single nucleotide variants (SNV) present in each cell line,
alongside the type of mutation that had occurr@ielgure27A, D & G). Whilst similarities were
observed in thenutatedgenesbetween ML018B, ML031 and ML043, each cell line possessed
a unique mutational signatureThe three cell lines displayed similar mutations in the
commonly mutated genes TP53, ARID1A and AXH\lwever, the type of mutation
responsible for the SNVs varied slightly, depending on whether the mutation was intronic,
intergenic, upstream, downstream, UTR5, UTR3, a sglieenutation, or another type of
mutation. Of note, ML018B and MLO31 displagetgumber of SNVs in CTNNB1, whilst ML043
was completely absent for CTNNB1 mutatioibe WES data was also interrogated to
determine the percentage of mutations per chromosofégure27B, E & H), and the base
substitutions responsible for th&NVs Kigure27C, F & 1), whereby similar trends were

observed for each cell line.
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Figure27. Whole exome sequencing (WES) data for ML0O18B, ML031 and MMJES. data for (£) ML0O18B,

(D-F) ML0O31 and (® MLO43displaying type of mutation in the 20 most commonly mutated genes in HCC (D, E,

F), percentage of mutations per chromosome (B, E, H) and base substitutions that occurred resulting in SNVs (C,
F, 1).

9.2.4 Responses of patiemlerived primary HCC cell linedfitst-line TKIs

Prior to implanting the patientlerived spheroids onto human PCLS, the response of ML018B,
MLO31 and MLO043 to the firdine TKIs sorafenib and lenvatinib was assessed. The cells were
seeded in 2D in a 9@ell plate (10,000 cells per welnd cultured with a vehicle control,
sorafenib § pM or 10 uM) or lenvatinib Q.1 uM or 063 uM) from day 1 to day 4, at which
point a BrdU assay was performed to evaluate cellular proliferation lelvigjar€28A).
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The level of BrdU incorporation in cells cultured with a vehicle control was measured to gauge
the proliferative capacity of each cell line in comparison to each other. This determined that
MLO31 was the most proliferative of the three cell lines, while ML043 was the least
proliferative Figure28B). In relation to sorafenib and lenvatinib, MLO18B displayed reduced
proliferation in response to 1AM sorafenib (P<0.0001),M sorafenib (P<0.0001), 0.3/
lenvatinib (P<0.0001) and 0{M lenvatinib (P<0.0001) compared to the vehicle control
treated group Figure28C). In contrast, MLO31 did not exhibit a reduction in proliferation in
response to the sorafenib or lenvatinib at any dasg(re28D). ML043 exhibited a reduction

in proliferation in response to 1M sorafenib (P=0.0(%), 5uM sorafenib (P=0.0068), 0.63
UM lenvatinib (P=0.0005) and OuM lenvatinib (P=0.0005) compared to the vehicle control
treated group Figure28E).
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Figure28. Response of patientlerived HCC cell lines to sorafenib and lenvatin{) Schematic detailing the
timeline of primary cell culture with a vehicle control, soraferblui/l or 10 uM) or lenvatinib (0L uM or 0.63
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pM), before a BrdU assay was performed to assess proliferation. (B) Graph showing BrdU incorporation in
MLO018B, ML031 and ML0O43-E} Graphs showing percentage change in BrdU compared to the vehicle control
in (C) ML018B, (D) ML031 and NE)43 cultured with sorafenitb (M or 10 uM) or lenvatinib (QL uM or 063

uM). Data are meatt SEM for N = 3 wells.

9.2.5 Assessing the migratory potential of patiglerived HCC cell lines

An in vitro scratch assay was performed to analyse the migratory mitdé of the three
patient-derived HCC cell lines selected for further model development: ML018B, ML0O31 and
MLO43. The cells were seeded into collageated Incucyte Imagelock 96ell plates for 90%
confluency the following day. To ensure that cell mignatwas the parameter assessed, the
cells were treated with 449/ml mitomycin c for 2 hours prior to scratch generation to prevent
cellular proliferation. The mitomycin ¢ was removed and a standardised scratch was generated
in each well using the Sartorivgound generator. The cells were washed and cultured with
their typical cell culture media, before being incubated in the Incucyte-Cele Analysis

System with hourly imaging for 72 houFsdqure29A).

The relative wound density was calculated using Incucyte 2022B Rev1 software for each of the

72 images generated per cell line, which refers to the ratio of the area occupied by cells in the
scratch to the initial area of the scratch. This demonstrated that each of the cell lines exhibited

a faster rate of wound healing and migration in the initial 20 hours, before wound healing
aft26SR 2NJ LJX I 0SHdzSR® Ly (KS 8Banddhod3 belfared S 2 F
similarly and displayed faster rates of migration than ML0O31 cells. ML0O43 cells appeared to
reach a maximum wound density of approximately 75% after 25 hours, while MLO18B and
MLO31 cells reached a wound density of approximately 90&09%%&i% respectively after 72

hours, though these lines still appeared to exhibit migration at a slow rate at this timepoint
(Figure29B-C).

118



Figure29. Assessing the migratory potential of patiertterived HCC cell§A) Schematic detailing the timeline

of a scratch assay on patiederived HCC cell lines using Incucyte el Analysis System. (B) Graph showing
relative wound density from scratch assay perfornoedviL018B, ML031 and ML043 cells across 72 hours. Data
are meant SEM for N = 6 repeats. (C) Representative images of ML0O18B, ML031 and ML043 cells from scratch
assay taken by Incucyte Li@ll Analysis System at 0, 15 and 72 hours, where blue repesents the generated
scratch and yellow lines surround confiueareas.

9.2.6 Generating spheroids from patiederived HCC cell lines
Prior to implanting the patienterived spheroids onto human PCLS, the growth rate and

metabolic activity of patientlerived spheroids alone in culture was assessed. Spheroids were
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