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Popular science summary of the thesis

Liver cancer ranks as the sixth most prevalent cancer on a global scale and the
third leading cause of cancer-associated fatalities. With few improvements in the
survival rates during the last decades, prevention is key in reducing its burden
globally, together with development of novel therapies which are required for the
advanced stages of the disease. Infection with hepatitis B virus (HBV) remains the
main risk factor for developing liver cancer. Despite the existence of effective
prophylactic vaccines against HBV, yet about 290 million people are chronic HBV
carriers. Among those, up to 60 million carriers live with the risk of acquiring a
hepatitis D virus (HDV) infection which if becomes chronic, triplicates the risk of

developing liver cancer within 5-10 years after diagnosis.

During chronic infections and cancer, our immune system becomes compromised
and is not capable of efficiently fighting chronic diseases. To address this problem,
various therapies called immunotherapies, aiming at activating, boosting, or
restoring the host’s immune responses have been widely tested and employed in
clinical practice. In this context, a type of white blood cells, called T cells play a
major role as they are capable of killing infected and tumor cells. This requires that
T cells recognize parts of a virus or tumor, that act as a unique flag of these
infected/tumor cells and are called antigens. When the receptor of T cells (T cell
receptor; TCR) recognizes and interacts with these antigens, then they become

activated and capable of eliminating these threats.

In the current thesis, we have utilized two types of T cell-based immunotherapies
for the prevention and treatment of liver cancer. The first type is based on a
therapeutic vaccine for chronic HBV and HDV, as a strategy to prevent the onset
of liver cancer. The second type is based on the identification of cancer-specific
TCRs from patients with liver cancer. These TCRs can be used to genetically
redirect a substantial amount of patients T cells to more efficiently recognize and

kill tumor cells, hence offering a potential new treatment for advanced liver cancer.



The first two studies of the thesis focus on the development and optimization of
a therapeutic vaccine targeting HBV and HDV infections. Following vaccinations in
mice and rabbits, we show that our vaccine was safe and could efficiently activate
T cells and antibody responses which are both required in order to eliminate
infected cells and control the infection in the liver. Additionally, the vaccine was
able to bypass the viral-induced T cell dysfunction and support antibody
production in a setting of chronic infection. The antibodies induced by the vaccine
could prevent HBV and HDV co-infection in liver-humanized mice (i.e. mice
repopulated with human hepatocytes). Importantly, they could also protect HBV
infected liver—-humanized mice from superinfection with HDV, which is the most
pathogenic hepatitis virus infection. Taken together, these findings suggest that
the vaccine is safe and immunogenic and can efficiently complement current and
future therapies stepping towards a functional cure for HBV and HDV infection. In
the third study, we aimed to identify cancer-specific antigens from patients with
liver cancer that can lead to activation of cancer-reactive T cells. We detected T
cell responses against cancer-specific antigens in 4 out of 7 screened patients
and isolated (putative) cancer-reactive TCRs for further evaluation of their
expression and specificity. These cancer-specific TCRs could be utilized to
genetically redirect a substantial quantity of patients T cells to more efficiently

recognize and kill cancer cells when re-infused back to the patient.

In conclusion, this thesis illuminates two promising types of T cell-based
immunotherapies and provides novel insights in the development of preventive

and therapeutic tools aiming at conquering liver cancer.



Popular science summary of the thesis (in Greek)

0 kapkivog TOU NTTATOG KATATACOETAL TIAYKOOKIWS WG 0 KTOG TTLO GLUXVOG KapKivog Kot
N tplt kOpa awtia Bavatwv amd kapkivo. Me Alya emrtedypata otn BeAtioon twv
mocootwv emMPBiwong Ti§ teAeutaies Sekaetieg, 1 TPOANYN Bewpeital kAWl yix v
Helwom TwV KPOUCHATWY, KAB®G KAL) AVATITUEN VEWV BEPATTELWY TTOU ATTALTOVVTAL Yol
TNV QVTLLETWTTLOT TWV TIPOXWwPNUEVWY oTadiwy TG vooou. H poivvon amoé tov 16 mg
nratitdag frita Mapapével o KOPLOG KIvELUVOGS yia TNV avdTtuén Kapkivou Tou NIaTog.
Hapa v Oapén €vog ATTOTEAECUATIKOU TTPO@UAAKTIKOU gufoAiov kKatd Tou Loy,
mepimov 290 ekatoppvpla avBpwTtoL elvat xpoviot @opeig nratitidag B. Avaueoa og
aUTOUG TOUG PopEeils, £ws 60 ekatoppvpla Jouv pe Tov kivduvo va cuv-poiuvBolv ard
Tov 16 TG NTatitidag §éAta, N oTola pmopel va TPUTAACLATEL ToV KivBuvo avattuing

kapkivou Tou ratog evtog 5-10 eTtwv and T Sidyvwon.

AcBéveleg, OTIWG oL YPOVLEG AOLUWEELS KAl 0 Kapkivog, vTToBabuifouv Tn Aettovpyia Tov
QVOOOTIOMTIKOU HOG CLUOTAUATOS. [l TV avTeTwTon autoy Tou TPOoRARUATOG,
Sudpopeg Beparreies Tou ovopdlovtal avoocoBeparreies xouv SoKlpaoTel VPEwWS o€
KAWLKEG SOKLUEG, KoL OTOXEVOUV OTNV evepyoTioinom, evioxuon 1 TNV aIToKATACTAON
TWV AVOOOAOYIKWV aTTOKpioewv Tou Taoxovta opyaviopol. Evag toumog Agvkwv
atgoo@atplwy, mov ovopalovtat T Aepgokitrapa, Stadpapatifovv kaboplotikd poio
OoTNV KatarmoAéunon acBevelwy, Kabwg elval tkava va gadel@ouvv poAvopéva kol
KapKwikd kOttapa. Avtd mpayuatomoteital 6tav ta T kOttapa Swakpivouv “potifa”
evdg o0 1 Oykov, Ta oTfola ovopalovtal avtiyova. ‘Otav Aotmov Evag AELTOUPYLKOS
vmodoxéas twv T KUTTApWV avayvwpioel autd ta avilyova, tote tTa T kOTTOpPA

EVEPYOTTOLOVVTAL YL VA EAAEIPOUV TTABOYOVESG KAl KAPKIVIKEG ATTELALG.

Ot 800 TTpWTEG peAéTeg TG TTapoVoA§ SLATPLPNG ETTIKEVTPWVOVTAL GTNV AVATITUEN VOGS
véou BepateuTikoy ePPBoAloV KATE TwV LWV TS NITatitidag B kat A, wg oTpatnykn ya
™mv TPOANYN TS ER@Aviong Kapkivou tou 1matos. EpBoAlacpol os movtikia kot
KOUVEALR, €8eiav OTL To oMo pag eival aoEAAES Kal UTTOpEl va evepyoTiow|oel
ammoteAeopatika ta T KOTTApA KoL AVTIOWUATA TTOU aTTaLtovvTaL yio Thv EAAetm tou

10V Kol ylx tov éAeyxo NG poAuvvong oto fmap. EmmAéov, to eufoio umopeoe va



mapakappel tn SuoAertovpyla Twv T KUTTAPWV TTOU TTPOKAAEITAL ATTO TOV 1O KAl va
vTTooTNPIgeL TNV TTAPAYWYN AVTIOWHATWY o€ éva TTepBaiiov xpoviag poéAvveng. Ta
AVTLO®MATA TTOU avartuxnkav armd 1o eufoAlo Umopeoav va armoTpéYPouv Tn ouv-
Aolpw&n ommd toug Vg g nmatitidag B kat A. Afoonueiwto eivar to 6Tl T
QVTIOWHATA QUTA UTTOpecav  €TioNG va TIPOCTATEVCOUV TIOVTIKIX TIOU €XOUV
"av@pwTtorrompévo” frap (Hmap pe avBp®TIva NITATOKUTTAPA) HOAVGHEVO LE TOV 1O
g nratitidag B, armmd to va cuv-poAuvvBolv e pa emdiypa xpovia Aoipwen pe 16 g
nratitdag A. TuvoAlkd, aUTE TA EVPNUATA ATTOSEKVVOUY OTL To gufOAl0 pag eival
QOQAAEG KAl AVOGOYOVO KOl UTTOPEL VA CUUTTANPWOEL ATTOTEAECUATIKA TPEXOVOES KAl
neAdovtikég Bepatteieg TTov Padiouv TIPOG Hia AELTOUPYLKY BepatTeiat KATA TOV OV T™NG

nratitidag B kot A.

TtV TPLTN UEAETY, OTOXEVOUUE VA TAUTOTIOWCOVLE KAPKIVIKA avTLyova TTOU UTTopolV
Vo avayvwplotoly aro toug urrodoxels twv T kuttdpwv og acBeveis pe kapkivo tou
Nratog. Aviyveboape avoooAoyikég ammokpioels T AEUPOKUTTAPWY EVAVTL KAPKLVIK®DV
avtyovwy o 4 ammd toug 7 acBeveis Tov vTTofANONKav g SLHAOYT KOl ATTOLOVWOAUE
TOUG LVTTOSOXE(G TTOU AVAYVWPITOUV KAPKIVIKG avTlydva Yia TTEPALTEP® A§loAdYN oM TNG
£€K@PAOTG KoL TNG ESIKOTNTAG TOVG. AuTol oL uTTodoxelg pTopovv va xpnotporomBovv
Yo va  ovakateuBUuvouv  YeveTlkd éva  peydAo  aplBud  kuttapotofikwv T
AEUPOKVTTAPWY TWV AC0BEV®VY, TIPOKELUEVOU VA avayvwpIloouv kot va e§aAslfiouv
KOPKWIKE KOTTAPQ, TIPOOE@EPOVTNG €TMOUEVWG o TBavyy véa Bepartreia y

TTPOYWPNUEVA oTASLA KapKIVOu TOL 1TTATOG.

Tuprmepacpatikd, auty 1 Satpn @wTtilet 0o TMOAA& UTTOOXOUEVOUG TUTIOUG
avoooBepattelwy pe Baon ta T Aep@ok\TTOpa Kot TTAPEXEL KAIVOTOUES YVWOOELS YA TNV
QAVATITUEN TTPOANTITIKWY KAl BEPATIEVTIKWY EPYAAEIWV [LE OTOXO TNV KATATIOAEUN O TOU

Kapkivou Tou TTaTOC.



Abstract

Hepatocellular carcinoma (HCC) accounts for more than 80% of all diagnosed
cases of liver cancer which is a major cause of cancer related fatalities worldwide.
With few improvements in the survival rates during the last decades, prevention
of HCC is key in reducing its burden globally. Infection with hepatitis B virus (HBV)
remains the main etiological risk factor for developing HCC whilst in HBV patients
co-infected with hepatitis D virus (HDV), the risk of developing HCC is triplicated
due to the accelerated liver disease progression. In studies | and Il, we aimed to
develop a therapeutic vaccine for chronic HBV and HDV, as a preventive strategy
for HCC. In study I, we sought to unlock novel T cell-based immunotherapies, as
treatment for advanced HCC through isolation of neoantigen-driven T cell

receptors (TCRs).

In study |, we show that a homologous preS1-HDAg DNA-based vaccine strategy
was able to elicit robust T cell responses to HBV and HDV antigens and entry-
inhibiting antibodies that could limit HBV monoinfection in liver-humanized mice.
In study Il, a heterologous DNA prime and protein boost preSI-HDAg vaccine
strategy improved immunogenicity and could circumvent the HBV-induced
tolerance present in the chronically infected host. Additionally, vaccine-induced
antibodies protected liver-humanized mice against a chronic HBV/HDV co-
infection and importantly they could protect HBV infected human-liver mice from
HDV superinfection. In study Ill, we studied the cancer-specific T cell responses in
patients with HCC, and we could detect T cell reactivity against mutated
neoantigens in 4 out of 7 screened HCC patients. We isolated (putative) tumor-
reactive TCRs for further evaluation of their expression and specificity.
Neoantigen-specific TCRs could be utilized to genetically redirect a substantial
quantity of T cells against tumor cells, thus offering a potential new treatment for

advanced HCC.

Taken together, as we continue to unravel the dynamics of the immune system
and refine therapies in the context of chronic diseases, this thesis illuminates two

promising T cell avenues in the form of active and passive T cell immunotherapy



and provides novel insights in the development of preventive and therapeutic

tools aiming at combatting liver cancer.
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1 INTRODUCTION

Our immune system offers defence mechanisms to protect us from pathogens
such as viruses, parasites, fungi and bacteria. Additionally, it is capable of
recognizing self- or mutated self-proteins (antigens) expressed by cancer cells.
In this context, specific defence mechanisms of adaptive immunity are crucial. T
cells are key players in this process, as they recognize foreign antigens through
their T cell receptor (TCR), which interacts with major histocompatibility complex
(MHC) molecules expressed on the surface of infected/cancer cells or antigen-
presenting cells. Upon TCR recognition, T cells become activated and capable of
kiling infected and malignant cells or helping with orchestrating other immune
cells and functions. Another important cellular component of adaptive immunity
is B cells which secrete antibodies able to neutralize infected or malignant cells

and generate immunological memory similarly to T cells.

Chronic diseases including viral infections and cancer can compromise the host’s
immune response leading to a T cell dysfunction. To address this problem, various
immunotherapies aiming at activating, augmenting, or restoring the host’s immune
system have been widely tested and employed in clinical practice for the
prevention and treatment of chronic diseases. Such immunotherapies include
vaccines, adoptive cell therapies (ACT), immune checkpoint inhibitors (ICls),
cytokine-based therapies, or other immune modulators [1, 2]. Although, each of
these immunotherapies have distinct mechanisms of action, they mainly affect
immune responses in two ways; either by directly modifying them, as seen with
ICls targeting T cells, or by stimulating adaptive immune surveillance carried out

by B and T cells, as exemplified by vaccines.

This thesis focuses on the prevention and treatment of hepatocellular carcinoma
(HCC), the predominant form of liver cancer, by harnessing two types of T cell-
based immunotherapies: vaccines and adoptive TCR-T cell therapy. The first
strategy involves vaccination as a therapeutic tool for eradicating chronic viral
hepatitis B and D, thereby preventing the onset of HCC. The second approach is

based on the identification of cancer-specific TCRs from HCC patients, which can



be utilized to genetically redirect a substantial quantity of T cells, offering a

potential new treatment.

11  Hepatocellular Carcinoma (HCC)

111 Incidence and mortality

HCC accounts for more than 80% of all diagnosed cases of liver cancer which
stands as the sixth most prevalent cancer globally and the third leading
contributor to cancer-associated fatalities [3, 4]. Its prevalence remains high in
Eastern Asia, Northern Africa, and South-Eastern Asia with the highest mortality
rates observed in countries of South-East Asia and sub-Saharan Africa [5].
Although much lower, the incidence of HCC in high income countries is expected
to rise, as reflected by prevalence of obesity and metabolic complications
together with demographic changes [6, 7] while the survival rates remain poor with
no significant improvements over the 5-year survival in recent years [5, 8]. If
current rates do not change, the incidence of liver cancer is predicted to increase
by more than 50% in the next 20 years and 1.4 million new diagnoses forecast by
2040 [5]. With few improvements in the survival rates during the last decades,
prevention of HCC is key in reducing its burden globally [5]. To achieve that,
attempts are focusing to prevent its main etiological factors, as discussed in the

following section.

112 Etiology: viral and non-viral

Chronic hepatitis B virus (HBV) infection is the primary causative factor behind
over 50% of HCC cases while infection by hepatitis C virus (HCV) ranks as the
second most significant contributor [9, 10]. Persistent liver inflammation resulting
from chronic viral infections can lead to cirrhosis which progresses to HCC (Fig. 1).
Notably, in HBV patients co-infected with the hepatitis D virus (HDV) the risk of
developing HCC is triplicated due to the accelerated progression of liver disease
[11,12]. On the contrary, HCV-associated HCC has been significantly reduced due
to the current treatment with anti-viral drugs that are very effective in achieving

a sustained control and clearance of the infection [13]. Nevertheless, in the



presence of liver cirrhosis, the risk for developing HCC persists even in absence

of HCV [14].

In addition to viral causes, various non-viral risk factors contribute to the
development of HCC such as excessive alcohol consumption and exposure to
aflatoxin B, presence of metabolic disorders including the non-alcoholic fatty liver
disease (NAFLD) and non-alcoholic steatohepatitis (NASH) or immune-related
diseases such as autoimmune hepatitis and genetic conditions [15, 16]. Finally,
demographic factors have also been associated with HCC incidence including
advancing age and gender, with HCC incidence being more prevalent in males [17]

(Fig.1).

HBV HCV HDV
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Figure 1. Development of hepatocellular carcinoma (HCC). Non-viral etiology (genetics, exposure
to toxins, alcohol consumption, gender/age and metabolic disorders) as well as chronic infection
with hepatitis B, C, and D viruses can influence liver disease progression. HCC arises from
hepatocyte injury and the persistent, non-resolving chronic inflammation that advances through
stages of fibrosis, cirrhosis and cell transformation. Independent of the etiology, cirrhosis remains
the main risk factor for progression to HCC. In chronic HBV infection, HCC can also arise in the
absence of cirrhosis due to direct oncogenic features of the virus. Chronic coinfection with
hepatitis D virus in individuals who are chronic HBV carriers accelerates disease progression to
liver failure and HCC. Many driver mutations (discussed in the following section) can occur and
accumulate as liver disease progresses to HCC. HBV; hepatitis B virus, HCV; hepatitis C virus, HDV;
hepatitis D virus, NAFLD; non-alcoholic fatty-liver disease. Inspired from [18]. Created with
BioRender.com



11.3  Common somatic mutations

Although the events leading to HCC onset can be rather complex, an accumulation
of somatic mutations in driver genes during progression to chronic liver disease
has been reported [19, 20]. The most frequent mutations in driver genes identified
in HCC involve alterations in several key genes including TERT promoter, TP53,
CTNNBI, ARIDIA, ARID2, AXIN1, RPS6KA3, NFE2L2, KEAPI, RBI, VEGFA, and FGFI19 [2],
22]. According to the COSMIC database, additional frequently mutated genes in
HCC are PTEN, KMT2C/D, SETD2, ATM, FAT4, PTPNI3, ZNF521, CAMTAI, PTPRB,
PREX2, and LRPIB with mutation frequency ranging from 3% to 10%. Notably, TP53
mutations are the most common occurring in 15%-40% of HCC cases, followed by
CTNNBI at 10%-35%, ARID2 at 3%-18%, ARIDIA at 5%-17% and AXINT at 5%-15%,
among others [23]. TERT promoter mutations are also particularly important since
they are present in approximately 20% of low and high-grade premalignant
nodules and rising to as high as 60% in early-stage HCC [24]. These promoter
mutations are considered key in HCC occurrence by promoting reactivation of
telomerase in premalignant nodules in which there haven't been reported any
additional recurrent genetic alterations in other key driver genes [23-25]. Also, no
subclonal TERT promoter mutations in cirrhotic tissues have been reported so far,
reinforcing the central role of TERT in initiating and driving HCC transformation in
a cirrhotic background [23]. In contrast, in normal liver tissue, other driver genes,

including CTNNBI, appear to be more influential in liver tumorigenesis [24, 26].

The genes mentioned above can play a major role in tumor progression by altering
key signalling pathways and cellular functions including: cell cycle control (TP53,
CDKNA2, RBI, MDM2/MDM4), the Wnt/B-catenin pathway (CTNNBI, AXINI, APC,
FGF19, MYC), oxidative stress (NFE2L2, KEAPIT), chromatin modification (ARIDIA/B,
ARID2, KMT2C/D, BAP1, CREBBP, IDH1/2, SMARCA4), and the RTK/RAS/PI3K pathway
(PIK3CA, KRAS, PTEN, NFI, VEGFA, FGFRI, AKTI/2, TSCI1/2) [2], 22]. In addition,
aberrant expression of genes (e.g. SPTBNT) involved in the transforming growth
factor B (TGFB) pathway contribute to HCC pathogenesis with one group of HCC

patients showing up-regulation of genes contributing to inflammation and fibrosis,



and another HCC group showing down-regulation of genes with loss of TGFpB
tumor suppressor activity [27]. Exome sequencing analysis of 243 liver tumors has
revealed strong associations between mutational signatures and specific risk
factors and environmental exposure [28]. Moreover, the landscape of driver genes
and pathways can vary according to the stage of HCC [28]. Being able to identify
genomic alterations in pathways that can be targeted by existing or novel drugs
can significantly help to determine which HCC patient groups are the most likely

to benefit from targeted treatments in future clinical trials [29, 30].

1.2 Viral-HCC

12.1  HBV and HDV infection

HBV is a non-cytopathic, hepatotropic DNA virus belonging to the Hepadnavirus
family [31]. Despite the availability of highly effective preventive vaccines, infection
with HBV still represents a major global health burden. It is estimated that more
than 290 million people are currently HBV chronic carriers [32]. Apart from
parenteral exposure, perinatal transmission during birth, early childhood exposure
and immigration from highly endemic areas remain the main causes of HBV spread

[33].

HDV is a circular, covalently closed single-stranded RNA which encodes for one
protein, the delta antigen (HDAg) [34]. This is expressed in two isoforms, the small
(S-) and the large (L-) HDAg both serving in different functions in virus replication
and envelopment into the HBV surface proteins [35, 36]. HDV is a defective or as
otherwise known a “satellite” virus because it requires HBV envelope proteins (Fig.

2) for its assembly, hepatocyte entry and subsequent propagation [37-39].
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Figure 2. Hepatitis B and D viruses. HBV (DNA virus) and HDV (RNA virus) share the same envelope
(HBsAg) protein. HBsAg is composed of three different size proteins, namely small; S-HBsAg protein
that is comprised of only the S domain, middle; M-HBsAg that has the preS2 and S domains, and
the large; L-HBsAg protein which has three domains in order, preS], preS2 and S. PreS1 domain of
the L-HBsAg is responsible for HBV and HDV hepatocyte entry and subsequent infection. HDAg is
the only protein encoded by HDV and is expressed in two isoforms, the small (S-) and the large (L-
) HDAg both serving in different functions in virus replication and envelopment into the HBV surface
proteins. PreS1and HDAg are the main components of the HBV/HDV therapeutic vaccine discussed
in studies | and Il. HBsAg; HBV surface antigen, HDAg; delta antigen. Image created with
BioRender.com

Therefore, HDV infection can only exist in presence of HBV and can infect a healthy
individual either simultaneously with HBV as coinfection, or after an already
established HBV chronic infection as superinfection [40]. Major risk factors for
HDV superinfection in chronic HBsAg carriers are intravenous drug use, and
exposure to infected blood or blood products [41]. HBV and HDV coinfection is
self-limited in more than 90% of immune competent individuals being infected as
adults, similarly to an acute HBV monoinfection [35, 42]. In contrast, infections
acquired in infancy or early childhood become chronic in the majority of cases
[43]. Chronic HBV and HDV coinfection represents the most severe form of all viral
hepatitis and significantly exacerbates the risk for developing cirrhosis and HCC

[44-46].



12.2  Mechanisms of viral persistence: Impact on immune function

HBV enters the hepatocytes via the preS1 domain which is part of the large HBsAg
(L-HBsAg) (Fig. 2) after binding to the sodium taurocholate co-transporting
polypeptide Na*-taurocholate co-transporting polypeptide (NTCP) receptor
expressed by hepatocytes [47]. Following viral entry, the relaxed circular DNA
(rcDNA) of HBV is transferred into the nucleus where it serves for the convertion
to the covalently closed circular DNA (cccDNA) [48]. This cccDNA comprises the
stable form of HBV DNA in infected hepatocytes that is used as template for
translation of all viral RNAs and generation of new virions, therefore contributing
to HBV persistence and transmission to descendant hepatocytes [49]. Integration
of HBV sequences into the host's genome, although does not affect viral
replication, supports the expression of viral antigens which can interfere with
immune responses to promote persistence of infection [43]. Excessive production
of soluble forms of HBsAg, HBeAg, and HBV virions has been shown to induce
immune tolerance [50, 51]. In addition, HBV triggers only weak interferon
responses, hence shielding recognition by the innate immune system [52],
probably through sequestering cccDNA under the host cell machinery to avoid

recognition by host-sensing receptors [53].

Adaptive immune responses in terms of both humoral [54] and cellular immunity
[55] are crucial for clearance of HBV, as it is evident from resolution of acute
infection [56]. However, in chronic infection efficient B cell neutralizing antibody
responses are lacking, similarly to the virus-specific T cells which decline both
quantitatively and qualitatively. HBsAg seems to play a key role in impaired B cell
immunity through incorporation of non-infectious subviral particles (SVPs) that
are released in great excess over infectious virions in order to inhibit recognition
and neutralization by anti-HBs [57-59]. Another study suggests that in older
chronic HBV patients, the progressive attrition of HBs-specific T cells in the blood
may be more strongly associated with prolonged exposure to the virus rather than
the levels of HBsAg [60]. This is likely due to the extended duration of infection in

older patients compared to younger ones. These findings underscore the



importance of early treatment interventions for chronic HBV infection.
Dysfunctional HBV-specific T cells have been also attributed to prolonged
exposure to high loads of viral antigens [61], persistent viral antigen presentation
in the infected liver [50], and the highly tolerogenic liver environment which tends

to suppress the priming and function of T cells [62, 63].

Chronic activation of T cells leads to a state of exhaustion characterized by the
expression of inhibitory receptors, impaired effector functions, reduced
proliferation, and significant alterations in metabolic and transcriptomic profiles
[64-69]. A key transcription factor in “programming” T cell exhaustion is TOX
(thymocyte selection-associated high-mobility group box protein) which is
induced upon high antigen TCR stimulation. TOX has been associated with
reduced expression of cytokines and effector molecules and upregulation of
inhibitory receptors such as programmed cell-death 1 (PD-1) [70]. In addition,
exhausted HBV-specific T cells has been shown to be more prone to apoptosis
characterized by upregulation of the death receptor; tumor-necrosis factor
related apoptosis-inducing ligand (TRAIL-R2) and the pro-apoptotic BCL2-
interacting mediator (Bim) [71-73]. Despite a characteristic phenotypic exhaustion
profile based on (co-) expression of inhibitory receptors including PD-1, 2B4,
lymphocyte-activation gene 3 (LAG-3), T cellimmunoglobulin and mucin domain-
containing protein 3 (TIM3), cytotoxic T-lymphocyte-associated protein 4 (CTLA-
4), and B and T lymphocyte attenuator (BTLA) [73], distinct T cell subsets with
different functionality status have been identified [74] based on progression of

chronic infection [75], antigen specificity [76], and tissue origin [77].

HDV is coated with the HBV envelope, therefore HDV hepatocyte entry is
mediated by its preSl domain using the NTCP entry receptor, similarly to HBV.
Since HDV encodes only for the two isoforms of HDAg (S- and L-HDAg), finding
targets that can be recognized by the immune system is challenging. HDV-
specific CD4 and CD8 T cell responses have been observed, however towards
limited number of epitopes within the L-HDAg and at low ex vivo frequencies for

both MHC-class | and MHC-class Il-restricted epitopes [78-80]. In addition, CD8+



HDV-specific T cells have been found in the blood of untreated chronic patients
at low frequencies similarly to CD8+ HBV-specific T cells, however HDV-specific
T cells do not appear to be terminally-differentiated and are less exhausted
compared to other virus-specific T cells [80]. Instead, relative enrichment of a
memory-like T cell subset in chronic HDV lacking activation capacity to its
cognate antigen implies viral escape mutations to evade immune recognition
based on reduced or lost Human-leukocyte antigen (HLA)-dependent antigen
presentation [79-81]. Anti-HDV antibodies can be detected in acute-resolving
HDV infection at rather low titers, but at higher levels during chronic infection [82].
However, no viral control or clearance has been achieved so far in in vivo studies,
suggesting little contribution of HDAg-induced antibodies to confer protection

against HDV [83, 84], probably due to lack of neutralizing activity.

12.3 HBV and HDV induced HCC

As mentioned previously, the majority of HCC cases arise from hepatocyte injury
and the persistent, non-resolving chronic inflammation that advances through
stages of fibrosis, cirrhosis and ultimately cell transformation [18]. HBV-related
HCC can also occur without pre-existing cirrhosis, suggesting the presence of
additional direct tumor-promoting mechanisms driven by the virus [10]. In
addition, viral-driven HCC is considered the consequence of an interplay between
direct oncogenic traits of the viruses, host’s genetic and/or environmental factors
and immune system-mediated mechanisms that occur progressively over time

[18].

HBV genotypes (A-J) have been associated with different levels of likelihood of
developing HCC [85]. HBV genotype C infections have been shown to predict risk
for HCC development in 80% of cases [86, 87] followed by genotypes B, F, D, and
A[88, 89]. Among the 8 HDV genotypes (1-8), genotype 1 has been associated with
more severe clinical outcomes, including an elevated risk of HCC in comparison to
genotype 2 [90], however the high genetic divergence among the different HDV
genotypes and their dependency on HBV co-infection require further studies to

elucidate more precisely their distinct clinical consequences. The levels of viral



replication and genomic mutations targeting specific regions, such as the basal
core promoter/preCore region and the preS/S region of HBsAg also correlate with
the risk of HCC development [91-94]. Accumulated mutations in envelope
proteins due to for instance HBV DNA integration can lead to unbalanced
production and retention of mutated HBV proteins in the endoplasmic reticulum
(ER) of hepatocytes and activation of ER stress signaling pathway [18]. Activation
of ER stress responses can in turn result to generation of reactive oxygen species
(ROS), oxidative DNA damage and genomic instability which all favor tumor
development [10, 93]. Additionally, HBV DNA integration into the host genome can
induce chromosomal instability and insertional mutagenesis of HCC-related
genes, therefore increasing the risk for developing HCC [95]. HBx protein is another
important component supporting HBV viral replication and can contribute to
hepatocyte transformation by dysregulating different pathways involved in cell

proliferation, cell death and host DNA repair processes [96-98].

In the context of chronic HBV co-infection, HDV accelerates disease progression
to cirrhosis partially due to the pre-existing HBV-associated liver damage,
therefore increasing the risk of developing HCC. HDV can dysregulate immune-
mediated pathways by inducing IFN-stimulated genes and cytokines such as
TGFB [99] and attract high numbers of cytotoxic T cells [100]. This suggests
enhanced inflammation by HDV compared to HBV monoinfection which can
subsequently accelerate liver damage. Moreover, activation of TGFp signalling

pathway by L-HDAg can promote fibrosis and hepatocarcinogenesis [101].

1.3 Current therapies for the prevention and treatment of HCC

Considering that chronic infection with HBV is the main risk factor for HCC and
that co-infection with HDV can significantly exacerbate progression to HCC,
therapeutic efforts aiming at controlling the spread of infection in the liver could
help in preventing about half of all HCC cases [10]. However, yet there is not a cure
for chronic HBV and HDV. Two formulations of IFN and nucleoside analogues (NAs)
are used in the clinic for the treatment of HBV [102]. For chronic HDV, pegylated

IFN« (peglFNa) was until recently the only regimen recommended by international



guidelines [103]. Recently, a peptide-based entry-inhibitor named bulevirtide
received conditional marketing approval by the European Union authorities for the
treatment of chronic HBV and HDV patients [36]. Despite the encouraging clinical
outcomes based on short-term studies, the possibility to lead to long-term off-
therapy responses warrants further monitoring due to HBsAg persistence with or

without risk of HDV RNA relapse in addition to long-term safety monitoring [36].

The goal in the clinical management of HBV is achieving a functional cure defined
as sustained HBsAg loss in addition to undetectable HBV DNA and for HDV
undetectable serum RNA six months after stopping treatment [104]. However, the
currently used therapeutic regimens are not sufficient to achieve this. Although
NAs are safe and can efficiently suppress HBV viral replication and slow disease
progression during therapy, they are life-long and cannot always eliminate the risk
of developing HCC [49, 105-107]. Since HDV replication and mRNA synthesis
require host polymerases, usage of NAs as in the case of HBV is not feasible.
Treatment with IFNa can suppress HDV replication, however, does not preclude
the risk of RNA relapses off-therapy [108] and is contraindicated in patients with
advanced or decompensated liver disease [36]. In addition, NAs combined with
peglFNa seems to offer limited improved clinical outcome for HBV [109] or HDV

patients [110].

Ongoing efforts are focused on developing combination regimens for achieving a
cure for chronic HBV and HDV infections. These regimens aim to target various
stages in the virus life-cycle including inhibitors of HBV replication e.g. NAs and
HBV core inhibitors [111], HBV/HDV entry inhibitors [112], translation inhibitors
through RNA interference e.g. silencing RNA's [113] and (liver-directed) antisense
oligonucleotides [114, 115], nucleic acid polymer inhibitors of HBsAg release [116, 117]
and the currently under preclinical development cccDNA inhibitors [118]. Two
additional to the entry-inhibitor bulevirtide novel anti-HDV regimens; lonafarnib
(prenylation inhibitor) and REP2139Ca (nucleic acid polymer) have shown
encouraging preliminary results in clinical trials [36, 117]. Finally, any of the novel

aforementioned therapeutic approaches targeting HBV monoinfection could



ultimately be helpful in managing an HBV/HDV co-infection, such as RNA
interference and antisense oligonucleotides which have shown substantial

declines of HBsAg level in absence of peglFNa [36].

The treatment options for HCC depend on the stage that is diagnosed. For early
stages, surgical resection, liver transplantation and ablation are the standard-of-
care options while for intermediate HCC stages, trans-arterial chemoembolization
and radiotherapy are considered more effective treatments [119]. When diagnosed
at an already advanced stage, the therapy options are limited to systemic
treatment with tyrosine kinase inhibitors (TKls) and palliative care [120, 121].
Additional to the first-line multi-kinase inhibitor sorafenib [122], new targeted
therapies including other TKls [123-126], vascular endothelial growth factor
receptor (VEGFR)-directed therapies and ICls [127, 128] have managed to
significantly improve objective response rates and progression-free survival for
advanced HCC patients, especially when used as combination treatments [129,

130].

However, HCC in its late disease stage remains hard to cure, probably owing to its
high heterogeneity and clonal evolution leading to drug resistance [12], 131, 132].
This suggests that further therapeutic efforts are needed to ameliorate the
currently insufficient clinical outcomes. Lymphocytic infiltration of tumor-specific
effector T cells was associated with reduced risk of HCC recurrence following liver
transplantation [133], highlighting the important role that T cells and T cell-based

immunotherapy can have for the clinical management of HCC [134].

1.4 T cell-based immunotherapies for the prevention and treatment of HCC
In order to address one of the main therapeutic challenges in treating chronic
infections and cancer, which is the T cell dysfunction, various immunotherapy
strategies have been developed with the objective of either restoring or
enhancing T cell function. One of the first proofs that harnessing the human
immune system can result in long-lasting anti-cancer responses came with the

introduction of interleukin 2 (IL-2) in clinical studies showing that its systemic



administration could treat patients with metastatic melanoma and renal
carcinoma [135]. These findings set the stage for subsequent development of ACT
of unmanipulated tumor-infiltrating lymphocytes or genetically-modified T cells
following IL-2 expansion ex-vivo to improve the treatment effectiveness in other
cancer types [136, 137]. Post-operative infusion with anti-CD3/IL-2 activated
autologous T cells could significantly improve recurrence-free outcomes in
patients that had undergone HCC resection compared to control/non-ACT

treated group [138].

Blockade of T cell inhibitory signaling with ICIs aiming to block the interaction
between checkpoint proteins and their ligands to prevent T cell inactivation [139]
have shown remarkably efficacious clinical outcomes and nowadays they consist
part of standard care for various cancer types including advanced HCC [139-141].
Nevertheless, there are still many cancer patients with metastatic epithelial
tumors in whom ICl treatment does not lead to tumor regression [142]. In addition,
only a small portion of HCC patients currently responds to ICl immunotherapy
[127]. A correlation between the benefit from ICIs and the neoantigen load has
been shown for various cancer types [143, 144] and suggests that tumors with a
higher TMB are more likely to produce immunogenic neoantigens identified by T
cells that are activated following treatment with ICls [142]. However, further studies
in HCC show no significant benefit in high TMB when compared to intermediate or
low TMB HCC patients, overall indicating no apparent association between
TMB/neoantigen load and ICI response rates or survival benefits [145, 146]. Instead,
additional factors such as immune tumor infiltration [147-149], expression of PD-
1/PD-L1 [150-152] and molecular traits [145, 153-156] have been considered as
more valuable indicators for response to ICls. Additionally, the etiology of HCC can
influence the effectiveness of ICls. According to a study by Pfister et al, in a
preclinical model of NASH-associated HCC, treatment with PD-1 could expand
intratumorally activated CD8+PD-1+ T cells without leading to tumor regression
[157]. On the contrary accelerated disease progression was observed

accompanied by increased tumor size and hepatic CD8+PD-1+CXCR6+, TOX+, and



TNF+ T cells [157]. According to the same study, patients with NASH-HCC who
were treated with anti-PD-1/anti-PDL1 showed reduced overall survival compared
to other HCC patients with different etiologies [157]. Similarly, another study
interrogating the immune microenvironment between HBV-induced and non-
viral-induced HCC revealed distinct immune signatures and supports the idea
that PD-1 blockade is more likely to benefit HBV-induced HCC compared to non-
viral HCC [158].

Altogether, given the fact that response rates to ICls, the most clinically advanced
T cell-based immunotherapy for advanced HCC so far, remain low and that
multiple immunological and molecular factors can influence those responses,
further exploration of more personalized treatment alternatives together with
combinatorial approaches are warranted in order to benefit more patients and
ameliorate the current clinical outcomes, especially for cold tumors which are

characterized by low immune-infiltration.

In the following paragraphs, two types of immunotherapies that entall,
respectively, active and passive antigen-specific T cell stimulation are discussed

in more detail with regards to their role in chronic viral hepatitis and HCC.

14.1  Active T cell immunotherapy: Therapeutic vaccines

The aim of actively immunizing with a therapeutic vaccine in chronic HBV is to
regain the magnitude and function of virus-specific T cells [63]. The administered
vaccine regimen should be able to overcome virus-induced mechanisms of
persistence to elicit antibody- and T cell-mediated immunity (Fig. 3), which are
both crucial for virus control, as it is evident from self-resolution of HBV infection

[50].
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Figure 3. The concept of HBV therapeutic vaccination. Host adaptive immune responses (B and T
cell immunity) can be harnessed using a therapeutic vaccine aiming to promote existing or prime
de novo HBV-specific B and T cell responses that are protected from exhaustion. Both neutralizing
antibodies and T cells are critical to control the infection based on cytotoxic dependent and
independent mechanisms. HBV; hepatitis B virus, HBsAg; HBV surface antigen, cccDNA; covalently
closed circular DNA. Inspired from [159]. Created with BioRender.com

Various vaccine platforms including peptide or protein vaccines, antigen-protein
complexes, DNA, or adenoviral-based vectors have been developed targeting
different HBV antigens, such as the S, preS2, C, P, X or combination of those [160-
164] and some have shown promising results, mainly when combined with other
antiviral orimmunological regimens [165-171]. Despite encouraging preclinical data,
the clinical efficacy observed so far remains poor and ongoing efforts are focusing
on optimizing vaccine design in terms of choice and number of antigens, delivery
platforms, choice of adjuvants, and route of administration [172, 173]. However, as
long as the hurdle of T cell tolerance persists, additional combinatorial approaches
are warranted to break or circumvent the HBV-specific impaired immune

responses more efficiently [159], as supported by preliminary data from ongoing



clinical trials (reviewed in [102] and [172]). In chronic HBV patients treated with NAs,
viral loads attributed to ongoing viral transcription from the cccDNA as well as the
integration of HBV DNA into the host genome can remain elevated [95, 174].
Considering this, reduction of the viral loads based on pretreatment with small
interference RNAs or nucleic acid polymers aiming to block secretion of HBsAg
from infected hepatocytes can be beneficial prior to therapeutic vaccination for
more efficacious anti-viral responses [113, 116, 175, 176]. Finally, concomitant use of
ICls with therapeutic vaccination could represent another promising strategy [159,

167,177].

Similarly, the rationale for using anti-cancer vaccines is the generation of tumor-
specific responses with enhanced potency [141]. This can be achieved by several
means, including de novo priming of T cells against tumor antigens that would not
naturally trigger an immune response, by enhancing an already existing response
or by broadening the breadth and diversity of tumor-specific T cell responses
[178]. For HCC, mainly peptide-based vaccines that target tumor-associated
antigens (TAAs) have reached early clinical phase trials in humans [179-181]. TAAs
are non-mutated self-derived proteins that can become immunogenic due to
their aberrant expression or differentiation status within the tumor cells [182]. This
class of antigens comprise a promising “off-the-shelf” therapeutic target since
they are shared among cancer patients. Cellular responses against TAAs such as
alpha-fetoprotein (AFP), glypican-3 (GPC3), TERT, melanoma-associated genes
(MAGE)-1, 3 and 10, and New York-esophageal squamous cell carcinoma-1 (NY-
ESOT) have been identified in blood and tumors of HCC patients and correlated
with patient survival [183, 184]. Although early clinical and preclinical data based
on TAA-vaccines showed that they can be well-tolerated, only sporadic T cell
responses could be observed with limited clinical significance [141,185]. The limited
efficacy observed so far could be attributed to the fact that TAAs are not
completely tumor specific, hence T cells targeted those can be subjected to

central and peripheral tolerance mechanisms [142, 186].



An alternative approach comprises neoantigen-based vaccines [187, 188].
Neoantigens are mutated tumor-specific proteins that have gained increased
interest in various types of cancer immunotherapies due to their putative low risk
of toxicities on normal tissues and because they can elicit high avidity T cells [186,
189]. Neoantigens can arise in tumor cells through various mechanisms including
genomic mutations (single-nucleotide variants; SNVs, base insertions and
deletions; INDELs and gene fusions), aberrant transcriptomic variants, post-
translational modifications, and virally-encoded open reading frames [186].
Neoantigen-based vaccines have shown promising clinical outcomes mainly in
melanoma [190, 191] and glioblastoma [192]. In a small HCC cohort study including
14 patients, mutations in HCC tumors could generate immunogenic neoantigens
and highlighted the potentials to be used in future combinatorial immunotherapy
strategies [193]. Data on efficacy and safety from ongoing clinical trials in HCC
based on different representative vaccine platforms including DNA (NCTO4251117),
mRNA (NCTO5761717), dendritic cell (NCT04912765, NCTO4147078), and peptides
(NCT04248569, NCT05269381) are highly awaited to further assess their

potentials.

14.2 Passive T cell Immunotherapy: ACT

ACT represents another promising type of immunotherapy in which autologous or
allogeneic ex vivo expanded/sensitized cells are infused to the patient [194, 195].
One of the first successful ACT involved ex vivo expansion and re-infusion of
tumor-infiltrating lymphocytes (TILs) in malignant melanoma patients [196-199].
TILs have also been tested in the context of HCC, however data from clinical
studies are yet limited [200]. The extent to which TILs can be expanded to
generate T cells specifically targeting tumor neoepitopes as well as the scalability
of this expansion process remain major hurdles for clinical application [141].
Instead, increasing focus has been given on T cell engineering approaches based
on chimeric antigen receptor (CAR)- and TCR-modified T cells designed to

recognize a specific tumor or viral antigen.



An advantage of using CAR-T cell therapies is their ability to recognize surface
antigens independently of HLA. This can be particularly beneficial for targeting
tumors that employ HLA downregulation or loss as a mechanism to evade the
immune system. CAR-T cells targeting GPC3 have shown efficacy in animal
models with orthotopic xenografts and in patient-derived xenografts [201, 202]
and are currently evaluated in clinical trials [203]. However a main concern with
CAR-T cells is the on-target off-tumor toxicity that may arise following T cell

infusion [204].

CAR-T cells recognizing HBV antigens have been tested as therapeutic option for
HBV. According to a study by Bohne et al, CAR-T cells specific for HBsAg (S- and
L-HBsAg) could selectively eliminate HBV cccDNA positive infected hepatocytes
in vitro [205] while in another study performed in vivo S-HBsAg CAR-T cells could
localize and function in the liver of mice and efficiently reduce HBV replication
[206]. Despite the encouraging preclinical data, risks related to potential T cell
mediated liver damage following infusion in a clinical setting should be carefully
evaluated. The first evidence of clinical feasibility for targeting viral antigens in the
context of HCC was based on a TCR-redirected T cell therapy against HBV [207].
According to this study, autologous T cells from an HBV-HCC patient were
genetically engineered to express an HBsAg-specific TCR to treat metastatic
extrahepatic lesions following liver transplantation after confirming that only the
HCC metastases expressed HBsAg and not the donor’s liver [207]. Although
clinical efficacy could not be determined in this study due to that the patient was
in terminal-stage disease, a robust reduction in HBsAg levels without exacerbation
of liver inflammation or other on or off-target toxicities were observed [207]. A
subsequent clinical trial in metastatic HCC patients following liver transplantation,
identified HCC-derived cells expressing short HBV DNA fragments which encoded
epitopes recognized by T cells [208]. The infusion of autologous T cells transiently
expressing TCRs targeting these epitopes was shown to be safe following a dose
escalation protocol, however among the two patients who underwent this

treatment, one exhibited a clinical response, characterized by a reduction in the



size of the metastatic tumors [208]. In addition to HBV-induced HCC clinical
cases, preclinical studies have used transiently expressed TCRs (targeting the
HBV envelope and core) and could achieve viremia reduction without triggering
subsequent liver inflammation in vivo [209]. Altogether, these data suggest that
using viral-specific TCRs in the context of viral-induced HCC could be safe and
beneficial to prevent HCC recurrence following liver transplantation, and that
transiently expression of TCR genes can be a safer option to confer protection
against viral infections or viral-induced HCC based on a dose escalation strategy

for a better control and monitoring for potential side-effects.

TCR modified T cells have been also employed against TAA such as AFP, which is
overexpressed in HCC [210] and have shown encouraging preclinical results [211].
Nevertheless, AFP-specific TCRs have shown low affinity and modest antitumoral
responses due to central and peripheral tolerance mechanisms [141]. An
alternative promising target for T cell-based ACT are neoantigens that are shared
among multiple cancer patients. While neoantigen-based immunotherapies play
a major role in the context of personalized treatments, targeting recurrent or
otherwise called "hotspot” mutations in oncogenes like TP53 is a promising
strategy. Mutated versions of TP53 are present in almost 50% of all cancers,
including HCC, therefore targeting them can offer therapeutic benefits to multiple
cancer patients who share the same mutations [212]. Studies have indeed shown
that p53 harbors immunogenic epitopes derived from both unique and "hotspot”
mutations across various cancer types [213-215]. Similarly, the identification of
immunogenic hotspot mutations in KRAS, a commonly mutated oncogene in
human cancers [216], represents another opportunity to create a library of TCRs.
These TCRs, when matched with the appropriate HLA types, could be employed
in ACT trials as an "off-the-shelf” therapy for multiple patients and/or tumor
histologies. This approach of creating TCR libraries can be promising also for HCC
[217] and warrants further investigation for applicability against HCC-driver

mutations such as PIK3CA and CTNNBI, among others.
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2 RESEARCH AIMS

The aim of this thesis was to investigate two immunotherapy approaches for the
prevention and treatment of HCC. Particularly, studies | and Il focus on the
evaluation of a therapeutic vaccine for chronic HBV and HDV infection which
comprises the main risk factor for developing HCC. Study lll aims to identify
immunogenic neoantigens that can be targeted with specific T cell receptor and

therapeutic vaccination. The specific aims for each study are summarized below.

Study I: A main obstacle towards achieving a functional cure for chronic HBV and
HDV infection is the dysfunctional immune response present in chronically
infected patients. Combinational therapies able to both target different steps in
the virus life-cycle and to restore the host’s immune system are required in order
to achieve sustained off-therapy responses. In this study, we evaluated a
therapeutic DNA vaccine designed to block hepatocyte entry of HBV and HDV and
to bypass the T cell tolerance during chronic infection. The objective was to
determine its capacity to induce adaptive immune responses against HBV and

HDV both in vitro and in vivo.

Study II: In this study we expanded our findings from study | by developing a
heterologous DNA prime-protein boost vaccine strategy to additionally test the
feasibility of i) circumventing the HBV-induced T cell tolerance present in the
chronically infected host and ii) precluding HDV superinfection in human-liver

chimeric mice infected with HBV and HDV.

Study llI: T cells and their receptor repertoire play a crucial role in orchestrating
anti-tumoral responses in several cancers. Nevertheless, the precise role of
neoantigen-reactive T cells in HCC remains largely undefined. In the present study,
we aimed to identify neoantigens that can lead to activation of reactive T cells
from intra- and extra-tumoral origins in HCC patients. In addition, we aimed to
characterize the clonality and transcriptomic landscape of infiltrating T cells in

order to identify signature markers that can facilitate the identification and
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isolation of neoantigen reactive T cells and/or their TCRs as potential

immunotherapy for HCC.
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3 MATERIALS AND METHODS

This section provides an overview of the main methods utilized in studies |, Il and
Il with particular focus on the rationale behind selecting each methodology. More

detailed description is provided in the methods section of each study.

3.1 Ethical considerations (studies I, Il and IlI)
The studies presented in the current thesis were conducted considering ethical
aspects for animal experimentation (studies | and II) and handling of clinical

samples from patients (study Ill).

In studies | and Il we evaluated different vaccine regimens in various animal models
with regards to efficacy and safety, parameters that need to be assessed in vivo
prior to reaching a clinical trial. For all animal experiments, we ensured that the
principles of 3 Rs (Replacement, Reduction, and Refinement) were followed.
Accordingly, we first performed in vitro experiments that enabled us to assess
aspects of vaccine protein expression, potential toxicities, and virus neutralization
in cell culture models, prior to designing animal experiments. In addition, before
progressing to larger animal experiments, we initially conducted small-scale
evaluations, such as dosing assessments. This approach aimed to minimize both
the number of animals needed and the potential risk of animal suffering. We also
ensured the welfare of animals during maintenance and all experimental
procedures. Humane endpoints were established to euthanize mice before end of
experiments in case of experiencing severe pain or distress. Complete
documentation of experimental procedures in animal facility journals and data
records in institutional electronic notebook were followed to ensure transparency,
reduce need for duplicate studies and to help refining research methods. All
animal procedures were reviewed and approved by local ethical committees for

animal research to ensure they meet ethical standards and legal requirements.

In study lll, we used clinical samples from patients with liver cancer undergoing
liver transplantation at the Karolinska University Hospital. Ethical permits were

acquired prior to initiating the study and the Declaration of Helsinki guidelines
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were followed. Written informed consent was provided by all study participants
and samples were anonymized. Data related to sensitive information such as
genetic sequencing results were handled following General Data Protection
Regulation (GDPR) and stored using encryption for authorized access to ensure
protection and confidentiality. An ethical question that could be raised for this
study, is how we should handle genetic findings that may reveal health-related
complications for the participants and their relatives. We intended to use the
findings for research purposes, solely with the aim to identify mutations that could
be used as antigenic targets for T cell-based immunotherapy in the future. Any
lateral genetic findings indicating direct clinical complication for the participants
should be closely discussed with the clinicians who have the experience to
evaluate the clinical relevance of the findings and decide whether additional

counseling would be beneficial for the participants.

Finally, it is important to consider that the type of immunotherapy that we are
aiming to develop in this study, could not be equally accessible for all
communities. This is because despite the significant clinical benefit, personalized-
adoptive cell therapies require well-resourced medical centers with high-
standard infrastructure requirements and substantial specialized labor to tailor
each manufacturing batch to a single patient. Therefore, the high financial cost
associated with manufacturing and scalability, limits access to such therapies to
only a minority of patients or communities who have adequate financial resources.
Even in high-income countries, well-resourced medical centers are usually easier
accessible to bigger cities. Therefore, multifaceted efforts should focus on
reducing the costs of cell therapy production to make it affordable for more
patients. This could be achieved for instance based on efforts for streamlined
manufacturing processes and automation process optimization, point-of-care
manufacturing and gene engineering innovations (e.g novel non-viral strategies
over viral vectors) [218, 219]. Beyond manufacturing hurdles, a better mapping of
patient populations demographics based on current clinical footprints could

further help to improve clinical trial equity. Finally, careful patient stratification and
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selection based on reliable biomarkers could help to mitigate certain financial

hurdles in low or middle income countries [220].

3.2 HBV-HDV vaccine design (studies | and II)

The herein described HBV-HDV vaccine contains antigens targeting the
consensus preSl domain (aa 2-48) of the large HBsAg envelope protein of HBV
and HDV fused with antigens encoding for the L-HDAg of HDV genotypes 1and 2
(Fig. 4). PreSl is the domain utilized by HBV and HDV to enter hepatocytes upon
binding to the NTCP receptor [47]. Therefore, by including preS1 in the vaccine
construct, we aimed at raising endogenous preS1 antibodies in order to block
entry of HBV and HDV and thus prevent infection of new hepatocytes. Another
benefit of including preSl is that preSl-induced antibodies can more efficiently
target and neutralize infectious virions whose surface is denser in the L-HBsAg
compared to non-infectious SVPs which are mainly enriched for S-HBsAg and

sequester S-induced antibodies [59, 221-223].

In chronic HBV infection the HBV-specific T cell responses are impaired, therefore
we included HDAg as a heterologous T cell epitope carrier able to bypass the HBV -
induced T cell tolerance to induce healthy naive HDAg-specific T cells. In the
setting of HBV monoinfection, these HDAg-specific T cells can support priming of
HBV-specific responses and sustained endogenous production of preSi
antibodies. Moreover, HDV-specific T cells and preS1 antibodies can protect HBV
monoinfected patients from acquiring an HDV superinfection. In order to induce
broad T cell responses, we included two strains of HDAg corresponding to the
major genotypes of HDV (genotypes 1and 2) [224]. The vaccine design concept is

illustrated in Fig. 4.
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Figure 4. HBV/HDV vaccine concept. PreS1 antibodies induced by the vaccine inhibit entry of HBV
and HDV, therefore preventing de novo infection of hepatocytes. HDAg sequences linked to preSi
act as a heterologous healthy B- and T-cell epitope supporting generation of naive T cells and
maturation of B cells. This supports endogenous production of preSl antibodies that neutralize HBV
and HDV and preS1/HDAg T cells able to kill infected cells. Shuttling of viral proteins to antigen-
presenting cells further boosts priming of host’s T cell machinery. HDAg; delta antigen, gt; genotype,
APC; antigen-presenting cell, CTL; cytotoxic T cell, HBV; hepatitis B virus, HDV; hepatitis D virus.
Modified from paper |. Created with BioRender.com

3.3 Immunizations (studies | and Il)

Mice and rabbits were immunized with HBV and HDV encoding antigens as
plasmid DNA (study I) and/or recombinant proteins (study II) with the purpose of
generating antibodies and T cells responses to the vaccine antigens. Particularly,
in study | we evaluated a homologous vaccine approach based on a DNA prime-
boost strategy. We used DNA as vaccine platform because it has previously been
shown to be safe and immunologically effective against HBV [165, 170]. All DNA
vaccines were delivered intramuscularly in the tibialis anterior muscle by needle
injection followed by in vivo electroporation. Application of electrical pulses in the
muscle area following DNA injections is known to increase endogenous expression

of the encoded genes and to enhance immunogenicity as a consequence of local
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tissue injury and inflammation [225-227] which is why we used in vivo

electroporation as DNA adjuvant.

In study Il, we assessed whether a heterologous vaccine strategy based on DNA
prime and protein boost could improve immunogenicity of the homologous DNA
vaccine approach following one or two booster doses. For protein immunizations,
the vaccine regimens were delivered subcutaneously in the mouse tail base and
various protein adjuvants (incomplete Freund, alum, MF59, and QS21) were
evaluated in order to identify the most immunogenic and at the same time

clinically applicable protein-adjuvant combination [228].

3.4 Animal models (studies | and II)

Wild-type C57BL/6 (H-2°), transgenic HHD-HLA-A2 and HBsAg mice (B6;SJL-
Tg(Mt1-HBV)28Bri/ChiJ) [229] were used to evaluate the ability of the vaccine
regimens to induce antibodies and T cell responses. New Zealand white rabbits
were used in order to evaluate vaccine-induced antibody titers in a larger animal
species and in order to generate high-yield serum preSl antibodies to use in HBV
and HDV in vitro and in vivo neutralization assays. Human-liver chimeric uPA+/+-
SCID mice [230, 231] infected with HBV and HDV were used to assess the

neutralization ability of preS1 antibodies following passive immunizations.

3.5 Evaluation of vaccine efficacy (studies | and II)

3.5.1 Detection of vaccine-induced antibodies and T cell responses

Two weeks after last vaccination boost, blood and splenocytes were collected to
determine the intrinsic immunogenicity of the various prime-boost strategies
based on enzyme-linked immunosorbent assay (ELISA) and enzyme-linked
immunosorbent spot (ELISpot), respectively. ELISA was performed to assess the
ability of the vaccine candidates to induce preSi-IgG antibodies from sera of
vaccinated mice and rabbits. Anti-sera were evaluated for reactivity against
preSIA and preS1B consensus peptides (aa 2-48) as well as for cross-reactivity to
HBV (sub-) types Al, A2, B, B2, C, D, E1, and F using pools of 20mer preSi-peptides.

We conducted ELISpot assays using splenocytes from vaccinated mice to identify
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T cells specific to HBV and HDV antigens. This was accomplished by measuring
IFN-y secretion after 48 hours of in vitro recall-antigen stimulation with HBV and

HDV peptides.

3.5.2 In vitro and in vivo neutralization assays

In order to study if the vaccine-induced preS1 antibodies could neutralize HBV and
HDV in vitro, the HepG2-hNTCP expressing cell line was used [47]. The in vitro
neutralization was assessed for HBV monoinfection (study I) as well as for HBV and
HDV co-infection (study II) prior to performing in vivo neutralization assays. For in
vivo neutralization, the human-liver chimeric uPA+/+-SCID mouse model was
generated as described previously [230] and human albumin quantification was
performed to assess the level of liver humanization. Protection against HBV
monoinfection (study I), HBV/HDV co-infection and HDV superinfection (study II)
was evaluated upon adoptive-transfer of the vaccine-induced preS1 antibodies in

the liver-humanized mouse model.

3.6 HCC patient cohort (study III)

In study I, our objective was to isolate neoantigen-specific T cell receptors, with
the aim to later develop a T cell-based immunotherapy for HCC (Fig. 5). For this
purpose, we collected clinical samples including HCC tumors, draining lymph
nodes, liver flush, and peripheral blood lymphocytes from 16 HCC patients

undergoing liver transplantation at Karolinska University Hospital.
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Figure 5. lllustration of objective for study lll. The first step is to identify T cells that recognize
neoantigens derived from HCC patients tumors. Reactive T cell receptors are then isolated and
reconstructed for subsequent transfer to recipient cells. The ultimate goal is to create a library of
tumor-reactive T cell receptors which in the context of matched HLA could be further assessed
for adoptive cell therapy in patients with HCC. TCR; T cell receptor, ACT; adoptive cell therapy, APC;
antigen-presenting cell, Td-TCR T cell; transduced-T cell receptor T cell. Created with
BioRender.com

3.7 Neoantigen selection (study IIl)

In order to identify somatic mutations that give rise to tumor-specific
neoantigens, we performed whole-exome sequencing (WES) and RNA sequencing
(RNA-seq) on extracted nucleic acid from tumor and matched peripheral blood
biopsies. Targeted sequencing (TS) was performed on tumor samples for the first
HCCOI, HCCO2, and HCCO4 patients based on a panel of 523-cancer related
genes [232]. To evaluate and approve variants derived from WES/RNA-seq data,
we fine-tuned the criteria using an internally developed personalized immuno-
oncology ranking (PIOR ©) analysis tool. This tool assesses variants by considering
their copy number status and the confidence level of the variant caller, as well as
by integrating data from public repository datasets (unpublished data from

submitted manuscript). All identified variants were additionally manually curated
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and inspected after checking the BAM coverage from an integrated Jbrowser
function. To determine which variants from both TS and WES to prioritize for
immunological screenings, we considered the following parameters: i) the
biological relevance of the variants i.e. if mutations occur in driver genes or
frequently HCC mutated genes, ii) if the mutations are re-occurring at the same
protein position among multiple patients (“hotspot” mutations), iii) the frequency
of allelic fraction as indication of clonality, and iv) the quality of the tumor samples
(i.e.if the tumors were viable, necrotic due to previous treatment, or with presence

of viable HCC tumor cells despite treatment).

3.8 Identification of neoantigen-reactive TCRs (study i)

Our approach for selecting neoantigen-reactive TCRs was based on i)
immunological screenings in which we tested T cell reactivity against different
mutated proteins, ii) comparison of neoantigen-reactive versus non-reactive T
cells based on single-cell RNA-seq, and iii) identification of expanded (putative-
reactive) clones from memory/antigen-experienced T cells derived from tumors,

draining lymph nodes and liver flush from HCC patients.

3.8.1 Immunological screenings

To investigate the presence of T cells reactive to the identified neoantigens we
performed in vitro stimulation screenings (IVS) using autologous B cells as target
cells [233, 234], which were isolated and expanded from liver flush. These B cells
were loaded with neoantigen-encoding peptides. As source of effector cells, we
utilized T cells isolated from liver flush, tumor, and/or draining lymph nodes of
patients. Following in vitro stimulation of co-cultured T cells with B cells, flow
cytometry was performed to assess the T cell reactivity based on expression of
CD137 (4-1BB) which is a T cell activation marker [235, 236]. We proceeded with
sorting of the CD137+ T cells in order to perform bulk RNA-seq of the variable V-J
or V-D-J regions of the TRA and TRB genes.

In a second approach, to enhance enrichment of the neoantigen-specific T cells

during IVS, we proceeded with an additional rapid expansion round following
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sorting of the CD137+ T cells. After about three weeks in culture, the IVS-enriched
T cells expanded during this time were screened again for reactivity to their
cognate antigens. Upon confirmation, cells were sorted based on CD3+CD137+
(reactive) and CD3+CD137- (non-reactive) marker and proceeded with single-cell
RNA-seq of the two T cell compartments to compare their TCR repertoire and
facilitate isolation of the expanded TCR clonotypes in the reactive T cell

population.

3.8.2 Single-cell RNA-sequencing on enriched antigen-experienced (memory)
T cells

In order to extend the possibility of identifying neoantigen-driven TCRs beyond
IVS screenings, we sorted antigen-experienced (memory) T cells directly from the
patients’ tumors based on CD3, CD45RA and CCR7 expression and performed
single-cell RNA-seq. To compare the clonality and transcriptomic signatures of
these T cells we also included liver flush and tumor-draining lymph nodes under
the same sorting pipeline for subsequent immune-profiling based on 10X
Genomics. Sequencing data were first processed according to Cell Ranger
pipeline (v7.1; 10X Genomics). Sequencing data were mapped to human genome
reference (GRCh38). TCR (CDR3) clonotype analysis was performed using Loupe
VDJ Browser (v5.1; 10X Genomics).

3.9 TCR reconstruction and assessment (study Ill)

For reconstructing full length TCRs from RNA bulk-sequencing data, we paired the
most dominant alpha and beta chains based on available full length CDR3
clonotypes for TRAV and TRBV genes using the international InMunoGeneTics
(IMGT)/V-Quest and IMGT/Junction Analysis tool. Only productive TRA and TRB
rearranged sequences (no stop codons or out of frame shifts) were considered
for calculations. We used modified murine TRAC and TRBC sequences for the
constant regions to enhance stability of the generated TCRs and to avoid
mismatches with the endogenous human TCR after genetic transfer to human T
cells [237, 238]. The murinized TCRa and TCRB chains were linked with a RAKR-

SGSG and a P2A sequence to ensure equivalent efficiency in expressing both
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chains [213, 233, 238]. The resulting TCRB-TCRA gene blocks were synthesized as
RNA (GenScript) for subsequent genetic modification of patients T cells using
MRNA electroporation. Following TCR-encoding mRNA electroporation, the TCR-
engineered T cells were assessed for TCR expression and ability to recognize their
cognate antigen based on flow cytometry analysis for murine TCR chain and

CD137 antibody markers.
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4 RESULTS AND DISCUSSION

4.1 Studyl

Till now there is no cure for chronic HBV and HDV infections. Current HBV
therapeutic regimens can efficiently suppress viral replication during treatment
but they cannot eliminate the risk of developing HCC or acquiring an HDV co-
infection [36, 105]. The main hurdle in achieving effective anti-viral responses
remains the impaired host immune response due to chronic exposure to viral
antigens and mechanisms induced by the viruses in order to escape immune
surveillance [49, 59, 73]. To complement current and under development
therapies that target different steps in the virus life-cycle, we aimed to develop
an immunotherapy targeting both HBV and HDV infections. This immunotherapy
was based on a homologous prime-boost DNA vaccine strategy. Ten different
HBV-HDV combinations (paper |, Fig. 1A; Fig. 6) were evaluated for their ability to
induce antibodies and HBV-HDV specific T cells. In addition, the induced preSi
antibodies were evaluated for their potential to inhibit HBV monoinfection both in

vitro and in vivo. The main findings of this study are discussed below.
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Figure 6. Ten different combinations of preS1-HDAg constructs (D1-D10) were evaluated for their
immunogenicity based on a homologous DNA prime-boost strategy. Adapted from paper .

4.11 Induction of HBV and HDV specific T cells following preSI-HDAg
immunizations

Ten DNA-based vaccine regimens named D1-D10, as shown in (Fig. 6) containing

different combinations of preS1 and HDAg sequences were assessed for their
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ability toinduce T cells to preS1and HDAg antigens (paper |, Fig. 2). We could show
that following two preSI-HDAg DNA-based vaccinations in mice with different
genetic backgrounds, functional T cells specific for preS1 and/or HDAg genotypes
1 and 2 could be induced based on IFN-y secretion (paper |, Fig. 2, Fig. 4C and
Suppl. Fig. 1). These results confirm that active preS1-HDAg immunization is able
to induce strong T cell responses to both preS1 and HDAg of two major HDV
genotypes. They also suggest that a broad and functional T cell-based
immunotherapy should contain antigenically distinct epitopes based on both HBV
and HDV antigens in order to avoid a potential non-responding T cell status in

humans.

Previous studies have characterized the B cell and T cell epitopes of preSl1 as well
as its potential role in overcoming the immunotolerance status mainly based on
anti-preS1 mediated responses [239-241]. However, it still remains uncertain if
therapeutic vaccines targeting only HBV antigens can bypass or restore the
impaired HBV-specific T cell immunity during chronic infection based only on
occasionally elicited T cell responses [170, 242, 243]. In our approach, we included
HDAg linked to preSl, as a heterologous healthy T cell epitope carrier able to
recruit naive T cells that support endogenous production of preSl antibodies and
can efficiently activate host’'s T cell machinery. An additional benefit about
inclusion of HDAg is that chronic HBV monoinfected patients immunized with
preSI-HDAg vaccine could become immune against a subsequent HDV

superinfection based on induction of HDV-specific T cell immunity.

4.12 Broadly cross-reactive preSl antibodies can inhibit HBV monoinfection in
vitro

Next, we show that the preS1-HDAg vaccine regimens were able to induce high
anti-preSl titers in mice (paper |, Fig. 3A-B) and rabbits (paper |, Fig. 3C-D). Sera
from mice and rabbits vaccinated with the D4 construct had higher anti-preSi
titers, compared to the other tested vaccine regimens, which were cross-reactive
against the tested HBV sub-types; Al, A2, B, B2, C, D1, E1, and F (paper |, Fig. 4A and

Suppl. Fig. 2). Importantly, we could show that these vaccine-induced preSI

34



antibodies neutralize HBV in vitro (paper |, Fig. 5) in a well-established assay that
supports full viral life-cycle [244]. Sera obtained from mice following two
vaccinations (6 weeks) showed superior neutralization effect on HBV compared
to sera obtained after one immunization (2 weeks) (paper |, Fig. 5B). Here D4-
induced antibodies had the strongest neutralization effect, followed by construct
D3 (paper |, Fig. 5B). However, in sera obtained from vaccinated rabbits, titers
>1:1000 required to neutralize HBV in vitro which was achieved with D4 vaccination
(paper |, Fig. 6B). Table 1 summarizes the ability of each vaccine construct D1-D10
to induce HDAg-specific T cells and cross-reactive preSl antibodies. In vitro
neutralization of HBV was also assessed for all vaccine candidates.

Table 1. Summary evaluation of D1-D10 vaccine candidates used in paper |. D4 construct is superior

interms of eliciting T cell responses to both HDV genotypes 1and 2 and highly cross-reactive preS1
antibodies which can neutralize HBV in vitro.

Cross-reactive

Vaccine HDV Ant.i—PreSl antibodies In vitrc.J HB.V Ant.i—PreS1
candidate genotypes titers (HBV neutralization t|ter§
(mouse) genotypes) (IC50) (rabbit)
D1 land 2 <1:10000 C,DE 1:500 -
D2 land 2 <110000 A1, A2,B2,C,D,E 1:500 1:60
D3 1and 2 ]1:’122152(; D.E 1500 «F1000
D4 land 2 1:12960 A-F 1:500 >1:1000
D5 land 2 neg neg neg =
D6 land 2 neg neg neg -
D7 1 1:2160 A-E 1:500 -
D8 2 1:2160 C,DE 1:500 -
D9 1 neg neg neg =
D10 2 neg neg neg -

4.13 D4-induced preSl antibodies (partially) inhibit HBV monoinfection in vivo

Following our previous observations that titers >1:1000 were required to neutralize
HBV in vitro (paper |, Fig. 6B), we used these anti-preS]1 rabbit sera to further
determine if they could inhibit HBV infection in a human-liver chimeric mouse

model [231]. Three human-liver uPA-SCID mice were injected with preSil-IgG
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antibodies derived from the D4-vaccinated rabbit and 3 days later they were

challenged with HBV. We could show that a single injection of these antibodies

could protect or significantly delay peak viremia in all challenged mice compared

to the control group over a period of 8 weeks (paper |, Fig. 6C; Fig. 7).
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Figure 7. Protective effect of preS1-HDAg antisera
against HBV infection, as determined by HBV titers
at each time point following first inoculation. Each
line represents 1 mouse. Black lines indicate
control mice receiving naive IgG and red lines
indicate mice immunized with D4 preSl IgG.
Adapted from paper I.

4.2 Studyll

PreSI antibodies can neutralize HBV
[245]. Importantly, the most recent
clinical advancement for the
treatment of chronic HBV and HDV
patients comprises a preSl1 peptide-
based entry inhibitor which when
accompanied with peglFNa has
shown improved anti-viral efficacy
for both HBV and HDV [246]. Despite
the encouraging clinical outcomes
based on short-term studies, further
long-term monitoring is required to
evaluate the possibility to achieve
durable off-therapy responses with
regards to both HBsAg persistence
and risk of HDV RNA relapse in
addition to dose-escalation safety

monitoring [36].

In this study, we aimed to further investigate whether a heterologous DNA-prime

protein-boost strategy involving preSI-HDAg could improve immunogenicity of

the previous described preS1-HDAg vaccine with the goal of overcoming T cell

tolerance present in the chronically infected host. Moreover, we sought to

determine whether the antibodies induced by this approach could prevent HDV

superinfection in vivo.
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421 Improved immunogenicity of heterologous prime-boost preSI-HDAg
vaccine strategy

The vaccine regimens evaluated for adaptive immunity were based on
homologous prime-boost with D4 DNA construct (described in study I) or prime-
boost with preS1-HDAg protein regimens, or heterologous DNA-prime protein-

boost with preS1-HDAg protein regimens (paper I, Fig. 1; Fig. 8).

Vaccine constructs
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Figure 8. Graphical summary of study Il. Four different preS1-HDAg fusion vaccine regimens were
assessed for immunogenicity in mice and rabbits using a heterologous (DNA prime-protein boost)
or homologous (DNA prime-boost and protein prime-boost) vaccine scheme. Neutralization effect
of preS1 antibodies on HBV and HDV was assessed in vitro and in liver-humanized mice. Adapted

from paper Il

We could demonstrate that mice primed with D4 DNA and boosted twice with the
protein constructs elicited higher T cell responses compared to the homologous
vaccine schemes, as it is evident from the higher number of IFN-y secreting cells
to both preS1 and HDV antigens following a genotype-specific manner (paper I,
Fig. 2B and Suppl. Fig. 3). With regards to humoral responses, we showed that

either the homologous prime-boost vaccination with preS1-HDAg proteins in
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adjuvant, or the heterologous D4 DNA prime and preS1-HDAg protein boost
strategy consistently induced 104-10° preS] titers following two boosts in both
mice and rabbits (paper II, Fig. 2A, Fig. 3A, Fig. 5A and Fig. 6A). Altogether, these
results show that the homologous preSI-HDAg protein-based vaccine scheme
could induce equally or comparably high anti-preSl titers (10%-10° sera end point
dilution) as the heterologous DNA-prime protein-boost approach, however T cell
responses were enhanced following the heterologous DNA-prime protein-boost

vaccination strategy confirming its intrinsic immunogenicity.

4.2.2 PreSI-HDAg induced antibodies prevent HBV/HDV co-infection in vivo

Considering that HBV and HDV share the same envelope, induction of preSi
antibodies could in theory inhibit de novo infection of hepatocytes by both HBV
and HDV. In study |, we had seen that a single injection of D4-induced anti-preSi
(end titers 10% at log scale) could limit HBV monoinfection in vivo, however we did
not assess the impact on both HBV and HDV in a co-infection setting. Here, we
used anti-preS1 end titers 10°-10° (log scale) to evaluate if they can neutralize both
HBV and HDV, first in vitro (paper ll, Fig. 3B-C), and then in human-liver chimeric
UPA-SCID mice challenged with HBV/HDV. One day after being passively
immunized with the preS1-HDAg anti-sera, mice were challenged with HBV and
HDV and the viremia levels were assessed over a period of twenty weeks post-
infection. We could demonstrate that all mice receiving the preS1-HDAg anti-sera
remained protected against HBV and HDV at all assessed time points, while
control mice injected with naive anti-sera developed high levels of viremia (paper

Il, Fig. 4B-C).

4.2.3 PreS1-HDAg vaccination promotes presl antibody production and HDV-
specific T cells in a model of chronic HBV infection

Over-secretion of HBsAg is a hallmark of HBV/HDV chronic infection and a main
hurdle towards mounting sufficient anti-viral immune responses. Therefore, we
aimed to explore if active immunizations with preS1-HDAg in a mouse model that
resembles tolerance in the HBsAg-chronic carrier (HBsAg-Tg) would be able to

elicit antibody and T cell responses [229]. Following one vaccination boost, we
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could show that HBsAg-Tg mice developed preSl antibodies, although much lower
compared to the vaccinated wild-type C57BL/6J mice (paper I, Fig. 5A). This was
reversed following two vaccine boosts, then equally high anti-preS1 levels could
be achieved in the two groups (paper I, Fig. 5A). Interestingly, we also saw that
active immunization with preS1-HDAg elicited HDV-specific T cells to both
genotypes, but no preSi-directed T cells in HBsAg-Tg mice following one vaccine
boost, compared to the responses in C57BL/6 vaccinated mice (paper I, Fig. 5Bi-
ii). These findings suggest that our vaccine strategy can indeed circumvent the
HBV T cell dysfunction through induction of preS1 antibodies and HDV-specific T
cells. They also underscore the importance of HDAg inclusion as a naive B- and T-
cell epitope carrier able to support endogenous production of preS1 antibodies in

the setting of chronic infection.

424 Passive immunizations with preSI-HDAg antisera protect HBV infected
mice from acquiring HDV superinfection

Chronic HBV infected patients are at high risk of acquiring a detrimental HDV
superinfection which accelerates disease progression to liver cirrhosis [36]. Till
now, there is no prophylactic treatment available for these patients and current
therapies are not efficient to protect them from developing a chronic HBV/HDV
co-infection [35]. Therefore, we aimed to determine whether our vaccine-induced
preS1 antibodies could prevent human-liver mice infected with HBV from
acquiring an HDV superinfection. After establishing HBV infection and one day
prior to challenging with HDV, mice were passively immunized with anti-preS1 (end
titers 104 log scale). We could show that mice receiving preS11gG antibodies were
protected from developing HDV superinfection while the control group that

received naive anti-sera developed high levels of viremia (paper Il Fig. 6C; Fig. 9).
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Figure 9. Prevention of HDV superinfection in HBV infected liver-humanized mice. (A) Although
no effect was observed on HBV most likely due to the already established infection, (B) all mice
passively immunized with preS1-HDAg anti-sera (blue lines) remained protected against HDV
superinfection. Adapted from paper Il

Similar result was observed in a second independent experiment, in which mice
repopulated with human hepatocytes from another donor could be at least
partially protected (either complete protection or delayed kinetics) from
developing HDV chronic infection (paper II, Suppl. Fig. 4). Therefore, these findings
highlight the benefit of our vaccine which is to protect chronic HBV patients from

getting a detrimental HDV superinfection.

4.3 Studylll

Currently there is no cure for advanced HCC. T cell-based immunotherapies,
mainly in the form of ICIs have managed to significantly improve overall survival
rates, however still many patients do not respond to these treatments [127]. In this
study, we aimed to study the presence of T cell responses to neoantigens in order
to identify tumor mutation-driven T cell receptors that could be used as potential

future immunotherapy for patients with HCC.

4.3.1 Mutational analysis and (putative) T cell reactivity
We manually curated and approved more than 650 coding variants arising from
missense mutations in 16 out of 33 total sequenced tumors, as determined by the

quality of the tumors i.e if they were viable or necrotic due to treatment and the
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type of sequencing (targeted or WES) (paper lll, table S2). Of those, we selected
and prioritized SNV-derived neoantigens to test in T cell immunological assays
considering i) the biological relevance of the variants i.e. if mutations occur in
driver genes or frequently HCC mutated genes, ii) if the mutations are re-
occurring at the same protein position among multiple patients (“hotspot”

mutations) and iii) the frequency of allelic fraction as indication of clonality.

Out of the total 7 screened HCC patients with available good quality tumor
samples and sufficient cells to perform functional screenings, putative T cell
reactivity was detected in 4 patients (paper lll, table 1, table S1and Fig.1C). The T
cell reactivity was identified based on expression of the T cell activation marker
4-1BB. Reactivity detected mainly against patient-specific mutations, in addition
to one shared (hotspot) mutation in PIK3CA gene (paper lll, table 1 and Fig. 1C).
We also included in the screenings peptide pools from viral hepatitis epitopes for
the patients with previous history of infection, but we did not detect any reactivity
(data not shown). Table 2 below summarizes clinical information for HCC samples
with putative T cell reactivity to mutated proteins. Only reactivity to the mutated
and not wild-type peptide sequences was assessed at this point.

Table 2. Summary of clinical information for HCC patients who were screened for reactivity in

functional assays and showed putative T cell reactivity to mutated proteins. Adapted from paper
.

Patient Age/Sex Underlying Fibrosis/cirrh  Pathology report Immunogenic
ID disease osis mutated protein

HCV treated, HBV
Moderately

HCCO02 59/M recovered, HAV Cirrhosis S15301
/ v i i differentiated HGC BCORLI

antibodies
E1593D
Necrotic area after BRCA2
HCV treated, HBV . . ablation, no AfllOV
HCCO4 52/F Cirrhosis o ERCC5
recovered remaining HCC
I
cells RANBPZNzosBs
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T1: moderately to YTHDE3" %

well differentiated
Y296C

HCC CERS2
L9I6R
Cirrhosis stage SBNO2
HCCO5 71M NASH
3-4 H475Y
T3: moderately to CTNNBI
well differentiated -
HCC FANCA
SNTG2™™
PIK3CA™"

. . T2: moderately
alcoholic cirrhosis, . . . .
HCC14 73/M . Cirrhosis differentiated HCC HK3A845v
portal thrombosis o
with viable cells

ADAT2AW

Following FACS sorting of reactive T cells based on 4-1BB expression, we
performed bulk RNA-seq of the variable V-J or V-D-J regions of the TRA and TRB
genes in order to pair the most dominant alpha and beta chains (paper lll, Fig. 2).
We reconstructed 21 (putative) neoantigen-reactive TCR pairs (paper lll, Fig. 2C)
and their evaluation regarding expression in new recipient cells and reactivity to

their cognate antigen is currently ongoing.

4.3.2 Implementation of single-cell RNA-seq potentiates isolation of previously
unidentified neoantigen-reactive TCRs

In a parallel approach, we performed an additional round of rapid expansion of the
4-1BB+ FACS sorted samples and proceeded with single-cell RNA-seq of the
reactive (4-1BB positive) population while as control we used the non-reactive (4-
1BB negative) T cell population (paper llI, Fig. 3). Although, we observed that most
of the samples lost their reactivity during the post-FACS sorting second
expansion (paper lll, Fig. 3A), likely due to stochastic outgrowth of non-reactive T
cell clones, one sample remained positive and was enriched for its antigen
recognition as is indicated by the increased expression of 4-1BB (paper llI, Fig. 2A

and Fig. 3A). Reactivity was specific to the mutant SBNO2 peptide while 4-1BB
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expression to wild-type SBNO2 peptide remained at comparable levels as the no
peptide (unstimulated) sample (paper lll, Fig. 3B). Importantly, single-cell RNA-
seq revealed three TCR clones that were solely expanded in the SBNO2-reactive
sample, suggesting their antigen-specific reactivity (paper lll, Fig. 3C and table
S4) which was confirmed following in vitro immunological screenings for two out

of three reconstructed TCRs (paper lll, Fig. 4 and Fig. S2).

Other studies have shown the limitation of ex vivo expanded T cells in detecting
neoantigen reactivities and recognizing the potential of single-cell TCR
sequencing in facilitating the detection of neoantigen-reactive T cells [247].
Accordingly, we conducted single-cell RNA-seq on memory-enriched
(CD45RA/CCR7) T cells obtained from tumor, lymph nodes, and liver flush from
two HCC patients (HCCO1, HCC16) for whom we could not detect in vitro reactivity
and from two additional patients (HCCO5, HCC14) with good quality tumors and
availability of cell sources in whom neoantigen-reactivity could be detected
(paper lll, table S1). The purpose was to increase the likelihood of identifying
neoantigen-reactive T cells and/or their TCRs by prioritizing the characterization
of most expanded T cell clones in the tumor compared to the clonotypes

identified in draining lymph nodes and liver flush.
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5 CONCLUSIONS & POINTS OF PERSPECTIVE

In this thesis, we aimed to investigate two immune-based approaches in the form
of active (therapeutic vaccine) and passive (ACT) T cell-based immunotherapies
for the prevention and treatment of HCC. Particularly, in studies | and Il the goal
was to evaluate a therapeutic vaccine for chronic HBV and HDV infections which
comprise the main risk factor for developing HCC. In study I, we aimed to identify
immunogenic neoantigens that can be targeted with specific T cell receptors as

well as therapeutic vaccination for the treatment of HCC.

In study I, we could show that a homologous DNA-based vaccine strategy was
able to elicit robust T cell responses to HBV and HDV antigens and preSl entry-
inhibiting antibodies that could limit HBV monoinfection in liver-humanized mice
infected with HBV. Considering that current therapeutic regimens are not able to
lead to a functional cure for chronic HBV and subsequently HDV infection, new
therapeutic interventions should focus on overcoming, or circumventing, immune
evasion mechanisms elicited by the virus in order to efficiently prompt the host
to control the infection. The herein described approach shows the potential of
bypassing two major hurdles during chronic infection; overexpression of viral

antigens that block neutralizing antibodies and the induced T cell impairment.

In the clinical setting, a growing consensus implies that combinatorial approaches
based on both viral-targeting and immune-directed therapies are utterly required
in order to achieve a functional cure. Such combinatorial therapies should be able
to i) completely suppress intrahepatic virus production and HBsAg secretion
(from both cccDNA and integrated viral sequences), i) inhibit de novo hepatocyte
infection, and iii) enhance host’s immune responses to promote virus-specific
adaptive responses while ensuring a safe immune preservation in the liver [248,
249]. In line with this, co-treatment with NAs should be considered as part of the
combinatorial strategy not only because they can reduce intrahepatic production
of new virions but also importantly since they can reduce liver inflammation [249].
Preservation of liver function can in turn increase HBV-immune cells targetability

and functionality, hence is important for successful immune-based therapies.
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Additional anti-viral compounds such as capsid-assembly inhibitors [249], or
RNA-directed therapies that are currently under clinical investigation and are
aiming to silence the activity of cccDNA [250] will be most likely required in a co-
treatment setting with immune-therapies in order to leap towards virus

eradication.

In study I, we extended our previous findings by exploring different homologous
and heterologous preS1-HDAg vaccine strategies to identify the most
immunogenic approach capable of i) circumventing the HBsAg-induced tolerance
present in the chronically infected host and ii) protecting against a chronic
HBV/HDV co-infection. We could show that a heterologous preS1-HDAg vaccine
scheme was able to bypass the HBsAg-specific T cell tolerance and support preSi
antibody production in a chronically infected host setting. In addition, the
vaccine-induced preSl1 antibodies were highly effective at preventing HBV/HDV
co-infection in vivo and importantly they could protect HBV infected human-liver
mice from acquiring an HDV superinfection. These findings highlight the benefit of
our therapy as prophylactic strategy against HDV which is currently lacking. In
addition, it may efficiently complement existing or emerging therapies targeting
viral maturation, as described earlier, in order to bolster host’'s immune responses;

a needed step towards achieving a functional cure.

In order to bring this vaccine therapy closer to the clinical setting, efforts in our
group are currently focusing on optimizing the delivery method of the vaccine,
comparing heterologous versus homologous strategies, optimizing protein
manufacturing and scalability processes, as well as investigating mRNA delivery
platforms. The goal is to have a highly immunogenic, safe and cost-effective
therapeutic vaccine for chronic HBV and HDV ready to enter a phase | clinical trial

in the near future.

In study lll, we aimed to unlock novel T cell-based immunotherapies for the
treatment of advanced HCC through isolation of neoantigen-driven T cell
receptors. We were able to detect T cell responses against mutated neoantigens

in 4 out of 7 screened HCC patients who had good quality tumor samples and
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sufficient cells to perform functional screenings. The majority of the observed T
cell reactivities were directed towards patient-specific mutations. Following FACS
sort and bulk RNA-seq of the (putative) reactive T cell populations, we assembled
TCR pairs corresponding to T cells recognizing different antigens. A major
challenge here is the technical difficulty in pairing each high frequent TCRB chain
with the correct TCRA [238]. Accounting for that, we additionally implemented
single-cell RNA-seq for samples with confirmed reactivity to characterize their
genetic profile and facilitate isolation of neoantigen-reactive TCRs. Ongoing
screening of the selected TCRs confirmed reactivity for two neoantigen-specific
TCRs (paper llI, Fig. 4). In addition, through single-cell analysis, we are currently
evaluating the immune-profile of memory-enriched T cells directly isolated from
the tumor, liver flush, and draining lymph nodes. This approach can increase the
likelihood of identifying T cell clones reactive to tumor antigens, as such reactive
T cell populations may become skewed during ex vivo expansions and,
consequently, their reactivity not being detected in vitro. It is plausible to
hypothesize that most expanded T cell clonotypes within the tumor
microenvironment represent “truly” tumor reactive T cell clones [238], however
this remains to be confirmed through TCR screenings and identification of
immune-gene signatures that can guide distinguishing bystander from mutation-

specific T cells, as it has been shown in other solid cancers [247, 251].

Identifying neoantigens that could be used either in cancer vaccines or/and ACT
mandate highly personalized therapies which can be very promising but also imply
high manufacturing costs and scalability hurdles. Hence, concomitant efforts in
our group focus on identifying T cell reactivities to public (shared) neoantigens
from healthy donor samples. This can help creating a library of neoantigen-
reactive TCRs which when HLA-matched could be used “off-the-shelf” in

adoptive cell therapies for cancer patients.

In conclusion, this thesis has explored two promising T cell avenues in the fight
against liver cancer: i) the development of a therapeutic vaccine for chronic viral

hepatitis as a preventive strategy, and ii) the exploitation of neoantigen-driven
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TCR-based immunotherapies as treatment for HCC. As we continue to unravel the
benefits and complexities of the immune system and refine therapies, the
convergence of these strategies not only underscores the potentials of T cell
immunotherapy but may in future also contribute to the growing arsenal of tools
aiming at conquering liver cancer and improving the quality of life for the many of

patients in need.
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