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Preface

Hepatocellular carcinoma (HCC) is the third most common cause of cancer related
death in the United States. Treatment options are limited. Viral hepatitis is one of the
major risk factors for HCC, which represents a typical “inflammation-induced”
cancer.

Immune-based treatment approaches have revolutionized oncology in recent
years. Various treatment strategies have received FDA approval including dendritic
cell vaccination, for prostate cancer, as well as immune checkpoint inhibition tar-
geting the CTLA4 or the PDI/PDLI axis in melanoma, lung, and kidney cancer.
Additionally, cell-based therapies (adoptive T cell therapy, CAR T cells and TCR
transduced T cells) have demonstrated significant efficacy in patients with B cell
malignancies and melanoma. Immune checkpoint inhibitors in particular have gen-
erated enormous excitement across the entire field of oncology, providing signifi-
cant benefit to a minority of patients.

In this book we provide insights into liver — cancer and immunology. Experts in
the field provide an overview of fundamental immunological questions in liver can-
cer and tumorimmunology, which form the base for immune-based approaches in
HCC, which are gaining increasing interest in the community due to first promising
results obtained in early clinical trials.

Bethesda, MD, USA Tim F. Greten
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Introduction

Every year, more than 800 Mio people die from hepatocellular cancer (HCC) world-
wide making HCC one of the deadliest diseases in the world. Standard of care treat-
ment options are limited and very distinct from other types of solid cancer including
surgical resection, orthotopic liver transplantation, local ablative therapies, transar-
terial chemoembolization, and radiation and systemic therapy with TKIs. More than
80% of patients with HCC have different types of underlying liver diseases causing
possible liver dysfunction making treatment of this disease much difficult. Despite
efforts from basic scientist, clinical investigators, biotech companies, and bio-
pharma, very little progress has been made in the past 10 years. However, this may
change with the advent of immunotherapy in medical oncology. There is good pre-
clinical and clinical data suggesting that immune-based approaches may be benefi-
cial for the treatment of patients with HCC. One should not forget that HCC is an
inflammation-induced cancer and therefore may be a good candidate for immune-
based approaches. As a matter of fact, HBV vaccination can be considered the first
successful preventive cancer vaccine. The increasing interest on immune-based
approaches is reflected by an increased number of publications investigating immu-
nological mechanisms in HCC (Fig. 1). Moreover, initial clinical trials testing
immune checkpoint inhibitors have revealed positive results and led to the first
phase III trial testing an immune checkpoint inhibitor in the first-line setting in
HCC. In this book we would like to provide the reader with a solid immunological
background making it easier to better understand the rational and basic mechanisms
in liver cancer immunotherapy, summarize latest data from clinical trials testing
immune-based approaches, and finally provide some insights about the future of
immunotherapy in liver cancer.

Bethesda, May 17, 2017
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Chapter 1
Vaccine Approaches in Hepatocellular
Carcinoma

Maria Tagliamonte, Maria Lina Tornesello, Franco M. Buonaguro,
and Luigi Buonaguro

Abbreviations

ABC ATP-binding cassette

AFP a-fetoprotein

APCs antigen-presenting cells

APVAC actively personalized vaccine

ASR age-standardized rates

ATP adenosine triphosphate

CIK Cytokine-Induced NK-Like T Cells
CRC colorectal cancer

CT cancer testis

CTL cytotoxic T lymphocytes

DAMPs damage-associated molecular patterns
DCs dendritic cells

GB glioblastoma

GM-CSF granulocyte-macrophage colony-stimulating factor
GPC-3 Glypican-3

HAIC hepatic arterial infusion chemotherapy
HBV hepatitis B virus

HCC hepatocellular carcinoma

HCV hepatitis C virus

hTERT human telomerase reverse transcriptase
IFNy interferon gamma

IHC immunohistochemistry

IL-10 interleukin 10
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LAK limphokine-activated killer cells

LSECs liver sinusoidal endothelial cells
MAGE-1* Melanoma-associated antigen 1*
MDSCs myeloid-derived suppressor cells
MHCIand I Major Histocompatibility Class — I and II molecules
MRP3 Multidrug resistance-associated protein 3
oS overall survival

PD-L1 Programmed death-ligand 1

PGE2 prostaglandin E2

RCC renal cell cancer

RF radiofrequency

SSX-2 synovial sarcoma X

TAAs Tumor associated antigens

TACE trans-arterial chemoembolization

TGF-p transforming growth factor beta

Th T helper cells

Tregs T regulatory cells
TTP time to progression
TTSP time to symptomatic progression

1.1 Introduction

Hepatocellular carcinoma (HCC) is the most common liver malignancy, represent-
ing the third and the fifth leading cause of death from cancer worldwide in men and
women, respectively.

The main risk factor for the development of HCC is the hepatitis B and C virus
(HBV and HCV) infection; non-viral causes play a minor etiopathogenetic role. The
main risk factor for the development of HCC is the hepatitis B and C virus (HBV
and HCV) infection; non-viral causes play a minor etiopathogenetic role [1]. A
range of therapies are used in the management of HCC according to the extent and
severity of liver disease, but none of them shows a sufficient efficacy and the overall
prognosis is poor with a 5-year survival rate of approximately 5—6% [2, 3]. The only
effective strategy is represented by the preventive vaccine for the hepatitis B virus
(HBV). Indeed, it prevents the establishment of a chronic infection by HBV and,
consequently, the development of the HBV-related HCC [4]. In this regards, the
preventive anti-HBV vaccine is considered the first preventive cancer vaccine intro-
duced in the medicine practice.

Different immune-based therapeutic strategies targeting HCC have been evalu-
ated in clinical trials with limited results, including immunomodulators (e.g. cyto-
kines, ILs, chemokines) [5—7] and adoptive immunotherapy (e.g. LAK, CIK) [8, 9].

In this framework, a therapeutic cancer vaccine may represent an effective strat-
egy to cure HCC. Unlike several other cancers, only few cancer vaccine trials for
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HCC have been conducted so far with yet modest results [10—12], indicating that
improvements in several aspects need to be implemented.

In particular, identification of novel specific tumor antigens, evaluation of deliv-
ery systems and combinatorial strategies to counteract the immunosuppressive
microenvironment could result in unprecedented clinical outcomes with great ben-
eficial effect for HCC patients.

1.1.1 Therapeutic Cancer Vaccines

Vaccines have been traditionally developed to prevent viral and bacterial diseases in
healthy subjects (preventive vaccines). To this aim, they are based on foreign “non-
self” antigens to induce a protective long-lasting immunological memory against a
pathogen, which will swiftly respond to a subsequent infection by that specific
pathogen and neutralize its effects in vivo. More recently, the concept of vaccine has
been applied also to therapeutic strategies for patients affected by a disease includ-
ing cancer (therapeutic cancer vaccines). In this case, they are based on internal
“self” antigens specifically or preferentially expressed on tumor cells (tumor-
associated antigens, TAAs) to elicit a therapeutic long-lasting immunological mem-
ory against the tumor cells. The immune response against the TAAs is more difficult
to be elicited given that they are affected by central T-cell tolerance which avoids an
auto- immunity against self own antigens. Preventive and therapeutic vaccines, in
general, are sought to induce a distinct immune response: humoral antibody-
mediated (preventive vaccines) and cytotoxic cellular-mediated (therapeutic
vaccines).

Therapeutic cancer vaccine antigens are delivered in vivo according to different
strategies (e.g. whole tumor lysates, full proteins, peptides, RNA, DNA), processed
by antigen presenting cells (APCs) and presented to the effector T cells [13]. In
particular, antigens are processed in short peptides (9—15 aa long) and coupled to
the molecules of the Major Histocompatibility Class — I and II (MHC class I and IT)
to stimulate CD8+ T cytotoxic cells and CD4+ T helper, respectively. Cancer vac-
cine formulations always include immune stimulating molecules (i.e. adjuvants)
which potentiate the effects of APCs in inducing the activation of effector T cells
against the specific antigens coupled to the MHC molecules [14].

1.1.2 Target Antigens in Cancer Vaccines for HCC

Requirement for development of a cancer vaccine is the identification of specific
tumor associated antigens (TAAs). In particular, cancer vaccines for HCC have been
developed with either whole tumor lysates or individual antigens which, however,
are not strictly specific to HCC. Few of such cancer vaccines have been evaluated in
clinical trials which have provided disappointing results (Fig. 1.1).
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Fig. 1.1 HCC cancer vaccines tested in clinical trials. Schematic representation of the different
cancer vaccine approaches and antigens evaluated in HCC patients in clinical trials

1.1.2.1 Whole Tumor Lysate

Tumor lysates have the advantage of including all potential tumor-associated anti-
gens (TAAs) expressed by the tumor, together with adjuvanting molecules and
damage-associated molecular patterns (DAMPs), to elicit a broad anti-tumor
immune response. Tumor lysates are efficiently processed by professional antigen-
presenting cells (APCs) (i.e. dendritic cells — DCs) and several tumor antigens are
presented to CD4* T helper cells stimulating a strong polyclonal T cell response.
This provides cognate help to CD8* T cells for generating a more robust anti-tumor
immunity and long-term memory. Tumor lysates can be administered directly to
patients to target DCs in vivo or pulsed onto DCs ex vivo and subsequently admin-
istrated to patients [15]. Such unbiased strategy eliminates the risk of selecting only
specific TAAs which may not be the most relevant. The drawback of using tumor
lysates is the “dilution and confounding factors” due to the low representation of
such TAAs among the vast predominance of cellular self-antigens. This may result
either in a poor effective elicitation of anti-tumor immune response or even in a
competing immune suppressive effect (Table 1.1).

Early phase trials of DC vaccination have been conducted in the setting of
advanced HCC using autologous DCs pulsed ex vivo with lysates derived from
autologous liver cancer tumor cells or HepG2 cell line.

1.1.2.2 Autologous Tumor Lysate

A trial using DC loaded with autologous tumor lysate was conducted by Lee et al.
[16]. Thirty-one patients with advanced HCC were enrolled in the study. DCs,
derived from peripheral blood monocytes, were pulsed with autologous tumor
lysates. The first 14 patients were treated with a pulsed regimen characterized by
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Table 1.1 List of cancer vaccines evaluated in HCC patients

Clinical Nr.
Antigen Vaccine strategy phase patients References
Autologous tumor DC pulsed Phase 1 31 Lee etal. [16]
lysate
Tumor cell line lysate DC pulsed Phase 11 35 Palmer et al. [17]
DC pulsed Phase I 15 El Ansary et al. [18]
AFP Peptides Phase 1 6 Butterfield et al. [27]
Peptide DC pulsed | Phase I/IT 10 Butterfield et al. [28]
DNA + AdV N/A 2 Butterfield et al. [29]
Glypican-3 Peptides Phase [ 33 Sawada et al. [33]
Peptides Phase 11 41 Sawada et al. [34]
MoAb Phase [ 20 Zhu et al. [35]
MoAb Phase 1T 125 Abou-Alfa et al. [36]
MRP-3 Peptide Phase 1 12 Mizukoshi et al. [39]
hTERT Peptide Phase 11 40 Greten et al. [54, 100]
MAGE-1, AFP, Peptide DC pulsed | Phase I 5 Tada et al. [48]
NY-ESO-1 Peptide DC pulsed | Phase I/lia 12 Lee et al. [49]

DC dendritic cells, AdV adenovirus, MoAb Monoclonal antibody

five administration of DC vaccine intravenously at weekly intervals. The other 17
patients underwent monthly boost vaccinations after the initial 5-weeks pulsed ther-
apy. Overall, the DC vaccination showed to be safe. Out of the 31 treated patients,
4 (12.9%) exhibited partial response and 17 (54.8%) had stable disease. Ten patients
(32.3%) had progressive disease. Patients treated with pulsed and boosted therapy
had much better 1-year survival rates than those treated by pulsed therapy alone
(63.3£12.0% vs. 10.7 £ 9.4%; p < 0.001). Overall, results were promising provid-
ing a ground for improvements.

1.1.2.3 HepG2 Cell Line Lysate

A phase II clinical trial investigating the safety and efficacy of vaccination with
autologous DCs pulsed ex vivo with a liver tumor cell line lysate (HepG2) in patients
with advanced HCC was reported by Palmer et al., [17]. Twenty-five patients
received at least three doses of DC vaccinations each at 3-week intervals without
signs of toxicity and were assessed clinically for response. An effect on disease,
combining partial response and stable disease >3 months, was observed in 7 patients
(28%). Only in 1 patient such effect was associated with a 90% reduction in serum
a-fetoprotein (AFP). T cell responses specific to the vaccine or to AFP was induced
by DC vaccination.

A further trial was conducted to evaluate safety and efficacy of a similar HepG2-
pulsed DC vaccine [18]. Thirty patients with advanced HCC were randomized in
two groups. Group 1 received a single administration of DC vaccination, Group 2
received supportive treatment. DC vaccination was safe. Partial response was
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observed in 2 patients (13.3%), stable disease in 9 patients (60%) and 4 patients
(26.7%) showed progressive disease. The median survival time in Group 1 was
7 months compared to 4 months in Group 2.

Overall, DC vaccination loaded ex vivo with tumor lysate (autologous or cell
line) shows safety and signs of efficacy which require improvements and further
investigation on much large number of patients.

1.1.3 Individual Tumor Associated Antigen Vaccines

Cancer vaccines based on individual TAAs elicit a very specific anti-tumor effector
and memory cell response. Indeed, such an approach eliminates the “dilution and
confounding factors” characteristic of the whole tumor lysates by immunizing
patients with large amounts of a desired TAA and eliciting a specific focused anti-
tumor immune response.

Since the identification of the first human tumor antigen MAGE-1 [19], a large
number of shared and unique TAAs have been and are constantly described [20, 21]
(http://cancerimmunity.org/peptide/). Shared TAAs are currently classified as (i)
cancer-testis (CT) antigens, (ii) differentiation antigens, and (iii) widely occurring,
overexpressed antigens.

Cancer vaccines are mostly based on peptides covering a single cancer-testis or
differentiation TAA, and most of them have been shown to induce a high frequency
of specific T cells with limited clinical outcome [22, 23]. Several possible reasons
may account for such unsatisfactory results, including immune tolerance induced
by shared TAAs [24] and narrowed specificity of CD8* T cell response, resulting in
limited immunological efficacy and induction of immune escape mechanisms
[25, 26].

Concerning HCC, very few early phase clinical trials based on single TAA have
been conducted in the setting of advanced HCC targeting antigens over-expressed
in many HCC.

1.1.3.1 a-Fetoprotein (AFP)

Alpha fetoprotein (AFP) is an oncofetal antigen over-expressed in most HCCs
offering an attractive target for HCC-specific immunotherapy approaches. The first
pilot phase I clinical trial indicated that four specific AFP peptides are able to elicit
a T cell response response in HCC patients, regardless the high circulating levels of
AFP [27]. The mix of the four peptides was then used to pulse autologous DCs and
evaluated in a phase I/II clinical trial in 10 AFP-positive HCC patients. At the end
of the protocol, 6 of 10 subjects showed both expansion of AFP-specific T cells as
well as increased IFNy-producing AFP-specific Tcell responses to at least one of the
peptides included in the mix [28].
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In order to overcome the HLA restriction associated with a peptide-based
approach, the full length AFP was tested in two HCC patients using a DNA prime —
Adenovirus boost vaccine strategy. The vaccine was safe, well tolerated and both
patients showed immunologic evidence of immunization. At the end of the protocol,
the patients’ AFP levels remained within the normal range and the level of AFP-
specific CD8+ T cells remained high. Both patients showed immunologic evidence
of immunization, but HCC recurred in 9 or 18 months [29]. Overall, cancer vaccines
based on AFP have provided results in early clinical trials which do not support
conduction of large efficacy randomized controlled trials.

1.1.3.2 Glypican-3 (GPC3)

Glypican-3 (GPC3) is a member of the glypican family of heparan sulfate proteo-
glycans, it is overexpressed in about 80% of HCC cases and is correlated with a
poor prognosis [30-32]. Given such a specific expression pattern, GPC3 is consid-
ered a good target for HCC-specific immunotherapies. Two immunogenic HLA-
A24 and HLA-AOQ2 restricted GPC3 peptides have been identified and used for
developing a therapeutic cancer vaccine for HCC. The safety of such a vaccine was
evaluated in 33 patients with advanced HCC in a nonrandomized, open-label, phase
I clinical trial. GPC3 vaccination was well-tolerated and 30 out 33 (91%) patients
showed a GPC3-specific CTL response. One patient showed a partial response, and
19 patients showed stable disease 2 months after initiation of treatment. OS was
significantly longer in patients with high GPC3-specific CTL frequencies than in
those with low frequencies (p = 0.033) [33].

Based on such results, a phase II clinical study has been performed evaluating the
GPC3 peptide vaccine in 41 HCC patients in an adjuvanting setting. Ten vaccina-
tions were administered for 1 year after the standard treatment. The combination
between surgery plus vaccination resulted in a lower recurrence rate compare to
surgery alone (28.6% vs. 54.3% and 39.4% vs. 54.5% at 1 and 2y, respectively;
p = 0.346, 0.983). Moreover, the GPC3 expression on tumor strongly correlated
with the recurrence rate at 1 year [34].

More recently a humanized monoclonal antibody against GPC3 (e.g. GC33,
Codrituzumab) has been evaluated in a first-in-man Phase I clinical trial to assess its
safety, tolerability, and pharmacokinetics in patients with advanced HCC [35]. A
dose-escalating protocol was evaluated in 20 patients showing a safety profile.
Stable disease was seen in 4 patients which exhibited a high intratumor GPC3
expression. Moreover, the median time to progression was significantly longer in
patients with tumors expressing high levels of GPC3 than in patients with low GPC3
expression.

A randomized phase II trial with Codrituzumab was conducted in 185 advanced
HCC patients who had failed prior systemic therapy. Patients were stratified based
on GPC3 expression by IHC. Primary endpoint was progression free survival.
Secondary endpoints included overall survival (OS), tolerability, pharmacokinetics,
and an exploratory endpoint in biomarkers analysis. The results showed that
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Codrituzumab failed in improving free survival and overall survival vs. the placebo
group [36]. Such results do not support conduction of large efficacy randomized
controlled trials.

1.1.3.3 Multidrug Resistance-Associated Protein 3 (MRP3)

Multidrug resistance-associated protein 3 (MRP3) is a carrier-type transport protein
belonging to the ABC transporters. Its function is to transport substances against a
concentration gradient in an ATP energy-dependent manner [37]. Among different
tumor cells, MRP3 is highly expressed in HCC tissue and MRP3-specific cytotoxic
T cells (CTLs) can be induced with cytotoxic activity against HCC cells overex-
pressing MRP3 [38]. Based on these observation, a phase I clinical trial has been
recently conducted in HCC patients to evaluate safety and immunogenicity of a
MRP3-derived peptide (MRP3765). Twelve hepatocellular carcinoma (HCC)
patients treated with hepatic arterial infusion chemotherapy (HAIC) were enrolled
and received three vaccine administrations weekly. The vaccination was well toler-
ated, no serious adverse reactions were observed and a MRP3-specific immunity
was elicited in 8/12 patients. One patient showed a partial response, nine showed a
stable disease, and two showed a progressive disease. The median overall survival
time was 14.0 months [39]. These results indicate the feasibility of a MRP3-derived
peptide vaccine and the potential efficacy should be further evaluated in additional
studies.

1.1.3.4 Cancer-Testis Antigens

Cancer-testis (CT) antigens are tumor-associated antigens characterized by the
expression limited to tumor tissue and testis [40]. Several CT have been identified
in the last years and are considered an optimal target for cancer immunotherapy
approaches [41]. Among such a family of TAAs, an increased mRNA expression of
some of them has been detected in a variable percentage of HCC tissues. NY-ESO-1
has been detected in about 30% of HCCs [42] and a specific humoral and cellular
response has been identified in about 12% of HCC patients [43]. Another study
investigated the expression of 10 different CT genes in 21 HCC samples. Four sam-
ples did not express any of the CT genes tested, 17 (81%) expressed at least one, 9
(43%) coexpressed two, four (19%) coexpressed four, three (14%) coexpressed five
and one coexpressed 8 of the 10 CT genes tested [44]. Spontaneous T cell response
against specific CT has been detected in HCC patients, namely SSX-2 and
MAGE-A10 [45] as well as melanoma antigen-encoding genes (MAGE Al- A6)
[46].

More recently, the spontaneous CD8* T-cell responses specific for MAGE-1,
together with AFP, GPC-3 and NY-ESO-1 has been assessed in a large cohort of
HCC patients. The results showed that almost 50% of patients did not show any T
cell response against any of the evaluated TAAs; 23% of patients reacted against
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only one of the TAAS; 11.5% against two TAAs; 10.5 against three TAAs and 6.3%
against all 4 TAAs. Overall, 66.6% of HCC patients showed spontaneous CD8*
T-cell responses against MAGE-1, AFP and GPC-3 [47]. The three TAAs have been
used in a subsequent DC vaccine formulation which has been evaluated in early
stage clinical trial in 5 HCC patients. The vaccine was safe and well-tolerated over
6 administrations, eliciting T cell responses against the three TAAs. However, clini-
cal benefit was observed in one of the 5 patients [48]. More recently, the same DC
vaccine formulation has been evaluated in a phase I/Ila study in 12 HCC patients
who were tumor-free after primary treatments. Anti-tumor response was detected in
all patients with a good correlation between cellular response and delayed tumour
recurrence up to 24 weeks after DC vaccination. The median time of TTP was
36.6 months in the DC-vaccination group and 11.8 months in the control group [49].

1.1.3.5 Human Telomerase Reverse Transcriptase (WTERT)

Human telomerase reverse transcriptase (hTERT) is the catalytic enzyme required
for telomere elongation and is expressed in a wide range of human cancers, includ-
ing HCC [50-52]. The telomerase-derived peptide GV1001 has been identified as
the best antigen for immunotherapy strategies targeting hTERT [53]. GV1001 in
combination with GM-CSF was evaluated in a phase II clinical trial in 40 advanced
HCC patients. Vaccination was preceded by a single administration with cyclophos-
phamide and was well tolerated. No GV1001 specific immune responses were
detected after vaccination and none of the patients had a complete or partial response
to treatment. 17 patients (45.9%) showed a stable disease 6 months after initiation
of treatment. The median TTP was 57.0 days; the median TTSP was estimated to be
358.0 days [54].

Overall, trials have been conducted to examine the clinical response to vaccines
based on individual TAAs but the clinical outcomes were not satisfactory and need
further investigation to improve efficacy.

1.2 Overcoming Limiting Factors in Immunotherapy
Approaches for HCC

The disappointing clinical responses observed in the different early clinical trials
described above can be ascribed to two main reasons. One is the target TAAs used
in such vaccines which are not specific to HCC and are not expressed in the totality
of liver cancer cells. Moreover, they have been used a single target which may easily
lead to an immunological escape. The second one is the strong intrinsic immune
suppressive microenvironment characterizing the liver which may represent a major
impediment to an effective anti-tumor activity elicited by a therapeutic cancer vac-
cine [10].
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1.2.1 HCC-Specific Tumor Associated Antigens (TAAs)

Identification of HCC-specific TAAs and/or epitopes need to be identified, both
HLA class I and II restricted, in order to induce both CD4* T helper and CD8* T
cytotoxic responses [55-58]. Novel TAAs can be identified according to three dif-
ferent experimental approaches.

The cellular approach is based on elution of antigenic peptides from target cells,
determination of peptide sequences by reverse phase HPLC fractionation and
Edman degradation, identification of peptides by sensitive mass spectroscopy
(reviewed in [59, 60]). The genetic approach is based on expression cloning of
libraries derived from tumor cells. (reviewed in [61]).

The third approach is based on in silico prediction methods, which is named
“reverse immunology” [62]. Potential HLA-associated peptides are predicted from
full-length protein sequences by immune-informatics algorithms [63—70]. However,
such algorithms cannot take into account the complexity of the whole biological
process leading to generation of peptides by the proteasome, their coupling to HLA
molecules and presentation on the cellular surface. To this aim, integration of mul-
tiple high-throughput “omics” technologies is needed (reviewed in [71, 72]).
Rammensee and colleagues proposed a strategy based on a combination of the
described approaches defined as “Tuebingen approach” [73]. The combination of
genomics, HLA peptide repertoire analysis by liquid chromatography-coupled mass
spectrometry (“peptidomics”) and classical as well as novel T-cell assays has
allowed the identification of HLA ligands from frozen primary tumor material,
selection of the tumor associated peptides and their immunological validation [74].
Such an integrated strategy has been employed to identify the HLA ligandome for
glioblastoma (GB) [75], renal cell cancer (RCC) and colorectal cancer (CRC).
Cancer vaccines based on peptides identified with this strategy have been developed
and phase I-III clinical trials have been conducted in patients affected by GB, RCC
and CRC [76-78].

The same strategy is currently pursued for identification of shared “off-the-shelf”
HCC-specific antigens within the HEPAVAC project (www.hepavac.eu) [11]. Novel
HCC-associated antigens have been identified and a multi-epitope, multi-HLA pep-
tide vaccine has been produced. The vaccine, indeed, is a cocktail including 13 HLA
class I (A*02 and A*24) and 5 HLA class II peptides, to raise a CD4* T helper and
CD8* CTL response as well as to avoid a possible immunological escape. A phase
I/II clinical trial is going to start in Q1 2017 to assess safety and immunogenicity in
early-intermediate stage HCC patients undergoing surgical and/or loco-regional
treatments. The vaccination protocol will an actively personalized vaccine (APVAC)
in a subset of vaccinees. Patient-specific HCC-specific neo-antigens will be selected
according to integration of genomics, transcriptomics and HLA ligandomics analy-
ses. Both the “off-the-shelf” and the personalized vaccine will be combined with a
novel and potent RNA-based immunomodulator (RNAdjuvant®) which is based on
a noncoding, long-chain RNA molecule able to induce balanced, long-lasting
immune responses resulting in a strong anti-tumor activity [79-81].
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1.2.2 Liver Immunosuppressive Environment

The intrinsinc tolerogenicity of liver is the due to resident subsets of phagocytic
cells which have been identified to play a role as “tolerogenic” antigen presenting
cells (APCs): liver sinusoidal endothelial cells (LSECs); Kupffer cells and liver
dendritic cells (DCs). LSECs inhibit T cell response [82, 83] and induce CD4+ T
cell tolerance and death [84]. Kupffer cells produce the anti-inflammatory mole-
cules transforming growth factor beta (TGF-), IL-10, prostaglandin E2 (PGE2), as
well as express the inhibitory molecule PD-L1 [85-87]. Liver-resident DCs show an
IL-10-secreting phenotype [88-90], inducing Th2 polarization of CD4+ T cells
[91], regulatory T cell (Treg) induction and poor antigen recall responses [92, 93].

Such inherent immunological uniqueness needs to be taken into high account to
significantly improve the immune response elicited by active cancer immunothera-
pies. Combinatorial protocols combining specific immunotherapy approaches with
immune stimulatory strategies counterbalancing the immune-suppressive tumor
environment would be of high efficacy (reviewed in [94]). To this aim, several lines
of evidence suggest that combination of immunotherapy and cancer standard-of-
care therapies (i.e. chemotherapy) may provide better results than individual treat-
ments (reviewed in [95, 96]).

Cytotoxic chemotherapy has been recently shown to generate a favorable
immune environment and potentiate effects of anticancer vaccines (reviewed in
[97]). Indeed, cyclophosphamide is toxic to immunosuppressive Treg cells and a
metronomic regimen has been shown to improve cancer vaccine efficacy [98—102].
Similarly, gemcitabine selectively kills myeloid-derived suppressor cells (MDSCs)
in vitro and in vivo [103], and has been shown to improve immune response to can-
cer vaccines [104—106]. Docetaxel has been reported to modulate different cell sub-
sets, enhancing CD8+ function and deleting Tregs [107] and has been evaluated in
several human clinical trials showing enhancement of immune response to cancer
vaccine [108, 109].

Specifically concerning the HCC, a single clinical trial has evaluated a combina-
tion of low dose cyclophosphamide with a telomerase peptide (GV1001) vaccina-
tion with limited results [54]. Such a specific combinatorial strategy needs to be
evaluated in much more details in HCC. However, considering all the data gener-
ated for other cancer models, it is reasonable to predict that chemotherapeutic agents
may improve the efficacy of cancer vaccines also in this tumor setting.

1.3 Concluding Remarks

HCC has a poor prognosis for the lack of an effective therapy. Development of a
cancer vaccine as therapeutic strategy is of high relevance. However, until now the
efficacy of cancer vaccines evaluated in advanced HCC patients in early phase clini-
cal trials has been disappointing. Two are the main aspects which needs to be
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addressed in more details for improving clinical outcomes with great beneficial
effect for HCC patients. The first is increasing the knowledge on molecular and
antigenic characteristics of HCC, to identify more specific and immunogenic tumor-
associated antigens. The second is testing the potential benefits of the combinatorial
strategies, to counterbalance the immune-suppressive environment and increase the
vaccine immunogenicity. The EU-funded HEPVAC project is currently addressing
such aspects and the clinical trial about to start with the multi-epitope, multi-HLA
peptide vaccine will hopefully provide relevant results for the HCC patients.
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Chapter 2

Natural Killer Cells in Hepatocellular
Carcinoma: Anti-Tumor Effect

and Therapeutic Potential

Elisabetta Cariani and Gabriele Missale

2.1 NK-Cell Function

As the principal effectors of innate immune system, NK-cells are able to recognize
and directly kill foreign, senescent, transformed, and virus-infected cells [1].
Besides eliminating their targets, NK-cells modulate dendritic cell and T cell activ-
ity through cytokine and chemokine secretion. Recent results have also shown that
NK-cells can kill activated T cells playing an immunoregulatory function [2, 3].
Due to their cytotoxic potential, their dependence on interleukin (IL)-15 and the
expression of the transcription factor Eomes, NK-cells are classified into group 1
innate lymphoid cells [4].

NK-cells represent 10-15% of peripheral blood lymphocytes (PBL) and are
characterized by surface expression of the CD56 neural cell adhesion molecule and
lack of CD3 and CD19. Based on the level of CD56 expression, NK-cells have been
further classified as CD56¢" that account for about 10% of PBL NK-cells, and
CD56%m, The CD56¢" and -4m NK-cell subsets are usually considered as function-
ally distinct, with predominant cytokine-secreting or cytotoxic activities, respec-
tively. However, both subsets can share the same functions after stimulation [5].

CD56ie" NK-cells are the most abundant in human tissues, particularly in case
of inflammation or neoplastic transformation. Tissue-resident intrahepatic CD56"ht
NK-cells have been described, characterized by the expression of hallmarks such
as CD69, chemokine receptors (CXCR6 and CCRS5), and adhesion molecules [6].
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The distinct phenotype of tissue-resident NK-cells compared to their circulating
counterpart is believed to reflect specific functional characteristics (reviewed in Ref.
7). CD56it NK-cells constitutively express high-affinity heterotrimeric IL-2 affy
receptors, do not secrete IL-2 but, through release of other cytokines, i.e. interferon
(IFN)-v, play a major role in the regulation of the immune response [5].

The CD56%™ subset represents the large majority of circulating NK-cells and is
far less abundant in tissues. Traditionally CD56%™ NK-cells are considered to dif-
ferentiate from CD56"" cells, however recent data indicate a wide phenotypic
diversity, suggesting a more dynamic adjustment of NK-cell phenotype and function
according to the genetic background and to the surrounding microenvironment [8].

The recognition of targets by NK-cells is driven by a complex system of surface
receptors exerting either activating or inhibitory function (Fig. 2.1). Activating
NK-cell receptors include the natural cytotoxicity receptors (NKp30, NKp44,
NKp46), C-type lectin receptors NKG2D and CD94/NKG2C, CD16, and activating
killer immunoglobulin-like receptors (KIRs), whereas inhibitory receptors include
inhibitory KIRs and CD94/NKG2A heterodimer.
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Tolerance is linked to the recognition of self major histocompatibility complex
(MHC) class I by inhibitory KIRs and CD94/NKG2A. The recognition of MHC
class I targets by inhibitory NK-cell receptors is also the basis of the process of
licensing of immature NK-cells [9], and the down-regulation of MHC class I on
transformed cells allows their identification by NK-cells.

The overall diversity of inhibitory NK-cell receptors, interacting with MHC class
I ligands for maintenance of self tolerance, is strictly linked to the genetic back-
ground, whereas the expression of activating receptors is strongly influenced by
environmental conditions [8]. Inhibitory signals usually overcome activating
NK-cell receptors, that recognize stress-induced ligands expressed as a result of
heat shock, viral infection, or genotoxic damage. Apart from receptor-ligand inter-
actions, NK-cell activity is under the control of cytokines and of toll-like receptor
ligands [10].

2.2 Alterations in NK-Cell Frequency, Phenotype
and Function in Viral Hepatitis

The liver is directly exposed to the immune stimulation of gut-derived nutrients,
bacteria and their metabolites. Tolerance to foreign antigens is maintained by liver-
specific cell populations like Kupffer cells, liver sinusoidal endothelial cells
(LSECs), hepatic stellate cells (HSCs) and even hepatocytes [11].

NK-cells represent 5-50% of intrahepatic immune infiltrate [12]. About 45% of
the liver-infiltrating NK-cells consist of resident EomesP® CD56iet NK-cells
expressing CD69, CXCR6, CCRS and NKp46, with low IFN-y production and per-
forin and granzyme B expression [6].

NK-cells are primarily involved in response to virus and cancer. Hepatitis B
(HBV) and C (HCV) viruses represent the main causes of liver disease worldwide
and HCC is the most frequent complication of liver cirrhosis. It is then clear that
understanding the interplay between NK-cells and hepatitis B and C viruses, is ger-
mane in order to define the role of NK-cells in the pathogenesis of HCC.

Several studies have addressed NK-cell phenotypic and functional modifications
during HBV and HCV infection showing conflicting results for specific changes in
different patients cohorts and experimental conditions, but agreeing in most cases
on profound functional alteration of NK-cells. In most of the studies NK-cells are
phenotypically activated with defect in cytokine (IFN-y) production in HBV and
HCV infected patients while cytotoxic function seems to be enhanced in patients
with HCV infection.

Functional modification of NK-cell response in chronic HBV and HCV infection
may be responsible for persistent inflammation in the liver, liver pathology, fibrosis
due to NK-cell and HSC interaction and possibly to hepatocarcinogenesis because
of inefficient surveillance by dysfunctional and/or exhausted NK-cells.
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2.2.1 HBV

Chronic HBV infection has been associated with reduction of frequency as well as
cytokine production of NK-cells compared to healthy controls. Several studies have
reported a defect in IFN-y production by NK-cells in patients with chronic hepatitis
B [13-15], and mechanisms involved in downregulating NK-cell response may be
represented by secretion of immunosuppressive cytokines such as IL-10 [16, 17].
Phenotypic modifications associated with functional alterations have been described
with conflicting results. NKG2A was overexpressed with decreased cytotoxicity
[18]. TIM-3, a co-inhibitor receptor, was overexpressed on peripheral and liver infil-
trating NK-cells and blocking TIM-3 could restore IFN-y production and cytotoxic-
ity [19]. However, in two other studies [3, 17], cytotoxic granules and function were
not different if compared with healthy subjects. A comparison of phenotypic and
functional characteristics of circulating NK cells in patients with chronic HBV and
HCYV infection has shown lower frequency of activated NK cells in HBV infected
patients with lower cytokine-induced cytolytic activity compared to subjects with
chronic HCV infection [13].

Another mechanism played by NK-cells in patients with chronic HBV infection
is killing of HBV-specific T cells by TNF-related apoptosis-inducing ligand
(TRAIL)-TRAIL-R2 interaction [2], a regulatory function to limit T-cell mediated
immunopathology. It is not known at this moment if similar mechanisms could
negatively regulate tumor-specific T-cell response. Finally it is interesting to observe
the behavior of NK-cells in patients undergoing antiviral treatment. Nucleoside ana-
logs (NUCs) can efficiently block HBV replication, shutting down viral production
with undetectable viremia, even though HBV can persist in its occult condition
because of cccDNA mini chromosome that allows minimal levels of replication and
antigen production. In patients undergoing NUC treatment with suppressed HBV
replication, a reversion to a quiescent condition of NK-cells similar to healthy sub-
jects has been observed. This was associated with reduced expression of TRAIL,
CD38, and Ki67 and restoration of IFN-y production [3].

2.2.2 HCV

Interplay between hepatitis C virus and NK-cells have been object of several stud-
ies. The first model was plate-bound HCV antigen E2 that could bind CD81, a tet-
raspanin expressed on epithelial and immune cells and in particular on NK-cells
[20, 21]. This interaction was primarily shown to impair IFN-y secretion. Later
studies in HCV replicative in-vitro models [22, 23] or infected hepatoma cells [24],
allowed NK-cells interaction with free viral particles. Results turned out quite dif-
ferent compared to plate-bound E2: no impairment of NK-cell function by interac-
tion with soluble virions while direct contact with infected cells could downregulate
NKG2D and NKp30 expression with impaired NK-cell function [24, 25]. However,
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in-vivo the interplay with accessory cells releasing interferons and cytokines may
modify and overcome the inhibitory effect due to direct interaction with infected
cells. Plasmacitoid dendritic cells can sense HCV and produce type I IFNs [26-29]
with activating functional effect on NK-cells. Monocytes in presence of HCV can
produce IL-18 and IL-10 with opposing effect on NK-cells cytokine production.

Studies conducted in chronically infected patients have shown that persistently
activated NK-cells may be dysfunctional with reduced IFN-y production because of
exhaustion due to chronic persistent stimulation [30], while cytotoxic function
resulted increased. This dichotomous condition has been ascribed to persistent
exposure to IFN-a with STAT1 overexpression and phosphorylation that stimulates
NK-cell cytotoxicity [31-34]. NKp46hish NK-cells are reported in the periphery and
intrahepatic compartment of HCV infected patients [35] in agreement with enhanced
cytotoxic potential. However other studies have underlined that even in presence of
NKp46 upregulation in the liver, degranulation and TRAIL expression by intrahe-
patic NK-cells is reduced [36]. These apparently contrasting results may derive
from differences in patients selection or by the fact that combined NKp46 expres-
sion with inhibitory receptor NKG2A is associated with reduced cytotoxicity as it
has been shown in a previous study by our group in patients with HCV infection and
HCC as well as in the uterine decidual NK-cells during pregnancy [37, 38].

Direct acting antivirals (DAAs) clear HCV within weeks of treatment in more
than 90% of the cases. NK-cells can sense these changes with profound modifica-
tion at phenotypic and functional levels. It has been shown that HCV clearance can
determine phenotypic and functional effects on NK-cells in periphery and within
the liver with durable reduced NK-cell activation associated with a rapid decline of
NK-cell stimulating cytokines in serum such as IP-10, IL-12, IL-18 [39], providing
an in-vivo model confirming the profound effect of HCV infection on NK-cell phe-
notype and function.

2.3 Alterations in NK Cell Frequency, Phenotype
and Function in HCC

Previous data from patients with HCC showed a decreased NK subset in peripheral
blood and a reduction in tumor-infiltrating NK-cells (especially the CD56%™,
CD16P** subset) compared to the non-tumorous liver counterpart [40, 41]. Defective
cytokine production and cytotoxic potential [40—43] were also described, mainly in
advanced stage HCC [41]. NK-cell functional capacity was identified as a predictive
factor for HCC outcome [42, 43].

In a recent study, the NK-cell dysfunction in patients with HCC has been related
to a liver-infiltrating CD11b™¢CD27™¢ NK-cell subset specifically increased in
tumor tissue and showing both low cytotoxic and IFN-y-secreting capacity.
Enhanced multiplicity of CD11b*¢CD27"¢ NK-cells was associated with advanced
tumor stage, and represented a negative prognostic factor for survival [44].
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Multiple molecular mechanisms linked to both genetic and environmental fac-
tors may be involved in shaping the NK-cell phenotype and function in HCC. In a
recent study, we identified a relationship between better HCC prognosis and
KIR2DS5, HLA-C1 and compound KIR2DL2-C1/KIR3DS1-Bw4I80 genotypes
[45]. This relationship was supported by increased cytotoxic capacity of NK-cells
from subjects with HLA-C1 alone or combined with KIR2DL2/KIR2DL3.

A genome-wide association study [46] identified an increased risk of HCC
development in HCV patients with a single-nucleotide polymorphism in the gene
encoding for MHC-associated chain A (MICA), a ligand of NKG2D. The MICA-
NKG2D interaction had already been identified as a potential target of immune
escape, since the proteolytic cleavage and shedding of soluble MICA (sMICA) in
serum may induce down-regulation of NKG2D on NK-cell surface [47]. In patients
with HCC elevated levels of SMICA were shown to be associated with decreased
NKG2D expression and impaired NK cell activation [48]. In addition, decreased
expression of the NKG2D ligand UL-16-binding protein (ULBP) 1 has been related
to early recurrence of HCC after surgical resection [49].

A frequent mechanism driving functional impairment of NK-cells in solid tumors
is the deregulated expression of the inhibitory receptor NKG2A and of its ligand,
the non-classical MHC-I molecule HLA-E [50, 51]. This alteration may play a role
in HCC, where HLA-E expression in hepatocytes is increased by the oncofetal pro-
tein Granulin — epithelin precursor, overexpressed in HCC [52]. We have recently
observed a higher percentage of NK-cells co-expressing NKG2A, NKp30 and
NKp46 in the peripheral blood of a subset of HCC patients with shorter survival
[37]. This combined phenotype was negatively correlated to NK-cell function.
Consistent with this observation, NKG2A co-engagement had previously been
shown to inhibit NKp46-mediated cytotoxicity and NKp30-induced IFN-y produc-
tion in uterine decidual NK-cells during early pregnancy [38].

It is well known that the solid tumor microenvironment exerts a suppressive
effect over immune response (Fig. 2.2). In particular, NK-cell phenotype is strongly
influenced by cytokine concentration, presence of specific ligands for NK-cell
receptors and infiltrating cell types. Both T regulatory cells (Tregs) and myeloid-
derived suppressor cells (MDSCs) are key players in cancer immune evasion. Tregs
are increased both in peripheral blood [53] and in tumor tissue [54] of patients with
HCC, and enrichment of Tregs in tumor infiltrate is associated with disease progres-
sion and poor prognosis [55, 56].

A high prevalence of CD 147> HLA-DR"™#** MDSCs in tumor tissue and periph-
eral blood of patients with HCC was reported [57, 58]. MDSCs induce the expan-
sion of Tregs through IL-10 and TGF-p production and impair hepatic NK-cell
activity via membrane-bound TGF-f [59]. The direct inhibition of NK-cells by
MDSC s via the activating receptor NKp30 has also been described in patients with
HCC [43], and tumor monocytes have been shown to drive sequential activation and
exhaustion/apoptosis of NK-cells through CD48/2B4 interaction [41].

Interestingly, a recent study showed that MDSCs recruited by senescent hepato-
cytes through CCL2-CCR?2 signaling could prevent HCC initiation, but promoted
progression of established HCC. In the HCC context MDSCs do not appear to
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Fig. 2.2 Immune suppressive mechanisms of the HCC microenvironment. Intratumoral NK
cell phenotype is shaped by cytokines, receptor-ligand interactions, tumor cells and infiltrating
cells (mainly immature and suppressive cells). CAF cancer associated fibroblasts, HSC hepatic
stellate cells, PGE2 prostaglandin E-2, IDO indoleamine-2,3-dioxygenase

differentiate into macrophages, but accumulate creating an immunotolerant envi-
ronment that enhances HCC growth by NK-cell inhibition, thus worsening the sur-
vival of HCC patients [60].

The HCC immune environment favors the polarization of macrophages to
tumour-associated macrophages (TAMs), characterized by high IL-10 production
that further induce Tregs expansion and impairs NK-cell activation [61].

Liver-resident cells are also involved in anti-tumor immune response. LSECs
express PDL-1 and can induce Tregs in a TGF-p-dependent fashion [62]. HSCs
contribute to MDSC and Treg induction [63, 64] and cancer-associated fibroblasts
inhibit NK-cell function through the secretion of prostaglandin E2 and indoleamine-
pyrrole 2,3-dioxygenase (IDO) [65].

2.4 Perspectives for NK-Cell-Based Immunotherapy in HCC

Immunotherapeutic strategies have long been focused on the activation of T cell
response. However, more recently interest has been raised about the potential of
NK-cells as therapeutic targets. Advantages of NK-cell-based treatment strategies
include lack of antigen specificity, rapid acquisition of cytolytic function and
enhanced killing activity towards cancer stem cells, a quiescent subset displaying
increased tumorigenic potential and resistance to conventional therapies [66].
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Although NK-cell-based strategies display enhanced efficacy in hematological
malignancies [67], they hold potential for the treatment of solid tumors. Several
approaches can be hypothesized to restore anti-tumor NK-cell function in the tumor
microenvironment (reviewed in Ref. 68). Autologous or allogeneic NK-cells have
been adoptively transferred after in vitro expansion by cytokines, although this
approach did not lead to clinical response in advanced digestive tumors [69].
Cytokines can also be administered to expand NK-cells in vivo. IL-15 appears as the
most promising agent in this context, since different from IL-2 it does not activate
Tregs and has a stimulating effect on cytotoxic T lymphocytes. Adoptive NK-cell
transfer, together with administration of IL-15 or of its superagonist ALT-803, is
currently being tested in solid tumors [70]. The recent progress in knowledge of
IL-15 signaling in NK-cells [71] discloses new perspectives for the genetic engi-
neering of NK-cell function.

An attractive approach to enhance NK-cell anti-tumor activity is the targeting of
surface receptors. Activating CD16 receptor co-operates in the therapeutic effect of
tumor-targeting mAbs through the mechanism of antibody dependent cellular cyto-
toxicity (ADCC) [72], and this capacity is retained by adoptively transferred
NK-cells. To further enhance NK-cell-mediated cytotoxicity, bi- and tri-specific
antibodies have been designed able to bind both tumor antigens and an activating
NK-cell receptor (e.g., CD16 or NKG2D) together with cytokines (e.g., IL-15).
Several studies reported effective triggering of tumor cell lysis by the crosslinking
of tumor and NK-cell targets (reviewed in Ref. 73).

Inhibitory NK-cell receptors represent another promising target: a recombinant
anti-inhibitory KIRs monoclonal antibody (mAb) (Lirilumab, IPH2102) [74] is
under evaluation both in hematological and solid tumors, as is monoalizumab
(IPH2201), a blocking mAb to NKG2A.

Since the T cell checkpoint molecules CTLA-4 and PD-1 are also expressed by
NK cells, the efficacy of anti-CTLA-4 and anti-PD-1/PDL-1 checkpoint inhibitors
is at least partly linked to their influence on NK-cell function. Tim-3 is another
potentially interesting checkpoint target for NK-cell-based immunotherapy. Tim-3
is upregulated on NK-cells from patients with solid tumors [75, 76] and blocking of
Tim-3 appears to restore NK-cell activity [75]. Moreover, Tim-3 expression levels
correlate with prognosis in gastric cancer [76] and in lung adenocarcinoma [77].

A novel and more versatile strategy is represented by BiKEs and TriKEs (Bi- and
Tri-specific Killer cell Engagers), small molecules composed of 2-3 variable por-
tions of antibodies with different specificities. BiKEs consist of 2 antibody
fragments, recognizing a tumor antigen and CD16, respectively, that facilitate the
formation of immunological synapses and trigger ADCC upon target recognition
[78]. TriKEs integrate IL-15 in the above architecture, enhancing NK-cell expan-
sion [79]. The TriKEs can be produced as recombinant proteins and used to stimu-
late endogenous NK-cells without the need for cell transfer, thus representing a
flexible tool that can be customized to target different ligands and to bypass immu-
noediting of tumor-associated antigens (TAAs). Other activating NK-cell receptors
(e.g., NKG2D) are potential candidates to be incorporated into recombinant immu-
notherapeutic tools [80]. However, further information is needed about the effect of
these molecules on NK-cell function before their use in human therapy.
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Combined therapies represent a promising strategy for treatment optimization.
Drugs targeting the immunosuppressive tumor microenvironment (i.e., inhibitors of
TGF-p or of adenosine receptor A2A) can be used to improve NK-cell function. In
addition, anti-tumor drugs may display immunomodulatory effects targeting
NK-cell function either directly (e.g., thalidomide, lenalidomide) or indirectly, by
modulating the expression of NK-cell receptors or their ligands. These interactions
may favor NK-cell function, as in the case of Sorafenib for the treatment of HCC
[81], or alternatively be detrimental, supporting the need for careful evaluation of
combined strategies.

Altogether, the results of NK-cell-targeted immunotherapeutic strategies in the
context of HCC are still preliminary. Only part of the above described approaches
have been employed to date and will be the main focus of the following
paragraphs.

2.4.1 Adoptive Cell Transfer

The anti-tumor activity of autologous lymphokine-treated killer cells administered
together with IL-2 was first reported in the 80s, but this approach was limited by
side effects due to IL-2 toxicity and Treg-activating effect [82]. Since then, cytokine-
induced killer cells (CIKs) have been frequently used for adoptive cell therapy in
cancer patients. CIKs consist of activated T cells, activated NK-cells and NK T cells
[83] and are usually obtained ex vivo from PBMCs stimulated by cytokines (IFN-y,
IL-2) and anti-CD3 antibodies. The anti-tumor immune response of CIKs appears to
rely on the interaction between NKG2D and its ligands MICA and -B [84]. Safety
of CIK therapy in HCC was reported in two single-arm, prospective studies [85, 86].
Two randomized controlled trials [87, 88] evaluated adjuvant CIK therapy after sur-
gical resection of HCC, showing improved recurrence-free survival but no effect on
overall survival, in contrast to a retrospective study reporting a survival advantage of
CIK-treated patients [89]. CIK administration together with or after loco-regional
treatments was also shown to increase progression-free survival, overall survival or
both in randomized and retrospective studies [90-92]. The efficacy and safety of
CIK injections as adjuvant therapy after curative treatment of HCC was also recently
evaluated in a multicenter, randomized, open-label, phase III trial. Results showed
increased recurrence-free and overall survival without difference in the rate of seri-
ous adverse events compared to patients not receiving immunotherapy [93].

2.4.2 Monoclonal Antibodies (mAbs)

Different mAb-based immunotherapeutic strategies can be used for the restoration
of anti-tumor NK-cell function. Activating and co-stimulatory NK-cell receptors
can be triggered by agonistic mAbs, and inhibitory NK receptors can be blocked by
mAbs to release NK-cell function. To date these approaches have had limited
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application in HCC although they may represent possible tools for combined immu-
notherapeutic strategies. Targeting of checkpoint molecules expressed by different
cell subsets represents a more promising therapeutic tool. The use of mAbs against
CTLA-4, PD-1 orits ligand PDL-1 have been a major breakthrough in the treatment
of several types of cancer [94]. Although these checkpoint inhibitors are believed to
exert their main effect through their influence on T cell activity, they also contribute
to restore anti-tumor NK-cell function.

CTLA-4 is expressed on activated T cells and Tregs [95]. CTLA-4 antagonizes
the CD28 binding to CD80 and CD86 [96] thus inhibiting T-cell activation.
Experimental evidence has revealed that the anti-tumor activity of CTLA-4 block-
ade results from effects on both effector T cells and Treg cells, that are eliminated
by a NK-cell and macrophage-dependent ADCC mechanism [97]. As a conse-
quence, suppression of CTLA-4 function may result in non-antigen specific autoim-
mune phenotypes [98].

The anti-CTLA-4 mAb Tremelimumab, belonging to the IgG2 subclass, was
tested by a pilot trial in 21 patients with inoperable HCC and chronic HCV infection
showing a good safety profile, despite transient but intense elevations of transami-
nase levels after the first dose in 45% of patients. Despite modest anti-tumor effect
(partial response rate: 17.6%, disease control rate: 76.4%, time to progression:
6.4 months), anti-viral activity was reported, with decreased viral load, develop-
ment of anti-HCV immune responses and emergence of new viral variants [99].
Although the results of this study did not provide a definitive proof of anti-tumor
efficacy, they offered a rationale for immune checkpoint inhibition in
HCC. Trememlimumab administration before ablative treatment was recently tested
in advanced HCC. Of 19/32 patients evaluable, 5 had a partial response with increase
in intratumoral CD8* T cells. A marked reduction in HCV RNA load was also
observed in 12/14 patients. Median time to tumor progression was 7.4 months and
median OS 12.3 months [100].

PD-1 is expressed in different cell populations, including T, B, and myeloid cells
[101]. Recently, high PD-1 expression was shown in a subset of peripheral blood
CD36%"NKG2A"¢KIRP*CD577 NK-cells both in healthy donors and, more fre-
quently, in patients with ovarian carcinoma with enrichment in the ascitic fluid,
suggesting the induction of this cell population in the tumor microenvironment. This
PD-1p NK-cell subset displayed impaired degranulation/cytotoxic activity that
could be rescued by anti—PDL antibodies in vitro [102]. These data offer a rationale
for PD-1-PDL-1 pathway blockade to restore anti-tumor NK-cell function.

Variable levels of PDL-1 expression have been reported in HCC [54, 103, 104].
Immunostaining with anti-PDL-1 antibodies suggested a preferential localization in
tumor cells compared to infiltrating lymphomononuclear cells and stromal cell ele-
ments [54]. In addition, PDL-1 expression levels appear to be related to overall
survival of HCC patients [54, 103, 104] thus supporting the relevance of the PD-1-
PDL-1 pathway in the impaired immune surveillance of HCC.

The safety and antitumor effect of Nivolumab, a fully human IgG4 anti-PD-1
mAb was evaluated in patients with advanced HCC virus-related or non-virus-
related, by an international multicentre phase I/II trial started in 2012 [105]. Both
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patients exposed or not exposed to the kinase inhibitor sorafenib were enrolled,
showing acceptable safety profile and durable responses. A human IgG1 anti-PDL-1
mAb, MED14736, has also demonstrated activity in solid tumors including HCC
[106].

Anti-tumor NK-cell function may be triggered by antibodies against TAAs driv-
ing NK-cell ADCC of tumor cells. A recent randomized phase II trial tested
Codrituzumab, a humanized monoclonal antibody against Glypican-3 (GPC3) that
is expressed in HCC, vs. placebo in advanced HCC patients who had failed prior
systemic therapy. Codrituzumab treatment had an adverse event profile identical to
placebo, but did not show clinical benefit. However, results suggested that a higher
dose of codrituzumab or the selection of patients with high level of GPC3 or CD16
might improve outcome [107].

2.4.3 Genetically Modified NK

NK-cells can be engineered to improve their in vivo persistence, expansion poten-
tial, and tumor targeting capacity. To date, immunotherapeutic approaches involv-
ing the use of genetically modified NK-cells have not been applied to HCC but they
represent an interesting perspective for future clinical applications.

IL-2 gene delivery in expanded NK-cells [108] and genetic manipulation of
NK-cells for ectopic expression of IL-15 [109] have been used to enhance NK-cell
function. Introduction of genes to induce resistance to suppressive cytokines has
also been proposed to enhance NK-cell cytotoxic capacity. Adoptive transfer of a
NK-92 cell line expressing the dominant negative mutant form of TGFp type II
receptor (DNTPRII) on their surface was shown to increase survival in lung-cancer
bearing mice compared to wild-type NK-92 [110].

NK-cells can be engineered by the insertion of chimeric antigen receptors
(CARs) that provide specificity towards a tumor antigen triggering NK-cell cytotox-
icity upon target recognition. CARs include an extracellular domain (generally a
small chain variable fragment) specific for a tumor antigen, and one or more
intracellular domains able to induce activation signals. It has been shown that CAR-
expressing NK-cells are able to elicit a stronger cytolytic response compared to
ADCC [111].

CAR-bearing NK-cells display several potential advantages compared to T cells.
Since CAR-transduced NK-cells are more short-lived than their T cell counterparts
and do not express autocrine growth factors (i.e., IL-2), they do not need “suicide
genes” to limit the risk of autoimmune reaction. Furthermore, the cytokine profile
of NK-cells is less prone to induce severe adverse reactions compared to CAR-
expressing T cells [112]. Finally, NK-cell cytotoxicity can be triggered by several
activating receptors even in the event of target antigen loss by the tumor. However,
one major drawback for the generation of CAR-NK is the difficulty of isolating and
expanding NK-cells, that could be overcome by the use of NK-cell lines (e.g.,
NK-92), easier to expand and to engineer.
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2.4.4 Combined Approaches

NK-cell response is inefficient controlling HCC. This is the result of tumor micro-
environment acting through different possible mechanisms, but it may be also due
to resistance of tumor cells to NK cytotoxic response. This may be due to insuffi-
cient exposure of NK ligands on target cells, release of soluble mediators preventing
interaction between NK and tumor cell or intrinsic resistance of target cells to
apoptosis.

High serum levels of SsMICA binding NKG2D and preventing recognition of its
ligands on HCC is one possible mechanisms of target escape that has been sug-
gested for HCV-related hepatocellular carcinoma by genome wide association stud-
ies that showed increased HCC occurrence in HCV patients presenting the MICA
variant, 1523596542 responsible of high serum levels of sMICA [113].

Making HCC more susceptible to NK cytotoxic response may represent a rele-
vant strategy to treat hepatocellular carcinoma. Anti-tumor agents already tested in
HCC patients and new molecules under study could potentiate adoptive immuno-
therapeutic approaches like adoptive transfer of activated NK-cells or other NK-cell
mediated immunotherapies.

Sorafenib, the multikinase inhibitor that represents standard of care for patients
with advanced HCC, has been shown to induce a decline of the metalloprotease
ADAMD that is usually upregulated in human HCC [114]. ADAM family metallo-
proteases have been shown to be responsible for proteolytic release of the ectodo-
main of transmembranous proteins like MICA. Even if this is a preclinical study,
ADAMD is also overexpressed in HCC patients suggesting that sorafenib effect
could in part be due by an indirect mechanism linked to enhanced NK-cell response.
However other studies have pointed out that sorafenib, affecting PI3K and ERK
phosphorylation, may exert a direct inhibitory effect on NK-cell response [115].
Definitive studies on the real effect of sorafenib on the anti-tumor immune response
in-vivo and in particular on the NK-cell response are still lacking, so at present we
have to be cautious on the possible combined use of sorafenib and immunothera-
peutic treatments.

Modulation of NKG2D targets on tumor cells have been addressed by studies
focused on histone deacetylase inhibitors (HDACISs) that can induce expression of
MICA on HCC cells in-vitro. These molecules have been tested in-vivo in solid
tumors and also in patients with HCC showing good safety profile and high rate of
tumor stabilization [116]. In a recent study a library of 636 FDA-approved drugs
was screened in order to identify the most effective molecules in promoting MICA
expression in HCC. The search identified the HDACI Vorinostat as the candidate
molecule [117] able to significantly increase NK-cell mediated HCC cytotoxicity in
vitro. The cytotoxic effect was further enhanced by the combined use of inhibitors
of MICA shedding.

Another mechanism to boost NK-cell cytotoxic response is down regulation of
HLA-class I, thus reducing the inhibitory signal provided by KIR-HLA binding.
Bortezomib, a cancer drug that has been tested in several tumors but in particular in
patients with multiple myeloma, has been shown to sensitize tumor cells to NK-cell
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cytotoxicity by down regulation of HLA-class I and also by up regulation of ligands
for NK-cell activating receptors like TNF receptor apoptosis-related protein p55
(TNFRp55) and molecules of the death receptor (DR) family [118]. To date bort-
ezomib effect, sensitizing HCC to NK-cell response, has been demonstrated in a
preclinical HCC model [119] by upregulation of NKG2DL and ULBP families with
increased NK-cell response, but its effect in vivo has not been confirmed yet.

In conclusion several anti-tumor drugs may sensitize target tumor cells favoring
NK-cell response and this may represent a synergic mechanism of action to be
exploited for combined immunotherapeutic approaches.

2.5 Conclusions

Despite developing in a context of chronic inflammation, HCC is surrounded by an
immunosuppressive microenvironment. Tumor-infiltrating immune cells are dys-
functional but their cytotoxic potential can be restored in vitro and in vivo. Due to
their functional characteristics, NK-cells represent promising therapeutic targets,
but their complex biology hampers the development of appropriate immunothera-
peutic strategies. The co-existence of regulatory and cytotoxic functions, exerted by
licensed and non-licensed cell subsets, should not be overlooked in view of possible
adverse effects. In addition, a deeper knowledge of NK-cell homing mechanisms
will be instrumental to improve the results obtained in the treatment of solid tumors.

Several issues should also be addressed concerning the specific context of
HCC. The influence of liver tissue immune milieu that likely plays a major role over
the functional status of NK-cells has to be considered in order to enhance their func-
tional capacity. The anti-tumor effect of NK-cell-based strategies should be opti-
mized by integration with other immunotherapeutic approaches, targeted systemic
therapies, ablative and loco-regional treatments, the last potentially able to synergize
with immune therapies. Safety concerns linked to hepatotoxicity or to possible reac-
tivation of hepatitis virus infections should also be considered. Finally, biomarkers
should be developed to identify patients that may benefit from treatment and to limit
the incidence of adverse effects.

The encouraging results of the first attempts to bring the NK-cell based immuno-
therapeutic approaches into the clinic pave the way towards a wider application in
the treatment of HCC and, hopefully, towards prognostic improvements.
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Chapter 3
Antigen-Specific T Cell Responses
in Hepatocellular Carcinoma

Eishiro Mizukoshi and Shuichi Kaneko

3.1 Antigenicity and Immunogenicity of HCC

Hepatocellular carcinoma (HCC) arises as a result of (1) chronic hepatitis and liver
cirrhosis due to infections with hepatitis B virus (HBV) or hepatitis C virus (HCV),
(2) non-alcoholic steatohepatitis, or (3) alcohol-induced cytotoxicity in hepatocytes.
Chronic liver inflammation and hepatocyte injury cause genetic and epigenetic
changes that lead to formation of cancerous hepatocytes. The changes to the liver
can also induce expression of several targets, such as oncofetal antigens and cancer/
testis antigens, which are recognized by the host antitumor immune response, pos-
sibly leading to the formation of tumors with high antigenicity. In addition, a recent
genome-wide association study demonstrated that nonsynonymous somatic muta-
tions occur in solid tumors, including in HCC [1]. Therefore, there is evidence to
suggest that HCCs have a relatively high antigenicity.

In addition, it has been reported that tumors in HCC patients contain a large
number of lymphocytic infiltrates [2], and that the patients who have undergone
surgical removal or liver transplantation show lower risk of recurrence [3]. These
data suggest that HCC has high immunogenicity, leading to induction of the antitu-
mor immune response that suppresses tumor progression in HCC patients.
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3.2 Identification of Tumor-Associated Antigens
and Their T Cell Epitopes in HCC

In 1991, Boon and colleagues identified a gene that encodes a melanoma antigen
named melanoma-associated antigen (MAGE) [4]. This pioneering study provided
the first scientific evidence that the human immune system is capable of clearing
tumors in the body by recognizing them as foreign entities. Since then, studies have
uncovered the mechanisms of the antitumor immune response involving cytotoxic
T lymphocytes (CTLs) that recognize peptides derived from tumor-associated pro-
teins. CTLs recognize the peptides via an interaction between T cell receptors
(TCRs) and major histocompatibility complex (MHC) class I molecule complexes
that express the peptides on the cell surface.

In the past 1015 years, several tumor-associated antigens (TAAs) for HCC have
been identified, indicating the presence of T cell-mediated immune response in
HCC patients (Table 3.1). The following section describes the known TAAs and
their CTL epitopes for HCC.

3.2.1 a-fetoprotein (AFP)

Since the identification of CTL epitopes for AFP, the underlying immune recogni-
tion mechanisms have been studied. AFP is an oncofetal antigen synthesized during
fetal development. Although its production is suppressed after birth, it is re-
expressed in HCC. As AFP is a self-protein, it was unclear as to whether AFP-
specific T cells can be produced and activated to induce an antitumor immune
response. However, studies have identified AFP-derived HLA-A2-restricted CTL
epitopes in humans, and have shown that CTLs specific to these epitopes can be
induced in humans and in HLA-A2 transgenic mice [5]. Several immune-dominant
AFP epitopes, including those that are HLA-A24-restricted, have also been identi-
fied [6, 7]. These studies demonstrate that the T cell repertoire includes self-antigen-
specific CTLs that are not eliminated by central or peripheral tolerance mechanisms.
Therefore, self-antigens are one of the attractive targets for immunotherapy against
HCC.

3.2.2 Human Telomerase Reverse Transcriptase (hTERT)

Human telomerase reverse transcriptase (hTERT) is a catalytic enzyme required for
telomere elongation. It is expressed in many cancers, including in HCC. hTERT
expression is related to telomerase activity in several cell types including germ,
stem and cancer cells, and is associated with the properties of these cells to maintain
their cell division. hTERT is also expressed in cancer stem cells that are resistant to
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Table 3.1 Tumor associated antigens related HCC and their cytotoxic T lymphocyte epitopes

Frequency
of HLA Author,
Antigen expression T cell epitope restriction | Year | references
AFP <80% AFP37_145, AFP 55 166, A2 2003 | Butterfield et al.
AFP3257334s AFP5427550 [5]
AFPs57_415, AFP 43 411 A24 2006 | Mizukoshi et al.
[6]
NY-ESO-1 | <50% NY-ESO-157.165 A2 2004 | Korangy et al.
[32]
MAGE-A <80% MAGE-1 4;.160 Al 2004 | Zerbini et al.
[11]
MAGE-3,7,.279 A2
MAGE-10554.5> A2 2005 | Bricard et al.
[10]
SSX-2 <50% SSX-24140 A2 2005 | Bricard et al.
[10]
hTERT <80% hTERT ¢;_175, h\TERT;,,. | A24 2006 | Mizukoshi et al.
332, hTERT461—4699 [8]
hTERT 37645
hTERTSAS—SS}
Glypican-3 | <70% GPC3 4415, A2 2006 | Komori et al.
[9]
GPC3505 306 A24
HCAG661 unknown HCAG661 0155, A2 2007 | Pangetal. [33]
HCA661 546254
MRP3 <55% MRP350;511, MRP3¢gy 700, | A24 2008 | Mizukoshi et al.
MRP3765—773 [ 12]
HCAS87 <70% HCAS587 140-149, A2 2008 | Xing et al. [34]
HCAS87 44150,
HCAS587,45 56
SART2 100% SART2¢3_10;, SART2 4, A24 2012 | Mizukoshi et al.
1695 SARTZS‘)‘)—‘)(W [14]
SART3 100% SART3 09113, A24 2017 | Kajietal. [35]

SART35533

AFP alpha-fetoprotein, MAGE melanoma-associated antigen, SSX-2 synovial sarcoma/X break-
point-2, "”TERT human telomerase reverse transcriptase, HCA hepatocellular carcinoma-associated
antigen, SART squamous cell carcinoma antigen recognized by T cell

conventional chemotherapy. Therefore, it is an attractive target for cancer immuno-
therapy. hTERT-derived HLA-A2, A3 and A24-restricted CTL epitopes, and MHC
class Il-restricted helper T cell epitopes have been identified in many cancers, and
measurable amounts of hTERT-specific CTLs have been isolated ex vivo from the
peripheral blood of HCC patients [8].



42 E. Mizukoshi and S. Kaneko
3.2.3 Glypican-3 (GPC3)

Glupican-3 (GPC3) is a 65 kDa cell-surface protein consisting of 580 amino acids
in the family of heparin sulphate proteoglycans. It was recently identified in a cDNA
microarray as an oncofetal antigen expressed specifically in HCC. GPC-derived
HLA-A2 and A24-restricted CTL epitopes have been identified, and CTLs that rec-
ognize these epitopes have been isolated from the peripheral blood of HCC patients
[9].

3.2.4 Synovial Sarcoma X Breakpoint-2 (SSX-2)

Synovial sarcoma X breakpoint-2 (SSX-2) is a cancer/testis antigen overexpressed
in HCC. Its CTL epitope was identified in melanoma, and CTLs that recognize the
epitope have been isolated from the peripheral blood of HCC patients [10].

3.2.5 Melanoma-Associated Antigen A (MAGE-A)

Antigens in the MAGE-A family, first identified in melanoma, are expressed in
many cancers. MAGE-A-derived CTL epitopes have been identified, and CTLs that
recognize MAGE-A1 and A3-derived epitopes have been isolated from tumor-
infiltrating lymphocytes (TILs) in HCC patients [11]. Studies have also identified
CTLs that recognize MAGE-A10-derived epitopes [10].

3.2.6 Multidrug Resistance-Associated Protein 3 (MRP3)

Multidrug resistance-associated protein 3 (MRP3) is an ABC transporter that trans-
ports glucuronic acid conjugates as well as a variety of unconjugated organic anion
compounds such as antibiotics and anti-inflammatory agents. It is expressed on the
basolateral membrane of epithelial cells in the small intestine, where it is believed
to be involved in absorption of drugs and bile acid. In liver, it is expressed on the
basolateral membrane of hepatocytes along blood vessels, and plays an important
role in efflux of unwanted substances from the liver. In addition to normal tissues,
its expression has been found in many tumors. MRP3-derived HLA-A2 and A24-
restricted CTL epitopes have been identified, and CTLs that recognize the epitopes
have been isolated from many cancer patients, including from HCC [12].

In addition to those listed above, there are several TA As that have been identified
in HCC. They include NY-ESO-1, Cyclophyrin-B (Cyp-B), SART, p53, WT-1,
B-Catenin and HSP70. CTL epitopes have been identified for some of them, for
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which the evidence for specific CTL responses have been found in the peripheral
blood of HCC patients. Peptides that express some of these CTL epitopes have been
used as a vaccine for HCC patients in clinical trials, which will be discussed later.

3.3 Characteristics of Antigen-Specific T Cell Responses
in HCC Patients

Identification of HCC-specific T cell epitopes can lead to the development of immu-
notherapy for HCC. HCC-specific T cell epitopes have also been studied to better
understand the mechanisms of immune responses in HCC patients.

3.3.1 Antigen-Specific T Cell Responses in HCC Patients

In general, CTLs that recognize TAA-derived epitopes are obtained by stimulating
peripheral blood mononuclear cells (PBMCs) or TILs of patients with candidate
peptide epitopes, followed by 1-2 weeks of in vitro expansion. Many TAA-derived
epitopes have been identified using this method. However, it does not fully recapitu-
late the T cell frequency and phenotype in patients as it requires long-term in vitro
culture and stimulation with cytokines such as interleukin-2 (IL-2) or IL-12. This
limitation can be overcome by using enzyme-linked immune spot (ELISPOT) or
tetramer assays. However, the frequencies of TAA-specific T cells are low in the
peripheral blood of cancer patients, including in HCC patients. Thus, there is a cer-
tain limit to fully characterize the behavior of TAA-specific T cells in HCC.

A study used the ELISPOT assay to study the frequency of TAA-specific T cells
in HCC patients. By comparing a variety of TAA epitopes, the study demonstrated
that the frequency of CTLs that are specific to TAA-derived epitopes is 10-60.5
cells/300,000 PMBCs in HCC patients, and that only 3—19% of the patients have
CTLs specific to each epitope [13]. These values suggest a weaker host immune
response against TAAs compared to that against virus-derived foreign antigens,
indicating that there is an insufficient amount of TAA-specific T cells to eliminate
tumors.

Studies comparing the immune response against TAA-derived CTL epitopes and
the clinical background of HCC patients have generated new information about the
host antitumor immune response. For example, it has been reported that different
TAAs may elicit different host immune responses. While CTLs against AFP are
found more frequently in advanced HCC, those against h\TERT, SART and MRP3
can be found in peripheral blood at earlier stages [6, 8, 12, 14].

CTLs specific to some of the TAA epitopes have been obtained by tetramer assay
in PMBCs of HCC patients to study their surface markers. For example, hTERT-
specific CTLs were found in high frequencies in the peripheral blood of HCC
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patients who had never been treated with antigen-specific immunotherapy such as
peptide vaccines. The memory phenotype of hTERT-specific CTLs varied, with
effector being the most frequent, followed by effector memory and central memory
[15].

3.3.2 Insufficient Antigen-Specific T Cell Responses

Studies on TAA epitope-specific CTLs by ELISPOT and tetramer assays have iden-
tified so-called non-functional CTLs that bind to TAA epitopes but do not produce
cytokines such as interferon-y. Several mechanisms have been proposed to describe
the role of non-functional CTLs and the insufficient host antitumor immune response
in HCC. Recent studies have also identified a population of immunosuppressive
cells, such as regulatory T cells (Tregs) and myeloid-derived suppressor cells
(MDSCs), and uncovered the underlying mechanisms of these cells that negatively
regulate the antitumor response in HCC. Among different immunosuppressive cells,
Tregs have been studied the most to understand the mechanisms of action in sup-
pressing the antitumor immunity. In HCC patients, Tregs are found in PMBCs and
TILs, and contribute to tumor progression [16, 17].

MDSC suppresses T cell function by upregulating arginase production that
induces Foxp3 and IL-10 expression in CD4* T cells. Human MDSCs are heteroge-
neous, and can be divided into granulocytic CD14~ and monocytic CD14* subtypes.
Recent studies have demonstrated that there is an increased number of
CD14*HLA-DR~* MDSCs in the peripheral blood of HCC patients [18, 19], and
that the number of MDSCs in the peripheral blood after locoregional therapy is
negatively correlated with the frequencies of TAA-specific T cells [20]. These stud-
ies indicate that the immunosuppressive cells lead to an insufficient TAA-specific
immune response.

3.3.3 TAA-Specific T Cell Responses in HCC Treatments

Studies in several cancers have shown that tumors remaining from thermoablation
regress spontaneously. This observation suggests that locoregional therapies may
induce bystander effects resulting from the TAA-specific T cell response. Indeed,
studies on HCCs demonstrated that radiofrequency ablation (RFA) and transarterial
chemoembolization (TACE) induce tumor-specific immune responses [21, 22]. For
example, an experimental study reported that RFA treatment of a tumor implanted
on one side of a mouse led to growth delay in a contralateral tumor, suggesting that
the bystander effect involves RFA-induced activation of immune cells such as CD8*
T cells, CD4* T cells and macrophages [23].

Studies also demonstrated that, in HCC patients who were treated with RFA or
TACE, the frequencies of TAA-specific CTLs increase in the peripheral blood after
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treatment [20, 24]. In this study, however, the treatment-induced antitumor immune
response was transient. This suggests that while treatments that induce cellular
apoptosis or necrosis trigger antitumor immunity, the resulting antitumor response
is insufficient to suppress tumor recurrence after treatment.

Recent studies have further demonstrated that the recurrence rate is significantly
lower after RFA when the frequency of TAA-specific CTLs in the peripheral blood
is higher after the treatment [20]. This evidence indicates that tumor recurrence may
be suppressed when locoregional therapies are followed by immunotherapy in
HCC.

3.4 Antitumor Immunity Induced by Antigen-Specific T Cell
Therapies in HCC

The first step in establishing the treatment strategies exploiting the antigen-specific
T cell immune response is to identify HCC-specific antigens and their T cell epit-
opes. As HCC is associated with liver dysfunction, immunotherapy should be tar-
geted to tumor cells while sparing healthy hepatocytes for it to be safe and effective.
As described earlier, many TAAs and their T cell epitopes for HCC have been iden-
tified over the past 10—15 years. Table 3.2 summarizes the clinical trials that made
use of peptide vaccines including TAA-derived T cell epitopes.

3.4.1 Antigen-Specific T Cells Induced by Dendritic Cell
Therapy

Dendritic cell therapy for HCC involves the use of dendritic cells that are (1) pulsed
with TAA-derived peptides, or (2) isolated from patients” PBMCs and infused intra-
tumorally. One such method used dendritic cells that were pulsed with HLA-A2-
restricted AFP-derived peptides. While the treatment increased AFP-specific CTLs
in 6 out of 10 HCC patients, there were no effects on reducing tumor size [25].

Dendritic cells are activated upon recognition of apoptotic cells. Upon activation,
they differentiate into mature dendritic cells to enhance antitumor immunity. In
HCC, dendritic cell therapy based on intratumoral infusion is being tested in patients
who received treatment with TACE or RFA to investigate whether the therapy
induces antigen-specific T cells. Although clinical evidence is limited, some studies
demonstrated induction of CTLs that recognize antigen (e.g. AFP, hTERT)-derived
epitopes by direct intratumoral infusion of dendritic cells, leading to a decreased
recurrence rate after locoregional therapies [26].
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Table 3.2 Clinical trials of peptide vaccines for HCC

Setting for peptides, HLA No. of Author,
restriction patients | Responses Year | references
AFP-derived peptides + 6 No PR or CR 2003 | Butterfield et al.
Montanide adjuvant, HLA-A2 [25]
hTERT-derived peptides + 40 No PR or CR 2010 | Greten et al.
cyclophosphamide + GM-CSF [27]
multiple
GPC3-derived peptides + 33 1/33 PR and 19/33 2012 | Sawada et al.
Montanide adjuvant, HLA-A24 SD [28]
and A2
SART?2-derived peptides + 12 Immune response 2012 | Mizukoshi et al.
Montanide adjuvant, HLA-A24 [14]
hTERT-derived peptides + 14 Prolonged recurrence- | 2015 | Mizukoshi et al.
Montanide adjuvant, HLA-A24 free survival and [15]

immune response
MRP3-derived peptides + 12 1/12 PR and 9/12 SD | 2015 | Mizukoshi et al.
Montanide adjuvant + HAIC, [36]
HLA-A24
SART3-derived peptides + 12 Immune response 2017 | Kaji et al. [35]
Montanide adjuvant, HLA-A24
AFP-derived peptides + 20 15 patients were 2017 | Mizukoshi et al.
Montanide adjuvant, HLA-A24 assessed, 1/15 CR [29]

and 8/15 SD

GM-CSF granulocyte-macrophage colony stimulating factor, HCC hepatocellular carcinoma, AFP
alpha-fetoprotein, ”TERT human telomerase reverse transcriptase, GPC3 glypican-3, SART squa-
mous cell carcinoma antigen recognized by T cells, CR complete response, PR partial response,
SD stable disease

3.4.2 Antigen-Specific T Cells Induced by Peptide Vaccines

Since the discovery of the MAGE gene by Boon and colleagues, immunotherapy
trials using tumor antigen-derived peptides have been conducted for many cancer
types around the world. Although these clinical studies demonstrated antitumor
effects, such as reduction of tumors and suppression of progressive cancer develop-
ment, complete response (CR) or partial response (PR) has rarely been achieved.
Clinical studies suggest that, while the efficacy against advanced cancers may be
limited when used alone, peptide vaccines have a significant potential to prevent
tumor recurrence, and to prolong survival and time-to-progression. As such, many
clinical studies have been conducted to date to test the efficacy of peptide vaccines
in several cancers.

Peptide vaccines have been evaluated in clinical trials for HCC. The combination
of hTERT-derived peptide vaccines and cyclophosphamide was tested in 40 patients
with advanced HCC. The study showed that the immune response was not triggered
for the peptide, and that there was no case of CR or PR [27]. On the other hand, a
study using HLA-A24-restricted hTERT-derived peptide demonstrated that
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peptide-specific CTLs were induced in 71.4% of the patients. In this study, the
effector memory phenotype was dominant in the induced CTLs [15].

Another study investigated the use of GPC3-derived peptide in 33 patients with
advanced HCC. After the treatment, 1 patient achieved PR and 19 patients achieved
stable disease (SD) for over 2 months [28]. Of the 19 patients with SD, 4 patients
exhibited evidence for tumor necrosis and reduction of tumor size. The results of the
study supported the notion of TAA-targeted immunotherapy for HCC.

A study using an HLA-A24-restricted AFP-derived peptide in advanced HCC
patients demonstrated that CR and over 2 years of SD can be achieved [29]. This
study was performed with patients who did not respond to conventional treatments,
such as surgical resection, RFA, TACE, hepatic arterial infusion chemotherapy
(HAIC) and sorafenib, demonstrating that the peptide vaccine approach is promis-
ing for HCC treatment. Furthermore, the frequencies of peptide-specific T cells
increased in the peripheral blood after administration of the vaccine for those
patients whose tumors responded to the AFP-derived peptide vaccine. Analysis of
the peptide-specific TCRs revealed the presence of TCRs that have a strong binding
affinity for AFP-derived CTL epitopes and are cytotoxic to target cells expressing
the epitopes. Therefore, the efficacy of peptide vaccines likely depends on the num-
ber of TCRs induced by the vaccine as well as the number of TCRs with a high
binding affinity to TAA-derived peptides.

3.4.3 Induction of Antigen-Specific TCRs

Adoptive T cell therapy using TILs has demonstrated clinical efficacy in some can-
cers including melanoma. However, the number of T cells that have tumor-specific
TCRs and have antitumor effects is limited, making it challenging to isolate and
expand the cell population. Thus, with some exceptions, the use of adoptive T cell
therapy has been limited to the treatment of malignant melanoma.

To overcome this limitation, a technique was recently developed to enable manu-
facturing of a large number of tumor-specific T cells for adoptive T cell transfer. The
technique involved transfer of TCR genes from tumor-specific T cells into lympho-
cytes collected from the peripheral blood of patients. Using this technique, a clinical
trial demonstrated that adoptive transfer of MART-1 TCR transgenic T cells leads to
reduction of tumor size [30].

Currently, TAA-specific TCRs have been obtained in many cancers. In HCC,
TCR genes that recognize AFP, hTERT and GPC3-derived T cell epitopes have been
cloned. Furthermore, previously uncharacterized TCRs can now be identified by a
novel technique that enables the cloning of single cells. The technique involves a
rapid cloning system which enables single-cell isolation of TAA-derived epitope-
specific CTLs, cloning of the TCR gene and validation of the TCR specificity to the
epitopes in less 10 days [31]. Using this method, AFP-specific TCRs were studied
in healthy volunteers and in HCC patients receiving AFP-derived peptide vaccines.
The study showed that although AFP-specific T cells existed in the peripheral blood
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of healthy volunteers, there were only 1-2 TCR repertoires for different epitopes
[29]. The number of TCR repertoires increased in patients whose tumors responded
to the peptide vaccine. Lymphocytes from the peripheral blood of healthy volun-
teers were used to manufacture genetically modified T cells that express the AFP-
specific TCR gene. The transgenic T cells were highly cytotoxic to target cells
expressing the epitope, indicating that the adoptive therapy using AFP TCR trans-
genic T cells is promising.

In summary, immunotherapy for HCC is anticipated to have significant potential
in HCC given that the HCC-specific TAAs have been identified and the antigen-
specific T cell responses have been well characterized. Further development of
immunotherapy in HCC will depend on the identification of highly immunogenic
antigen-derived T cell epitopes, such as neoantigens, as well as a better understand-
ing of the mechanisms underlying antitumor immunity. These studies should lead to
the development of novel immunotherapies for HCC that presumably involve the
combination of immunotherapeutic approaches engaging multiple mechanisms.
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Chapter 4

Immune Checkpoint Inhibitors

for the Treatment of Hepatocellular
Carcinoma

Mercedes Ifiarrairaegui, Delia D’Avola, and Bruno Sangro

4.1 Immune Checkpoint Molecules and the Immune
Response Against Tumors

The adaptive immune response against cancer is a complex process that takes place
at different sites. Following capture of cell debris, dendritic cells (DC) uptake and
process tumor associated antigens (TAA) inside the tumor, become activated and
migrate to the regional lymph nodes, where they present the TAA inside a major
histocompatibility complex (MHC) class II molecule to CD4+ T cells [1]. Antigen
recognition then stimulates CD4+ T cells to proliferate and produce interferon
gamma (IFN-y) in a process called type 1 T helper cell (Thl) polarization. Thl
polarization occurs in the presence of type I interferon and interleukin 12 (IL-12)
released by DC, and is governed by intracellular co-stimulatory signals resulting
from CD28 on the CD4+ T cell membrane binding to CD80 and CD86 on the DC
surface. Th1 cells license DCs for cross-presentation of TAA to CD8+ T cells, thus
assisting in the development of CD8+ cytotoxic T lymphocytes (CTL). Circulating
CTL eventually migrate to tumor sites, where they can interact with their cognate
MHC class I-TAA complex on the membrane of the tumor cells. The antitumor
activity of TAA-specific CD8+ T cells relies on their ability to produce IFN-y,
which inhibits tumor cell growth, and on their cytotoxic activity mediated by the
release of granzyme B and perforin, and by the interaction with FAS and TRAIL
receptors on tumor cells [2]. In HCC, the relevant role of the Thl response is sup-
ported by clinical findings showing that the expression of Thl cytokines (IL-1a,
IL-1p, IL-2 and IFN-y) in tumor tissue is associated with good prognosis, whereas
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Fig. 4.1 Interplay of the main immune check points in liver cancer. CTLA-4 binds CD80 and
CD86, antagonizing the interaction of CD28 with these receptors. PD-1 binds PD-L1 and inhibits
CD4+ and CD8+ activation (Tcell exhaustion). LAG-3 synergizes the inhibitory effect of PD-1 on
T cell function by binding MHC class I molecules. TIM-3 binds different ligands and inhibits T
cell activation and enhances Treg activity

Effect of the main immune check points in liver cancer: CTLA-4 is able to bind CD80 and CD86,
antagonizing the interaction of CD28 with these receptors, that results into a decreased T cell acti-
vation upon APC antigen presentation. PD-1 expressed on T-cells and other immune cells such as
macrophages bind PD-L1 expressed on APC, tumor cells and MDSC and inhibits both CD8+
activation and proliferation and CD4+ activation by blocking the TCR signaling, decreasing the
secretion of IFN-gamma from T cells (T-cell exhaustion). On tumor associated macrophages, the
binding of PD-1 to its ligand leads to an increased secretion of IL-10 that exert inhibitory effect on
T-cells. LAG-3 synergizes inhibitory effect of PD-1 on T cell function by binding MHC class I
molecules. TIM-3 expressed on T-cells and T-reg cells and tumor associated macrophages. It binds
different ligands such as Gal-9 expressed on APC, Tumor cells and macrophpages. The main effect
of TIM-3 is the inhibition of T-lymphocytes activation and the enhancement of T-reg cells
activity

Th2 cytokines (IL-4, IL-5 and IL-10) are upregulated in advanced HCC with vascu-
lar invasion and metastasis [3].

Immune checkpoints are a specific subtype of membrane-bound molecules that
provide fine-tuning of the immune response. A comprehensive review of their vari-
ety and functions can be obtained in [4, 5] and their key functions are summarized
in Fig. 4.1. Immune checkpoints are expressed in different cell types involved in the
immune response, including B and T cells, natural killer (NK) cells, DC, tumor
associated macrophages (TAM), monocytes, and myeloid-derived suppressor cells
(MDSC). Under physiological conditions, most of these molecules display an
immunosuppressive activity that prevents T cell overactivation during the immune
response against infection and limits collateral tissue damage. The immune
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checkpoints most studied in human cancer are cytotoxic T-lymphocyte protein 4
(CTLA-4), programmed cell death protein 1 (PD-1), lymphocyte activation gene 3
protein (LAG-3), B and T lymphocyte attenuator (BTLA), and T-cell immunoglob-
ulin and mucin-domain containing (TIM-3).

CTLA-4 is essential for the activation of CD4+ T cells and the priming phase of
the immune response. Expressed on activated T cells, CTLA-4 has great affinity for
CD80 and CD86 and may thus antagonize the interaction of CD28 with these recep-
tors, with resulting decreased T cell activation upon antigen presentation. CTLA-4
is also constitutively expressed on regulatory T cells (Treg). Treg are CD4+ T cells
that can be characterized by the presence of CD25, CTLA-4, CD62L and FoxP3
molecules in their membrane. Activated by TCR engagement concurrent with IL-10
and TGF-p signaling, Treg inhibit the immune response through various mecha-
nisms including depletion of IL-2 and secretion of immunosuppressive factors such
as TGF-p, IL-10 or adenosine, as well as competition with co-stimulatory CD28 via
CTLA-4. Hence, CTL-4 is also required for Treg to exert its suppressive activity on
activated Tcells [6]. But the role of CTLA-4 is not restricted to the priming phase.
Inside the tumor, CTLA-4 also promotes immunosuppression by inducing Treg
activity and differentiation and upregulating IDO and IL-10 in DC [7].

PD-1 is a key factor in the effector phase of the immune response. It is expressed
by activated CD8+ and CD4+ T cells, B cells, NK, Treg, MDSC, monocytes and
DC. PD-L1 and PD-L2 are the ligands of PD-1. PD-1 is expressed in hematopoietic
cells, including APC and MDSC, and in different types of parenchymal cells too,
while PD-L2 expression is limited to the haematopoietic compartment. PD-L1 is
upregulated by various cytokines, particularly IFN-y. Upon binding to its ligands,
PD-1 inhibits CD8+ T cell activation by blocking the TCR signaling, and inhibits
CD4+ activation and proliferation through increased secretion of IL-10. Cancer
cells may also express PD-L1 and PD-L2 and use this mechanism to escape from
immunosurveillance. Indeed, in a situation of chronic antigen exposure such as the
tumor microenvironment, IFN-y produced by TAA-specific T cells induces PD-1
expression on reactive T lymphocytes and upregulates PD-L1 in APC and tumor
cells. PD-1-PD-L1 engagement then blocks TCR signaling and inhibits T cell pro-
liferation and secretion of cytotoxic mediators, in a process called T cell exhaustion
[8]. The expression of PD-L1 is enhanced by IFN-y release under the hypoxic con-
ditions present in most tumors.

TIM-3 is a transmembrane protein expressed on cells of the innate and adaptive
immune system that interacts with several ligands including phosphatidylserine on the
membrane of apoptotic cells, galectin-9 and others. Galectin-9 is a soluble protein pro-
duced by cells from many different tissue types (including the liver) that regulates cell
differentiation, adhesion and cell death. Evidence indicates that galectin-9 suppresses
T-cell responses, which supports the concept that TIM-3 acts as an inhibitory receptor
for T cells. Furthermore, CD8+ Tim-3+ T cells in animal models coexpress PD-1, and
these dual-expressing cells exhibit greater defects in both cell-cycle progression and
effector cytokine production IL-2, TNF, and IFN-y than cells that express PD-1 alone.
The TIM-3 pathway may thus cooperate with the PD-1 pathway to promote the devel-
opment of a severe dysfunctional phenotype in CD8+ T cells in cancer [9].
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LAG-3 is a membrane protein that binds MHC class II molecules with high affin-
ity, thus reducing the co-stimulatory functions of DC. LAG-3 is not expressed on
resting T cells but is upregulated upon activation. It is a marker of exhausted T cells
and acts synergistically with PD-1 to promote cancer evasion from immunity [10,
11]. Finally, BTLA is an immunoglobulin-like molecule expressed by several
immune cells including B and T lymphocytes, NK and antigen presenting cells.
BTLA is able to inhibit T cell proliferation and cytokine production upon binding to
its ligand, herpesvirus entry mediator (HVEM), which can be expressed in HCC
[12, 13].

4.2 The Relevance of Immune Checkpoint Molecules
in the Immunological Background of Liver Cancer

The liver has a unique immunological milieu compared to any other organ of the
human body. The interaction between different resident cells, such as Kupffer cells
(KC), hepatic stellate cells (HSC), liver sinusoidal endothelial cells (LSEC), and
different types of immune cells, such as DC, NK, T or B lymphocytes, contribute to
maintain a predominantly immunotolerant microenvironment in the liver. This is
probably a protective mechanism aimed to limit the inflammatory response that may
result from the continuous exposure of the liver parenchyma to different types of
antigens transported from the gut through the portal circulation. Indeed, activation
of the cellular immune response inside the liver parenchyma is limited by different
mechanisms. Particularly by a high expression of inhibitory membrane molecules
such as PD-1 and PDL-1, a low expression of costimulatory molecules such as
CD80 and CD86, and a high concentration of immunosuppressive cytokines such as
IL-10. While this immunotolerant environment can be considered a protective
mechanism under physiological conditions, it may have detrimental consequences
when liver cancer arises.

The immune response is relevant to HCC development and behavior, and the
detection of a specific immune response against HCC has been associated with less
advanced tumors and better prognosis [14]. As a matter of fact, different studies
have shown that among HCC patients treated by liver resection or transplantation, a
dense lymphocytic infiltration of the tumor carries a better prognosis [15, 16]. The
configuration of such infiltrate is also important. Tumor infiltrating Treg correlate
with poor outcome in HCC patients after resection [17] while an inverse correlation
has been shown between the number of MDSC and patient outcome after RFA abla-
tion [18]. On the other hand, most HCC tumors develop in the setting of cirrhosis
due to chronic viral infection. Chronic IFN-y release resulting from chronic inflam-
mation may also lead to Tcell exhaustion. Increasing evidence suggests that the
exhaustion of the immune response may impair the prognosis of HCC. The inability
of the tumor-infiltrating CD8+ lymphocytes to produce IFN-y upon antigen stimu-
lation has been described in human HCC [14]. High expression of PD-1 and
PD-L1 in liver cancer tissue has been reported to predict poor prognosis in HCC
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patients undergoing liver resection with an increased rate of recurrence after
resection; and is associated to more aggressive tumor characteristics [19, 20].

But PD-1/PD-L1 is not the only pathway that has been involved in HCC. An over-
expression of LAG-3 in tumor infiltrating CD8+ lymphocytes compared to periph-
eral lymphocytes was observed in patients with HCC related to HBV infection [21].
In patients with HB V-related HCC, an overexpression of TIM-3 on tumor infiltrating
CD4+ and CD8+ T lymphocytes has been reported and found to be associated to
replicative senescence of T cells [22]. In an animal homograft model of liver cancer,
TIM-3 expression in TAM enhanced tumor growth in vivo [23]. The high concentra-
tion of TGF-b produced by liver tumor cells seems to upregulate TIM-3 in TAM and
induces an M2 phenotype in these cells. Moreover, TIM-3 is able to promote the
alternative activation of TAM in a TGF-beta independent mechanism [23]. The high
levels of cytokines, mainly IL-6 and IL-10, produced by M2 TAM may ultimately
promote tumor growth. In patients with HCC, the expression of TIM-3 in monocytes
and TAM strongly correlated with higher tumor grades and poor survival [23].

As mentioned above, BTLA is able to inhibit T cell proliferation and cytokine
production upon binding to its ligand, herpesvirus entry mediator (HVEM), which
can be expressed in HCC [12, 13]. A high expression of HVEM expression in HCC
is associated with reduced lymphocyte infiltration, diminished levels of effector T
cell mediators, and worse prognosis after resection [24]. It has recently been shown
that in patients with HCC the majority of BTLA+ CD4+ T cells also express PD-1
[25]. This suggests that BTLA may identify a highly dysfunctional CD4+ T cells
population within liver cancer. Interestingly, a high concentration of BTLA+ PD1+
CD4+ T cells, but not of BTLA- PD1+ CD4 T cells, was associated with more
advanced HCC stages.

4.3 Clinical Experience with the Use of Checkpoint
Inhibitors in Hepatocellular Carcinoma

All these preclinical information provides a valid rationale for an immunologic
approach to the treatment of HCC based on the interaction with immune check-
points. Clinical studies have only recently been conducted but the results are more
than encouraging. There is no hyperbole in saying that checkpoint inhibitors have
revolutionized cancer care. Signals delivered by immune checkpoints plays a major
role in the induction and maintenance of tumor immune tolerance. Monoclonal anti-
bodies that block negative signals for T lymphocytes may allow the amplification of
the T cell response, avoidance of T cell exhaustion, or elimination of Treg. These
compounds have shown a wide spectrum of anticancer activity that resulted in a
survival advantage over standard therapies in several cancer types, including mela-
noma, head and neck squamous carcinoma, non-small cell lung cancer, bladder can-
cer, renal cell cancer, or Hodgkin’s lymphoma [26-31].

In the field of HCC, clinical development has focused on CTLA-4 and PD-1/
PD-L1 pathways (Tables 4.1 and 4.2).Tremelimumab is a fully human IgG2
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Table 4.2 Results reported in prospective clinical trials using immune checkpoint inhibitors in
HCC

Safety
Efficacy Any grade (grade > 3) CTCAE
TTP (0N

Author, (95% CI), |(95% CI),

Year ORR |SD months months Rash Pruritus | Diarrhea | ASAT
Sangro, 17.6% | 58.8% | 6.48 8.2 65% 30% 70%
2013 [33] (3.95-9.14) | (4.64-21.34) | (5%) (5%) (45%)
Duffy, 26% |63% |1.7 12.3 15% 9.3% 6.2% (0) | 34%
2016 [35] 4.7-19.4) |(9.3-15.4) 0) 0) (22%)
El-Khoueiry, 18% |44% | nr 15m? 16.7% | 20% 12% 10%
2017 [38] (9.6-20.2m) | (0.7%) | (0.3%) | (1.1%) | (5%)

aDose-escalation phase. Not reported in those-expansion phase

monoclonal antibody that blocks the binding of cytotoxic T-lymphocyte-associated
antigen 4 (CTLA-4). As explained, CTLA-4 at the immune synapse outcompetes
the binding of the CD28 co-stimulatory receptor to CD80 and CD86 with much
superior avidity. This binding sends an inhibitory signal that serves as a natural
brake for T cell activation. Tremelimumab blocks the inhibitory effect of CTLA-4,
and therefore enhances T cell activation and proliferation [32]. Among CTLA-4
targeted therapies, tremelimumab was the first molecule to be clinically evaluated in
HCC. Our group led a phase II, non-controlled, multicenter trial that targeted the
population of patients with HCC and chronic HCV infection who were not eligible
for surgery or locoregional therapy [33]. We had the dual intention to test the anti-
tumor and antiviral activity of tremelimumab in a single study. The study was 80%
powered to reject the null hypothesis that objective response rate did not exceed 5%
at a 0.05 level of significance if true objective response rate was >25%. Based on a
Simon’s optimal 2-stage design 3 tumor responses among 17 evaluable patients
were needed to reject the null hypothesis. Twenty-one patients with fairly advanced
disease (57% were at BCLC C stage) were enrolled, most of them (57%) having
progressed to previous therapies. Importantly, a significant proportion of patients
(42.9%) were in Child-Pugh stage B, indicating some degree of liver dysfunction.
Patients received what we now know is a suboptimal dose of 15 mg/kg tremelim-
umab every 90 days to a maximum of 4 doses unless tumor progression or unaccept-
able toxicities occurred. Despite this suboptimal dosing, 3 partial responses were
observed among 17 evaluable patients and the trial was found to be positive based
on the initial assumptions. Stable disease was the best response in 10 additional
patients, accounting for a remarkable disease control rate of 76.4%. Quite impor-
tantly, almost half (45%) of these stabilizations lasted longer than 6 months. Among
11 patients that had alpha-fetoprotein levels higher than 100 ng/ml at baseline, 36%
showed a > 50% drop following treatment, providing further evidence of antitumor
activity. Median time to progression was 6.48 months (CI 95% 3.95-9.14 months).
Although potentially biased by a long tumor assessment interval, this prolonged
time to progression compares favorably with several targeted agents as shown in
Table 4.3. The observed overall survival of 8.2 months (CI 95% 4.64-21.34 months)
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was not much different from what could be observed in patients receiving placebo
in second-line trials but the high proportion of Child B patients in this cohort likely
had a significant impact in this outcome.

A significant antiviral effect was also observed, with a decrease in median viral
load from 3.78 x 103 IU/ml at day 0 to 3.02 x 10* IU/ml atday 120 (n=11,p=0.011),
and 1.69 x 10° TU/ml at day 210 (n = 6, p = 0.017). The progressive course of this
decline in viral load was observed in most patients followed for at least 3 months,
and three patients had a transient complete viral response during follow-up. The
immunological origin of this viral response was supported by the fact that it was
observed in 75% of patients with an immune response (defined as a >5-fold increase
at any time in the sum of IFN-g-producing cells against viral antigen) versus 20%
of patients with no immune response. Patients with an early decrease in IL-6 had a
higher chance of having a viral response (100%) than those with increased values
at that time (43%).The antitumoral effect was not associated to this antiviral effect
or to patient characteristics including systemic inflammatory signals such as C
reactive protein. The lack of repeated tumor biopsies precludes any interpretation of
the mechanism behind the antitumor activity while the expansion in circulating
Treg following tremelimumab therapy was in line with observations in other tumor
types [34].

Regarding safety, tremelimumab was well tolerated, with few patients experienc-
ing grade 3 disabling adverse events, even in the presence of liver dysfunction
among patients in the Child-Pugh B class. No patient received systemic steroids and
there were no treatment-related deaths. An itching skin rash was the most frequent
adverse event (65%), which was successfully managed with topic agents and oral
antihistamine drugs. Diarrhea was observed in 30% of patients but reached grade
3 in only one patient. A remarkable rise in serum transaminases was observed after
the first dose in more than half of the patients, being grade 3 or higher in 45% of
cases but with no other signs of liver dysfunction. This effect on transaminases was
transient, did not recur in the following cycles, and was not related to the antitumor
or antiviral responses, or with changes in circulating cytokines.

Following the same path, a second trial tested a very appealing hypothesis i.e.
whether an antigenic stimulation provided by means of incomplete tumor ablation
using percutaneous radiofrequency (RFA) or transarterial chemoembolization
(TACE) could safely enhance the effects of tremelimumab [35]. The rationale for
this combination is based on the fact that RFA or TACE could induce immunogenic
tumor cell death and this in turn could stimulate a peripheral systemic immune
response that may be further amplified by immune checkpoint blockade. In a phase
I/II trial increasing doses of tremelimumab were given followed by subtotal tumor
ablation and tumor response was evaluated in those lesions not targeted by RFA,
cryoablation or TACE procedures. This was a pilot study with no specific sample
size assumptions. Thirty-two patients with mostly advanced HCC (75% at BCLC C
stage) were enrolled, 78% having progressed to previous therapies. Patient charac-
teristics were therefore quite similar to the previous study except that liver function
was preserved in the vast majority of patients, with only 14% of patients in Child-
Pugh class B. Most patients (75%) had viral hepatitis as cause of liver cirrhosis.
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Enrolled patients were treated this time with an optimal dose of tremelimumab at
two dose levels (3.5 and 10 mg/kg IV) given every 4 weeks for a total of 6 doses,
followed by 3-monthly infusions until off-treatment criteria were met. The interven-
tional radiologic procedure (TACE for BCLC B and thermal ablation for BCLC C
patients) was performed 5 weeks after first dose of tremelimumab. Nineteen patients
were evaluable for response because they had measurable lesions that were not
targeted by RFA or TACE. Of these patients, partial response was recorded in 5
patients (26%), and stable disease in 12 patients (63%), accounting for a disease
control rate of 89%. Again, almost half (45%) of the stabilizations lasted longer than
6 months and median time to progression was 7.4 months (95% CI 4.7-9.4 months).
Given the small number of patients in both tremelimumab trials, the small differ-
ences in response rates and time to progression seem of little relevance but provide
a signal of the consistency of the antitumor effect. The better overall survival of
12.3 months (95% CI 9.3—15.4 months) in the combination trial could be explained
on the basis of the good liver function but a true enhancing effect of prior ablation
may not be ruled out.

Regarding safety, one relevant observation was that there was no clear trend in
adverse events across the different dose cohorts. The most common clinical toxicity
was pruritus, although less frequent than in the previous trial (9%), and was pre-
dominantly grade 1. Less frequent side effects were diarrhea (6%), autoimmune
pneumonitis (3%) and angioedema (3%). Again, the most frequent laboratory alter-
ation was hypertransaminasemia, which occurred in 34% of patients and was grade
3 or 4 in 21% of them. The antiviral activity was also confirmed in this trial. The
HCYV viral load of 14 quantifiable patients decreased after 3 months in 12 patients,
with a median HCV viral load decrease from 1275 x 10° Ul/ml to 351 x 10* Ul/ml.

This trial was enriched with important correlative studies. The amount of periph-
eral blood CD3, CD4, CD8, CD38 and HLA-DR positive cells was analyzed after
every cycle by multicolor flow cytometry. Tumor biopsies were obtained from some
patients immediately before ablation (after 2 doses of tremelimumab). The number
of cytotoxic T cells (CD3 and CD8 positive) was measured by immunohistochem-
istry in these samples and compared to archival samples obtained prior to enroll-
ment. Interestingly, the number of peripheral activated CD4+ and CD8+ T cells
increased after tremelimumab. Such increase was especially intense and sustained
for CD8 + T cells. Immune cell tumor infiltration was observed in all 12 patients in
whom post-tremelimumab tumor samples could be evaluated. Among those 6
patients with paired tumor samples, an increase in both CD3+ and CD8+ cells was
observed although the differences were not statistically significant, likely because
of the small number of cases. Patients with objective remissions in non-ablated
lesions had a higher post-tremelimumab CD3+ and CD8+ infiltration compared to
non-responders. Unfortunately the effect of ablation on T-cell infiltration could not
be evaluated and in the absence of a remarkable difference in patient outcomes, the
synergy between TACE/RFA and CTLA-4 blockade remains an appealing hypoth-
esis to be confirmed.

The encouraging signs of antitumor activity of tremelimumab in advanced HCC
and its good safety profile in cirrhotic patients of viral etiology, provided a strong
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reason to test other checkpoints inhibitors [36]. The PD-L1/PD-1 pathway provides
another mechanism of tumor-induced immune tolerance. PD-1 expression on effec-
tor phase CDS8 + T cells is increased in HCC patients compared to cirrhotic patients
or healthy controls [19]. And indeed, HCC patients with higher numbers of tumor
infiltrating and circulating PD-1 + CD8+ T cells showed earlier and more frequent
disease progression after hepatic resection. PD-L1 is also highly expressed on
peritumoral stromal cells (Kupffer cells, LSEC, and monocytes) as well as cancer
cells, promoting a PD-L1/PD-1 pathway-driven inhibition of antitumor T cell
responses [20, 37]. Thus, a strong rationale supports the use of PD-1 and PD-L1
blocking antibodies against HCC. Building on the experience with tremelimumab,
we helped develop the first clinical trial to assess the safety and clinical benefit of
nivolumab, a fully human IgG4 monoclonal antibody targeting PD-1,as a first or
second-line treatment in patients with advanced HCC across different etiologies
(HCV infection, HBV infection, non-viral cirrhosis) [38].

The target population of the CheckMate 040 trial included patients with interme-
diate or advanced HCC and preserved liver function (Child-Pugh A) that were can-
didates to systemic therapy and had progressed or were intolerant to sorafenib or
had refused this drug. First, a dose-escalation cohort of 48 patients received doses
that ranged from 0.3 mg/kg to 10 mg/kg every 2 weeks with the primary endpoint
of establishing the safety and tolerability of nivolumab in HCC patients. Afterwards,
the 3 mg/kg dose level was chosen for an expansion cohort of 214 patients in whom
the primary endpoint was efficacy evaluated as objective response rate using
RECIST 1.1 criteria. Patients in this expansion cohort were divided in four specific
groups of uninfected patients progressing to sorafenib, uninfected patients naive or
intolerant to sorafenib, patients with HCV infection and patients with HBV infec-
tion. In both cohorts, HBV-infected patients had to be on effective antiviral therapy
(circulating viral DNA < 100 UI/ml) [38].

Contrary to the tremelimumab trials, this study recruited patients from Europe,
Asia and America. Most were at the advanced BCLC stage C (88%), had extrahe-
patic metastases (68%), and had received prior systemic therapy (76%), mainly
sorafenib. Treatment was by and large well tolerated. Adverse events were observed
at similar rates across dose levels and a maximal tolerated dose was not reached.
The most frequent symptomatic adverse events in the large expansion cohort treated
with 3 mg/kg were rash (23%), pruritus (21%) and diarrhea (13%), that were usu-
ally mild. Grade 3 or higher treatment-related symptomatic adverse events occurred
in less than 2% of patients. Hypertransaminasemia was the most frequent laboratory
alteration (20%) reached grade 3 or higher in only 5% of patients. Regarding etiolo-
gies, rates of symptomatic treatment-related AEs were comparable in the uninfected
and HCV- or HBV-infected cohorts. Overall, frequencies of grade 3/4 treatment-
related AEs and treatment-related serious AEs overall were 20% and 7%, respec-
tively, while no treatment-related deaths occurred. Immune related hepatitis needing
steroid therapy occurred very rarely. Only 3% of patients discontinued nivolumab
due to treatment-related adverse events and no treatment-related deaths were
reported.



62 M. Inarrairaegui et al.

Convincing signs of efficacy were reported. In the escalation and expansion
cohorts, objective tumor responses were reported in 15% and 20% of patients,
respectively. And they were meaningful, durable responses that lasted for a median
of 17 months. An additional 45% of patients had stable disease that was frequently
durable too, lasting more than 6 months in most cases. The majority of objective
responses occurred during the first 3 months of treatment. It has to be stressed that
response rates were similar across different etiologies, and both in sorafenib-naive
and sorafenib-exposed patients. This signs of efficacy were consistent with the
9-month survival rate of 70% reported in the large expansion cohort and the median
overall survival of 15 months (95% CI 9.6-20.2 months) reported in the dose-
escalation cohort with a longer follow-up. This median survival was observed irre-
spective of prior sorafenib treatment, and compares well with any other phase 2 or
3 clinical trial of targeted agents including regorafenib, the first agent shown to
prolong survival following sorafenib in a selected group of sorafenib-tolerant
patients. Indeed, these results support nivolumab as a viable second-line therapy
following sorafenib (Table 4.3).

A comprehensive biomarker analysis has not yet been reported for this trial.
Expression of PD-L1 prior to nivolumab was studied in fresh or archival tumor
specimens. The rate was remarkably low. Even with a cut-off for positivity of 1% of
tumor cells exhibiting membrane PD-L1 staining of any intensity, only 20% of 174
evaluable patients had PD-L1 positive tumors. Objective remissions were observed
in 26% of PD-L1 positive patients and 19% of PD-L1 negative patients. The more
relevant rate of PD-L1 expression in tumor stromal cells and its association with
response to nivolumab have not been reported yet.

4.4 Ongoing Studies and Potential Combinations

Building upon this experience, clinical development around immune checkpoints in
HCC has thriven. A summary of ongoing studies is provided in Table 4.2. Some of
them are designed to help define the place of specific agents in the treatment para-
digm for HCC. This group includes two pivotal phase 3 trials comparing nivolumab
vs. sorafenib as first-line systemic therapy for advanced HCC, and pembrolizumab
vs. best supportive care as second-line therapy for patients that progress or are intol-
erant to sorafenib. Some others are designed to expand the potential of immuno-
therapy based on the interaction with checkpoint molecules in several ways. The
potential rationale according to treatment platforms is illustrated in Fig. 4.2.

The activity of PD-1/PD-L1 inhibition not only in HCC but also across tumor
types makes it a sound backbone for combinatorial strategies. The simultaneous
blockade of different checkpoints may produce synergistic effects and has shown
impressive results in patients with melanoma [39]. Dual blockade of PD-L1 and the
non-redundant CTLA-4 is attempted in a phase 1b cohort of the Checkmate 040
where different doses of ipilimumab (a CTLA-4 blocking IgG1 monoclonal anti-
body) and nivolumab are tested [38]. Another trial with a 1b/2 design is testing the
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Checkpoint Inhibition

PD-1

Immunotherapy Targeted Therapies Locoregional Therapies
Checkpoint inhibition / stimulation| | Potential additive effect Radiotherapy
* CTLA-4, PD-L1, LAG-3, TIM 3 | | » Sorafenib, Regorafenib * Y90 radioembolization
Tumor vaccines Potential synergistic effect | |~ SB "
* Peptides, proteins « Sorafenib, Regorafenib Intra-arterial therapies

« Antiangiogenics * TACE, TAE
Adoptive immunotherapy * TGFb, c-met, epigenetic
« Cytokine-Induced Killer cells modifiers and others Percutaneous therapies
- Engineered T cells (TCR, CAR)| | * Cytotoxic chemotherapy * RFA, PE

* Virotherapy

Fig. 4.2 Potential combinations for therapeutic development in immunotherapy of HCC (TCR T
cell receptor, CAR chimeric antigen receptor, TACE transarterial chemoembolization, TAE transar-
terial (bland) embolization, RFA radiofrequency ablation, PEI percutaneous ethanol injection)

combination of durvalumab (a PD-L1 blocking monoclonal antibody) and tremeli-
mumab compared to each agent as monotherapy. Durvalumab has shown a good
safety profile in a small cohort of HCC patients treated in a basket trial [40].

Stimulation of co-stimulatory molecules such as CD137 (4-1BB), CD134
(0X40), glucocorticoid-induced tumor necrosis factor receptor (GITR) or CD40
may potentiate the effector functions activated T cells and NK, constrain the sup-
pressive activity of Treg, and enhance antibody-dependant cellular cytotoxicity.
Combining PD-1/PD-L1 inhibition with stimulation of these co-stimulatory mole-
cules would simultaneously release the brakes and press the gas pedal of the immune
response. As a matter of fact, this strategy has proven effective in HCC models [41]
and deserves clinical testing.

Inhibition of oncogenic pathways may have an effect on the antitumor immune
response. For instance, BRAF inhibition in melanoma may increase the expression
of melanoma differentiation antigens and HLA molecules on tumor cells, induction
of PD-1 expression, and inhibition of suppressive cytokines as IL-10 [42]. Even
more importantly, BRAF inhibition may increase CD8+ T cell tumor infiltration, a
potential hallmark for immuno-oncology agents effectiveness. Regarding antian-
giogenic drugs, VEGF modulates antitumor immunity through different mecha-
nisms including the expansion of suppressive cell subtypes such as Treg and MDSC,
inhibition of DC maturation, or suppression of T cell responses [43]. Again in mela-
noma patients, combination of ipilimumab and the VEGFR antagonist bevacizumab
produced intense tumor infiltration by CD8+ T cells and dendritic macrophages as
well as high numbers of peripheral memory T cells [44]. Little is known about the
specific immune effect of sorafenib. Studies performed in animal HCC models
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showed that sorafenib-induced hypoxia may inhibit the immune response by
increasing intratumoral expression of PD-L1 and enhancing the recruitment of Treg
and M2 macrophages [45]. In this study the combination of an anti-PD1 antibody
and sorafenib was not more effective than sorafenib alone. A different study sug-
gested that sorafenib increases the local recruitment of tumor-associated neutrophils
and ultimately populates the tumor stroma with macrophages and Treg, thus pro-
moting an immunosuppressive environment [46]. In this study, depletion of
tumor-associated neutrophils combined with sorafenib led to a stronger anti-tumoral
activity compared to sorafenib alone. In the clinical setting, the combination of
sorafenib and PD-1 blockade will be tested.

The release or expression of tumor antigens and the immune-adjuvant like effect
of tumor irradiation is the basis for the well-known phenomenon of the abscopal
effect [47, 48]. In a sense, radiotherapy may act as a “local tumor vaccine”. In ani-
mal models, a variety of synergistic effects occur when radiation therapy is com-
bined with CTLA-4 blockade including diversification of the TCR repertoire of
tumor infiltrating lymphocytes and modeling of the repertoire of expanded T cell
clones [49]. The potential synergy of this combination has been also suggested in
advanced melanoma patients [50]. In HCC, selective internal radiation therapy or
radioembolization is increasingly used as a locoregional therapy for different stages.
Clinical trials trying to exploit this potential synergy are underway (Table 4.4). The
ability of other forms of locoregional treatment of HCC such as TACE or RFA to

Table 4.4 Ongoing clinical trials testing immuno-oncology agents in HCC

Phase | Population | Agents Target NCT number

10 agents as monotherapy

1b/2 IL and 2L | Nivolumab PD-1 01658878

2 2L Pembrolizumab PD-1 02702414

3 1L Nivolumab vs. Sorafenib PD-1 02576509

3 2L Pembrolizumab vs. best supportive | PD-1 02702401

care

IO agents in combination with other IO agents

1b/2 | 2L Nivolumab + Ipilimumab PD-1 & CTLA-4 01658878

1b/2 | 1L and 2L | Tremelimumab + Durvalumab vs. PD-L1 & CTLA-4 02519348

Durvalumab vs. Tremelimumab

10 agents in combination with non-1O agents

1b/2 PDROOI vs PDROOI + Capmatinib | PD-1 & c-met 02795429

1b/2 Nivolumab + CC-122 PD-1 & pleiotropic | 02859324

pathway modifier

1b/2 Nivolumab + Galunisertib PD-1 &TGFb 02423343

la/b Durvalumab + Ramucirumab CTLA4 & VEGFR2 | 02572687

1b Pembrolizumab + Nintendanib PD-1 &multikinase | 02856425

1 Pembrolizumab + Lenvatinib PD-1 &multikinase | 03006926

1b PDROO1 + Sorafenib PD-1 &multikinase | 02988440

1b/2 Nivolumab + Y90 radioembolization | PD-1 & radiation 03033446
02837029
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favor immune responses is much less established. Nevertheless, ongoing clinical
trials are taking advantage of the information about the combination of subtotal
TACE/RFA cited above. Intratumoral injection of the vaccinia oncolytic virus
Pexavec was able to produce distant responses but failed to prove effective in pro-
longing survival of patients with advanced HCC [51].

Natural interaction between tumor and host defines the amount and specificity of
pre-existent tumor reactive T cells. If the number of T cell clones primed by tumor-
associated antigens is low (as it could be particularly for tumors with a low muta-
tional load), the tumor immune infiltrate may not be intense enough to benefit from
the immune stimulation of checkpoint inhibitors and the efficacy of checkpoint
inhibitors would be reduced or abolished. Effective tumor vaccines may overcome
this problem. Co-administration of tumor-associated neoantigens and a strong
immune adjuvant is the basis of the HEPAVAC project and clinical trial (http://
www.hepavac.eu/).
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Chapter 5

Cytokine-Induced Killer Cells

for the Adjuvant Treatment of Patients
with HCC

Jeong-Hoon Lee and Jung-Hwan Yoon

5.1 Need for Adjuvant Therapy in HCC

Most cases of hepatocellular carcinoma (HCC) occur in patients with well-known
risk factors such as chronic hepatitis B virus (HBV) or hepatitis C virus (HCV), and
nonalcoholic steatohepatitis, as well as other risk factors such as chronic alcoholism
and liver cirrhosis. Thus, a regular surveillance program for populations with such
risk factors may allow the diagnosis of HCC at early stage, which is candidate for
potentially curative treatment. In fact, in Japan and Taiwan, >50% of HCC cases
were diagnosed at either a very early or early stage owing to the implementation of
a nationwide regular surveillance program [1]. However, the long-term prognosis of
HCC is still poor even after curative treatment because of high risk of recurrence in
the remnant liver.

In most other malignancies, adjuvant therapy is usually indicated for patients
who undergo surgical treatment for locally advanced tumors, but not at a very early
or early stage. For example, adjuvant systemic chemotherapy is indicated for gastric
cancer of stages Iy or I, colon cancer of stages II or III, and non-small cell lung
cancer of stages II or III, but not for any cancer of stage I or I, since there is a low
risk of tumor recurrence after curative treatment. However, in contrast, the National
Cancer Institute recommends enrolling very early or early stage HCC patients for
clinical trials of adjuvant therapy [2]. A very high risk of tumor recurrence, even
after potentially curative treatment, is the basis of this exclusive recommendation
for early HCC. Potentially curative treatment for early HCC and gastric cancer
resulted in 5-year recurrence-free survival rates of <30% [3] and greater than 90%,
respectively [4]. This difference may be linked to a significant difference in 5-year
survival rates: 76% in early HCC and >90% in early gastric cancer.
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The recurrence of HCC can be classified according to its timing. Early recur-
rence refers to recurrence within 2 years after tumor treatment and usually occurs
by the metastasis of remnant tumor cells. Late recurrence means recurrence after
2 years and is thought to be a de novo recurrence from diseased liver [5].
Consequently, early recurrence is closely related to tumor factors including safety
margin, vessel invasion, multiple tumor nodules, and serum levels of a-fetoprotein.
In contrast, fibrosis and inflammation determined by a HBV and HCV load and
histological inflammatory activity is associated with late recurrence.

Numerous efforts have been made to reduce recurrence in the form of the devel-
opment of novel adjuvant therapies; however, the benefit of such remains uncertain.
Till now, the only proven therapy that reduces the risk of HCC recurrence is antivi-
ral treatment for HBV-related HCC patients. However, all adjuvant therapy which
aimed to kill residual tumor cells failed to show efficacy. For example, polyprenoic
acid (an acyclic retinoid) and sorafenib (a multikinase inhibitor) failed to decrease
tumor recurrence in phase III trials. Therefore, current international guidelines do
not recommend adjuvant therapy after curative treatment [6, 7]. In response, to
overcome the lack of an effective adjuvant therapy, many scientists are trying to
utilize adoptive immunotherapy.

5.2 Mechanisms of Immune Tolerability of HCC

Cellular immunity, in particular, T cell-mediated cytotoxicity, is the main armory of
the human immune system deployed to combat cancers. Cytotoxic T cells may rec-
ognize tumor cells by interactions between the T cell receptor and an antigenic-
peptide present on the type I major histocompatibility complex (MHC). Using
perforin, T cells induce the formation of pores in the tumor cell membrane, via
which granzyme enters to induce tumor cell apoptosis. Malignant cells develop
multiple immune evasion mechanisms to avoid host immunity (Fig. 5.1). For exam-
ple, they may hide themselves by reducing the production of tumor antigens and
class I MHC molecules on their surface. Another immune evasion technique dem-
onstrated by tumor cells is their disruption of T cell signaling, leading to the induc-
tion of T cell apoptosis in response to their expression of interleukin (IL)-10,
transforming growth factor-p (TGF-f), and receptor-binding cancer antigen
expressed on SiSo cells 1 (RCASI). As well as T cells, tumor cells also act to sup-
press the immune response by the induction of myeloid-derived suppressor cells
(MDSC) and regulatory T cells (T,,s). In addition, X-linked inhibitor of apoptosis
(XTIAP) and FADD-like IL-1f-converting enzyme-inhibitory protein (c-FLIP) inter-
fere with apoptosis induction by T cells, surviving [8].

In HCC, an environment suitable for immune evasion occurs due to: (i) the inher-
ent tolerogenic nature of liver, (ii) hepatitis virus-related immunosuppression, and
(iii) immune impairment induced by the tumor itself.

The liver is known as “an immune-privileged organ” that shows an inherent
tolerogenicity in both healthy and diseased states. The liver continuously contacts
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Fig. 5.1 Mechanisms of immune evasion. Tumors may use several means of escaping the effects
of the immune system: (a) cytokines and other molecules expressed by tumor cells may induce
T-cell apoptosis or inhibit T-cell signaling; (b) tumor surface MHC molecules, which present
tumor peptide epitopes to T-cell receptors (TCR), may not be expressed correctly; (c) the trans-
porter that moves peptides to the endoplasmic reticulum for the formation of peptide-MHC com-
plexes may malfunction; (d) the proteasome may change its methods of breaking down tumor
protein into peptides for antigen presentation; and (e) tumor antigen expression becomes decreased
or is absent. In the face of apoptosis induced by T cells, the expression of immunoprotective agents
(the IAP family, FLIP, and PI9) is upregulated by tumor cells to thwart the activity of granzyme B
and interactions by FAS-FAS ligands

CXCLI2 chemokine (C-X-C motif) ligand 12, FLIP FLICE (FADD-like interleukin-1f3-convert-
ing enzyme)-like inhibitory protein, /AP inhibitor of apoptosis protein, /L-/0 interleukin-10, P19
proteinase inhibitor 9, RCAS! receptor-binding cancer antigen expressed on SiSo cells, TGF-f
transforming growth factor-f} (Reprinted by permission from Macmillan Publishers Ltd.: (NATURE
REVIEWS CANCER) [8], copyright (2002))
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and clears toxins delivered via the portal circulation. In other to avoid aberrant
immunity, the liver has developed a redundant immune regulation mechanism.
Hepatocytes prime naive T cells without co-stimulation, resulting in defective
effector function [9]. Immune tolerance in the liver is related to the presence of
antigen presenting cells (APCs; i.e. liver sinusoidal endothelial, hepatic dendritic
[DCs], and Kupffer cells). Kupffer cells (liver-resident macrophages) produce anti-
inflammatory factors, including TGF-f, IL-10, and prostaglandin E2, and reduce
antigen-specific CD8* T cells [10, 11]. Myeloid DC precursors differentiate into
IL-10-secreting DCs in the liver. When IL-10-secreting hepatic DCs prime naive
CD4* T cells, T,,s are induced and the antigen recall process is impaired. More
importantly, the expression of programmed death-ligand 1 (PD-L1) on liver sinusoi-
dal endothelial cells and its interaction with programmed death (PD)-1 on T cells
leads to the induction of antigen-specific T cell tolerance [10].

Immunosuppression is also enhanced by the most common underlying etiologies
of HCC, chronic hepatitis B and C. In response to both virus-specific and unrelated
antigens, T cell proliferation and the production of IL-2 are inhibited in a chronic
HBYV infection and T,s accumulate in the liver. And with regard to infection with
chronic hepatitis C, a reduced effector function of natural killer (NK) cells leads to
the inhibition of the maturation of DC in response to various maturation signals.
The expression of inhibitory immune checkpoints, such as PD-1, on T cells is
enhanced, resulting in dysfunction of both HCV-specific and -nonspecific T cells.

HCC itself also displays a series of immune evasion mechanisms similar to other
malignancies. In patients with HCC, the quantity and quality of myeloid DC and
NK cells are decreased. Aberrantly activated monocytes in HCC express abundant
PD-1 and impair anti-tumor T cell immunity. Immune suppressor cells, including
MDSCs and T,,s, accumulate in HCC patients and correlate with tumor volume.

Such mechanisms of immune tolerability of HCC may need to be overcome to
develop an effective immunotherapy option.

5.3 Adoptive Immunotherapies for HCC

Chronic inflammation is closely linked to the development and progression of
HCC. For example, IL-6, and tumor necrosis factor-a (TNF-a) were found to pro-
mote the development of HCC as described by previous studies [12]. After the
establishment of HCC cells, mutual interactions between tumor and immune cells,
which can exist during chronic inflammation, may create favorable conditions for
tumor cell survival [13]. Tumor-associated macrophages, T,..s, and MDSCs may act
as immune suppressors and facilitate tumor immune evasion [14]. Tumor growth
factor-f, IL-10, and IL-17 are important cytokines that also display an immune sup-
pression function. In contrast to immune suppressors, the numbers and effectiveness
of effector cells, such as NK, dendritic, and cytotoxic T cells, are downregulated
within the tumor microenvironment [15]. Furthermore, mutations increase during
the growth of tumors allowing these to avoid the immune system [16]. Antigen
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presenting cells and CD8" T cell activities are also impaired, which leads to the
attenuation of their cytotoxic effects dependent on MHC classes [17]. A proportion
of HCC cells also express low levels of MHC molecules. Such major constraints of
the cytotoxic immune response against HCC can be circumvented by likely benefi-
cial approaches such as increasing and decreasing, respectively, the numbers of
MHC-unrestricted direct cytotoxic effector and immune suppressor cells.

5.3.1 Tumor-Infiltrating Lymphocytes

An adoptive cell therapy uses tumor-infiltrating lymphocytes (TILs), a type of lym-
phocyte found in tumors that are often related to good clinical outcomes. For exam-
ple, TILs numbers were significantly associated with the prognosis of HCC patients
[18]. TIL immunotherapeutic agents can be generated by ex vivo expansion of TILs
obtained from tumor fragments or digests with IL-2 containing medium for 14 days
following activation with anti-CD3 antibody and irradiated allogenic PBMCs [19].
A prior clinical trial demonstrated a better clinical outcome was achieved by TIL
compared to lymphokine-activated killer (LAK) cells in advanced melanoma
patients. Unfortunately, TILs in HCC were only partially activated, proliferated
only at a very low level, acted in an MHC-restricted manner, and consequently
failed to effectively kill tumor cells [20].

5.3.2 Dendritic Cells

Studies into adoptive immunotherapy involving dendritic cells (DCs) pulsed by
tumor lysate or antigens were also undertaken. In the cell-mediated immune
response, DCs stimulate the proliferation and activation of antigen-specific cyto-
toxic T cells and, as such, demonstrating the potency of these professional antigen-
presenting cells. To increase the body’s immunity against antigens, DCs display
large amounts of MHC I and II molecules, costimulatory molecules and stimulatory
cytokines (interferon-y, IL-12) that contribute to an optimal costimulatory environ-
ment [21]. This clearly points to the use of autologous DCs as a tumor vaccine,
which has been attempted in several cancers including melanoma, prostate cancer,
and renal cell carcinoma. In patients with advanced HCC, DCs pulsed ex vivo with
a HCC cell line lysate were used intravenously in a phase II trial and showed evi-
dence of antitumor efficacy [22]. In HCC patients immunized with DCs pulsed with
four alpha-fetoprotein (AFP) peptides as the immunogenic tumor-associated anti-
gen (TAA) instead of tumor cell lysates in phase I/II trials, strong T-cell responses
against AFP were noted. Despite this, treated patients did not show clinical responses
[23]. Recently, we used an adjuvant autologous DC vaccine pulsed with cytoplas-
mic transduction peptide (CTP)-attached to three representative TAAs (i.e., alpha-
fetoprotein [AFP], glypican-3 [GPC-3] and melanoma-associated antigen |1
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[MAGE-1]) in a phase I/Ila study [24]. In that study, patients who did not experi-
ence tumor recurrence showed a higher lymphocyte proliferation rate and function
than those who experienced recurrence. The patients treated with a DC vaccine
showed significantly prolonged median time-to-progression compared to the his-
torical control (36.6 vs 11.8 months). This has led to an ensuing completed phase
IIb trial. In phase IIB trial, TAA-pulsed DC vaccine failed to prolong recurrence-
free survival in overall patients, although DC vaccine marginally reduced the tumor
recurrence in patients who underwent surgical resection [25]. Currently in progress
is a multicenter phase III trial in HCC patients who previously underwent surgical
resection.

5.3.3 Natural Killer Cells

NK cells kill cells that are dangerous to the host, such as cancer cells or virus-
infected cells, and are regarded as key effector cells in cancer immune-surveillance
and early viral immunity. Inhibitory receptors for MHC class I molecules (i.e., killer
immunoglobulin-like receptors [KIR] and CD94-NKG2A heterodimers) are found
on NK cells. The body’s immune tolerance for its own tissues occurs when NK cells
interact with self MHC class I molecules [26]. In spite of this, the expression of
MHC class I molecules on the surface of transformed malignant cells is often
reduced resulting the disappearance of inhibitory signaling in NK cells. However,
the surface of tumor cells can harbor stress-induced ligands that can be recognized
by the activating receptors of NK cells, CD226, NKp44, NKp46, NKp30 and
NKG2D. NK cells kill tumor cells mainly via granzyme/perforin activity and some-
times by death-receptor pathways. Additionally, the low-affinity activating receptor,
CD16, binds the Fc portion of immunoglobulin G1 and mediates antibody-dependent
cellular cytotoxicity.

As an adoptive immunotherapy, both autologous (from the patient) and alloge-
neic (from a healthy donor) NK cells obtained from peripheral blood have been
utilized. Interestingly, allogeneic NK cell therapy led to a higher graft-versus-
leukemia effect compared to autologous NK cell therapy for patients with acute
myeloid leukemia. Since interaction between self-MHC class I molecules (espe-
cially HLA-C) with the KIRs of autologous NK cells can mediate inhibitory signals
to NK cells, autologous NK cells may be a more potent source for NK cell immu-
notherapy. Obtaining sufficient numbers of NK cells to transfer, and maintaining
their concentration after transfer have been major hurdles preventing significant
clinical effects. Our group is now participating in trials to establish an ex vivo
expanded and highly activated allogeneic NK cell immunotherapeutic agent from a
universal healthy donor. In a phase I trial, allogeneic NK cells derived from unre-
lated random healthy donors were safely transferred to patients with malignant lym-
phoma or recurrent solid tumors [27]. A multicenter phase Ila clinical trial to
evaluate the efficacy and safety of allogeneic NK cells in patients with intermediate-
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stage HCC after transarterial chemoembolization (TACE) has recently been
launched in Korea (ClinicalTrial.gov ID: NCT02854839).

5.3.4 Lymphokine-Activated Killer Cells

LAK cells were initially described in the early 1980s. Five days of the culture of
peripheral blood mononuclear cells (PBMCs) or splenocytes in the presence of 1L.-2
resulted in the generation of LAK cells, and the killing of tumor cells by effector
cells was confirmed in vitro.*! In tumor-bearing mice and patients, LAK cells
infused in conjunction with in vivo IL-2 co-administration showed anti-tumor activ-
ity. However, the induction of severe, IL-2—related toxicities including pulmonary
capillary leak syndrome that were dependent on the IL-2 dose, limited the clinical
use of LAK cells. When LAK cells were infused without IL-2 treatment, there was
minimal toxicity to the recipient but no significant anti-tumor effect. In a murine
immunotherapy protocol using LAK cells, splenocytes were used as the source of
these cells. In a human clinical trial protocol, repeated leukapheresis was utilized to
obtain LAK cells, but it was difficult to generate sufficient cells to transfer. That low
proliferation rate of LAK cells was also another hurdle for the clinical use of LAK
cells. An adequate anti-tumor response may be achieved from 2 x 10!! human LAK
cells as calculated from a murine immunotherapy model, but is difficult to achieve.
Other limitations include the ability of exogenous IL-2 to increase cell numbers and
the cytolytic activity of LAK cells grown in vitro being quite low [28].

5.3.5 Cytokine-Induced Killer Cells

In the late 1980s, anti-CD3 stimulating antibodies was shown to be mitogenic for T
lymphocytes. In addition, prolonged culturing also contributed to improving the
properties of LAK cells. The cell numbers of human PBMCs increased 300- to
1000-fold when cultured for 2 weeks with both IL-2 and anti-CD3 antibody (OKT3).
Under both in vitro and in vivo conditions, such anti-CD3/IL-2-stimulated human
PBMCs were cytolytic for several types of tumor cells in an MHC-unrestricted
manner. On closer examination, heterogeneous cells made up the cell population:
CD3*CD56" NK-like T cells, CD3-CD56* NK cells, and CD3*CD56~ T cells [29].
And because they were stimulated by anti-CD3 and IL-2, such cells were labeled
cytokine-induced Kkiller (CIK) cells. In a severe combined immunodeficiency
(SCID) mouse model, strong anti-tumor activity was shown by CIK cells against
various solid and hematopoietic tumors [30]. In clinical trials, CIK cells exhibited
modest tumor killing efficacy against metastatic renal cell carcinoma and mela-
noma. CIK cells had a higher proliferation ability similar to CD3* T cells and supe-
rior cytolytic activity over LAK cells. Moreover, CIK cells demonstrated potent in
vivo cytotoxic activity without the need for IL-2 co-administration, which was the
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major problem in the clinical application of LAK immunotherapy. Considering the
lack of a sufficient number of effector cells is one of the substantial hurdles prevent-
ing the clinical application of adoptive immunotherapies, a high proliferation rate
without toxic IL-2 administration may be a clinically relevant property of CIK cells.

Among the heterogeneous CIK cell population, less than 2% are CD3-CD56*
NK cells and more than 90% are CD3* cells, of which up to 35% are CD56* cells.
Similar to NK cells, the anti-tumor activity shown by CD3-CD56" cells increases
when HLA class I molecules on their target cells are blocked. Tumor cells are more
susceptible to being killed by CD3*CD56* NK-like T cells than CD3*CD56™ cells
for the following reasons: (i) the presence of a high proportion of CD8* cells, and
(i1) having a more terminally differentiated T cell nature, as well as (iii) a higher
granzyme content. More importantly, while CD3*CD56~ cells are MHC-restricted,
the identification and killing of tumor cells by CD3*CD56* cells is MHC unre-
stricted, making the latter pivotal effector CIK cells in tumor killing. Similar to NK
cells, which do not require prior sensitization, tumor cells are detected by
CD3*CD56" cells by the recognition of the cognate ligands, MHC class 1
polypeptide-related sequences (MIC)-A and -B in an NKG2D-mediated manner
(Fig. 5.2). MHC-T-cell receptor (TCR) interaction is not required for the activation
of CIK cells by tumor cells. Instead, CIK cells express leukocyte function-associated
antigen-1 (LFA-1) that is involved in the identification of tumor cells by these cells
and which leads to their stable conjugation. This means that CIK cell immunother-
apy is highly relevant for tumor cells expressing LFA-1 ligands including intracel-
lular adhesion molecules (ICAM)-1, -2, and -3. Unsurprisingly, cytolytic activity
induced by CIK cells was inhibited by anti-LFA-1 inhibitors.

For normal bone marrow cells in vitro, CIK cells show little or no cytotoxicity
and thus are markedly tumor specific.

5.4 Adjuvant Cytokine-Induced Killer Cell Immunotherapy
for HCC

Studies using in vitro and in vivo models showed that CIK cells decreased tumor
growth [31]. PBMCs expanded ex vivo in medium lacking interferon-y, but when
containing anti-CD3 antibody and IL-2 for 14 days developed into CIK cells. In an
in vitro study of CIK cells, using an effector-target ratio of 30:1 caused 33% of
SNU-354 (HCC) cells to die. CIK cells also decreased tumor growth by 60% in a
murine HCC model derived from the injection of SNU-354 cells in irradiated nude
mice. Mice treated with 1 x 10° or 1 x 107 cells did not show a difference in growth
inhibition, which was comparable to treatment with 2 mg/kg of adriamycin. The
tumor mass showed a localization of CIK cells in vivo and were repeatedly admin-
istered without any apparent major adverse events.

In HCC patients who underwent surgical resection in a controlled randomized
trial in Japan, the time to disease recurrence was significantly increased after
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Fig. 5.2 Mechanisms of CD3*CD56* cell-induced tumor cell apoptosis. Tumor cells express
the cognate ligands, MIC-A and MIC-B, which are recognized by CD3*CD56* cells in an NKG2D-
dependent manner. After recognition, CD3*CD56* cells induce apoptosis of tumor cells using per-
forin and granzyme

adoptive immunotherapy, with the risk of tumor recurrence decreased by 40% and
no difference in overall survival [32]. However, there was no significant difference
in overall survival between 74 control patients and 76 treated with CIK cells.

In a Chinese study of HCC, 85 patients were randomized to an immunotherapy
or control group after TACE or radiofrequency ablation (RFA) [33]. After CIK cells
were injected via the hepatic artery, the peripheral blood showed significant
increases in the proportions of CD3*, CD4*, and CD3*CD56* cells. The CIK cell
treated group showed a significantly lower HCC recurrence compared to the control
group (8.9% vs. 30.0%) after 12 months. Only grade 1/2 adverse events were noted
for CIK cell therapy.

In another Chinese randomized controlled trial, 127 HCC patients after radical
resection were randomized to a CIK cell immunotherapy (three or six cycles) or
control group [34]. Undergoing either three or six cycles of CIK cells showed sig-
nificantly longer disease-free survival than the control group. However, disease-free
survival was not different between the three- and six-cycle groups. Multivariate
analysis was performed and revealed that treatment with CIK cells was an independent
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negative predictor of tumor recurrence after adjusting for variables such as vascular
invasion, liver cirrhosis and tumor differentiation and size. No survival gain was
achieved by CIK cell adjuvant therapy.

Encouraged by these preceding preclinical and clinical studies, the manufactur-
ing process was refined and standardized, and individualized autologous CIK cell-
based immunotherapeutic agents were developed. We then sought to examine
whether treatment with such adjuvant CIK cells could prolong recurrence-free sur-
vival in stage I or II HCC patients after potentially curative treatment (i.e. percuta-
neous ethanol injection [PEI], RFA, or surgical resection) in a multicenter
randomized controlled phase III trial [35]. Two hundred and thirty patients were
randomized in equal numbers to immunotherapy or control groups. Patients in the
immunotherapy group had 120 mL of blood collected before treatment. The CIK
cell agent was manufactured at a central facility. Mononuclear cells were separated
and cultured for 2-3 weeks with IL-2 and stimulating monoclonal antibody to CD3
at 37 °C. The CIK cell agent contained a total of 6.4 (+2.1) x 10? cells, including 1.8
(x1.0) x 10° CIK cells, in 200 mL of fluid. Patients in the immunotherapy group
received CIK cell agent intravenously over 60 min and were then observed for at
least 30 min. Patients received four treatments of CIK cell agent once a week, and
thereafter four treatments every 2, 4 and 8 weeks for a total of 16 treatments. The
primary endpoint was recurrence-free survival, with secondary endpoints of safety,
and cancer-specific and overall survival. The median recurrence-free survival was
14.0 months longer in the immunotherapy group (44.0 months) than in the control
group (30.0 months). The difference in recurrence-free survival between the two
groups was statistically significant. The risk of death from tumors or its recurrence
decreased by 37% with CIK immunotherapy (Fig. 5.3a). Interestingly, immuno-
therapy consistently decreased the risk of all types of tumor recurrence: intrahepatic
local recurrence (within 2 cm from resection or ablation margin), intrahepatic dis-
tant recurrence (beyond 2 cm from margin), and extrahepatic recurrence. In multi-
variate analysis, CIK cell immunotherapy was a significant prognostic factor after
adjustment for age, serum level of serum alpha-fetoprotein, and curative treatment
modality. Subgroup analyses showed a beneficial effect on recurrence-free survival
for adjuvant therapy compared with no adjuvant treatment, regardless of sex, age,
the modality of prior curative treatment, stage of HCC, HCC size, underlying etiol-
ogy of liver disease, the presence of cirrhosis, and antiviral treatment for HBV
(Fig. 5.4). CIK cell immunotherapy also prolonged overall survival: immunother-
apy reduced the risk of overall death by 79% (Fig. 5.3b). The immunotherapy group
showed significantly longer cancer-specific survival and decreased the risk of HCC-
related death by 81%. The immunotherapy group experienced more frequent
adverse events but treatment groups did not show a difference in the frequency of
grade 3 or 4 adverse events. Common adverse events such as headache (1%), fatigue
(3%), chills (8%) and pyrexia (9%) did not contribute to delayed or discontinued
CIK cell therapy.

The use of a CIK cell agent in this study was convincingly shown to improve
cancer-specific, overall and recurrence-free survival. Although the magnitude of
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Fig. 5.4 Recurrence-free survival in selected subsets. Squares (size proportional to the infor-
mation quantity) indicate hazard ratio (HR) estimates for each subgroup. Horizontal lines repre-
sent 95% Cls determined using a Cox proportional hazards model. The line of no effect is
represented by a solid vertical line at the HR of unity. Diamonds represent HRs with 95% Cls for
all patients. A decrease in the risk of recurrence or death after immunotherapy are represented by
HR values less than unity. The HCV subset includes patients co-infected with HBV and
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antiviral treatment are represented by HBV DNA and antiviral agent groups | and 2, respectively.
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permission from Elsevier: (GASTROENTEROLOGY) [35], copyright (2015))

absolute gain was modest, the reduction in relative risk was significant: an approxi-
mately 30% reduction in tumor recurrence or death and 80% in both overall and
cancer-related mortalities. In particular, CIK cell therapy showed a significant gain
in overall survival as well as recurrence-free survival. The intensified schedule of
CIK cell agent administration and favorable tumor characteristics in our study may
account for the prolonged overall survival observed as compared to prior studies.
CIK cells were infused more times (16 times) in our study than in preceding studies
(3—10 times). Our study also included only patients with American Joint Committee
on Cancer (AJCC) stage I or IT hepatocellular carcinoma, whereas preceding studies
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included patients with a more advanced tumor stage (i.e. stage III or IV tumor,
tumor with vascular invasion, or large HCC). Patients with a greater tumor burden
in preceding studies may have had increased numbers of immune suppressor cells
(e.g. MDSC, T,,s) that attenuated the effect of adjuvant immunotherapy [36, 37],
and thus may have impeded any survival benefit.

5.5 Current Limitations of CIK Cell Immunotherapy

CIK cell immunotherapy has several limitations. The expansion rate of CIK cells
varies among patients according to the degree of immune suppression. MDSCs and
defective APCs can inhibit CIK cell expansion. The quality and quantity of T cells
is poor in cancer patients. A lack of reliable serum or histological biomarkers for
predicting outcomes of CIK immunotherapy is also a problem. Potential biomarkers
include the CD4/CD8 ratio and the proportion of NK cells increase after infusion of
CIK cells. Inhibitory immune checkpoints and immune suppressor cells may also
be related to the prognosis of patients treated with CIK cells; all these factors that
impact CIK cell therapy need to be studied further. In addition, among heteroge-
neous cells included in CIK cell preparations, most potent effector cells with a high
level of NKG2D expression and interferon-y production are prone to apoptosis,
which could limit the prolonged efficacy of CIK cell treatment.

5.6 Future Perspectives

As previously mentioned, adjuvant immunotherapy with autologous CIK cells has
been proven to significantly prolong both recurrence-free and overall survival.
Several potential methods should be considered to improve the efficacy of CIK cell
therapy. Firstly, a combination with different types of adoptive immunotherapy
(e.g., combination with adoptive TAA-pulsed DC vaccine) should be considered.
Since CIK cells also include a number of cytotoxic T cells that have MHC-restricted
cytotoxicity and DCs can provide high levels of MHC I and tumor antigens, a syn-
ergistic effect of combination therapy would be expected. Secondly, combination
therapy with immune checkpoint inhibitors, such as anti-PD-1/PD-L1 agents and
anti—cytotoxic T-lymphocyte—associated protein 4 (CTLA4) agents, may be used to
circumvent immune evasion by cancer cells and to stimulate antitumor activity. A
recent in vitro study reported that blockade of immune checkpoints (including
PD-1, KIR, lymphocyte activation gene-3 [LAG-3], and T cell immunoglobulin and
mucin-domain-containing-3 [TIM-3]) enhance cytotoxicity of CIK cells against
human myeloid leukemic blasts [38]. Thirdly, CIK cells may be stimulated by an
increase in MIC-A and -B levels, which bind to NKG2D. The expression of MIC-A
and -B can be increased in an epigenetic manner by histone deacetylase inhibitors
such as valproic acid and suberoylanilide hydroxamic acid; therefore, combination
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therapy with these should be considered. Lastly, the downregulation of immune
suppressor cells could be helpful in potentiating CIK cell immunotherapy. Low-
dose cyclophosphamide treatment was shown to attenuate T,..s [39] and blockade
of the signal transducer and activator of transcription 3 (STAT3) suppressed
MDSCs [40].

If the efficacy of CIK cell immunotherapy can be maximally potentiated, an
investigation of whether CIK cell immunotherapy with/without loco-regional
therapy (e.g., TACE) or systemic therapy (e.g., sorafenib) is effective for intermedi-
ate or advanced stage HCC may be required. Because maximal tumor reduction
before or during adoptive immunotherapy could reduce immune suppressor cells,
combination with loco-regional therapy or systemic therapy may allow CIK cells to
fight residual tumor cells. In addition, ablation therapies (e.g., RFA) can induce
tumor-specific immune responses, which may suggest these could potential combi-
nation partners with adoptive immunotherapy [41]. However, combination therapy
with CIK cell immunotherapy and sorafenib remains a debatable issue since
sorafenib has been reported to impair the function of DCs, tumor-specific T cells,
and NK cells, and to increase MDSCs [42-44].

5.7 Conclusion

As an adjuvant therapy after potentially curative treatment for HCC, adoptive
immunotherapy using ex vivo expanded autologous CIK cells is the only treatment
that has been proven to prolong recurrence-free survival as well as overall survival,
except for antiviral treatment of HB V-related HCC. The safety of CIK cell immuno-
therapy has been well demonstrated. However, the clinical efficacy of CIK cells has
been shown to exist only for very early or early HCC after curative treatment.
Theoretically, maximal tumor reduction before or during adoptive immunotherapy
could enhance the efficacy of CIK cells. Combination treatment with other types of
adoptive immunotherapy and/or immune checkpoint inhibitors may also potentiate
CIK cell therapy.
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Chapter 6

Anti-VEGFR Therapy as a Partner

for Immune-Based Therapy Approaches
in HCC

Kohei Shigeta, Tai Hato, Yunching Chen, and Dan G. Duda

6.1 Introduction

Hepatocellular carcinoma (HCC) is the second most common cancer-related cause
of death worldwide and a major cause of death in patients with cirrhosis. When
curative surgeries (resection or transplant) cannot be performed, therapeutic options
are limited. Sorafenib — a multitargeted tyrosine kinase inhibitor (TKI) — was the
first drug approved for the systemic therapy of advanced stage HCC. Sorafenib is
the worldwide standard of care for advanced HCC patients based on data showing
increased overall survival (OS) in phase III trials. However, these studies also
showed that HCCs rarely shrink after sorafenib treatment and rapidly become resis-
tant to sorafenib, which limits the OS benefit to less than 3 months. Furthermore,
despite aggressive development of other anti-vascular endothelial growth factor
receptor (VEGFR) TKIs or antibodies, many of these agents have failed so far to
match its efficacy, for reasons that are not clear yet.

More recent developments have brought some promise for the systemic therapy
of HCC. A drug related to sorafenib, regorafenib, has shown efficacy in second line
setting, in patients with recurrent HCC after sorafenib [1]. Based on this result,
regorafenib has recently become the second-line treatment for advanced HCC. In
addition, immune checkpoint blockers (ICBs), which have transformed the manage-
ment of melanoma, and lung and head-and-neck cancers, have also shown promise
in the treatment of HCC. Phase III trials of anti-programmed death 1 receptor (PD-
1) antibodies are currently ongoing both in first— and second-line setting. Interim
results from these trials showed durable responses to IBC therapy in nearly 20% of
HCC patients [2].
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The majority of HCC patients suffer from underlying viral hepatitis (with virus
B or C). In these patients, prolonged mild inflammation promotes an immunosup-
pressive environment in the liver. The failure of the immune system to prevent HCC
and to halt its progression is closely linked with the pathogenesis and survival of
these cancer patients. Thus, given the promise of ICBs, approaches aimed at boost-
ing HCC-specific immune responses are timely and of great interest currently. In
this chapter, we will summarize the current knowledge of immune responses in
HCC - with the focus on immune checkpoints — and will discuss the rationale of
combining standard anti-VEGFR strategies with emerging ICBs.

6.2 Anti-VEGFR Therapy with Sorafenib for HCC

Sorafenib is a multitargeted drug that inhibits VEGFR1, -2, and —3, as well as
platelet-derived growth factor receptor beta (PDGFR-B). Sorafenib was initially
developed as an inhibitor of the serine-threonine kinases RAF-1 and B-RAF. The
mechanisms of action of this drug are complex and incompletely understood, and
may include both inhibition of HCC cell viability, tumor angiogenesis and liver
fibrosis [3-5]. The effect of sorafenib on the immune environment of HCC and on
the systemic anti-tumor immune responses is incompletely characterized.

Sorafenib became standard treatment for HCC based on data from two global
phase III clinical trials: the SHARP trial and the Asia-Pacific study for Child—Pugh
A advanced HCC [6, 7]. The SHARP trial was a phase III, double blind, placebo-
controlled trial, and 602 patients with advanced HCC who had not received previ-
ous systemic treatment were randomly assigned to receive either sorafenib or
placebo. Median OS was nearly 3 months longer in sorafenib group comparing to
placebo group (10.7 months in the sorafenib and 7.9 months in the placebo group;
hazard ratio 0.69; p < 0.001). There was no significant difference between the two
groups in the median time to symptomatic progression, however the median time to
radiologic progression was 5.5 months in the sorafenib group and 2.8 months in the
placebo group (p < 0.001). Another phase III trial, the Asia-Pacific study, enrolled
Asian patients with HCC who had not received previous systemic therapy and had
good liver function (Child-Pugh class A). Two hundred and seventy-one patients
were randomly assigned to receive either oral sorafenib or placebo. Median OS was
6.5 months in patients treated with sorafenib, compared with 4.2 months in those
who received placebo [hazard ratio (HR) = 0.68; p = 0.014]. Median time-to-
progression (TTP) was also prolonged in the sorafenib group compared to the pla-
cebo group.

Unfortunately, subsequent phase III trials combining sorafenib with other agents
have been unsuccessful so far to further prolong OS. For example, combination of
sorafenib with the anti-epidermal growth factor receptor (EGFR) TKI erlotinib [8]
or with local trans-arterial chemo-embolization (TACE) [9] failed to show increased
OS in advanced HCC. Several ongoing clinical trials are evaluating the efficacy of
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sorafenib combined with other local ablative therapies such as radiofrequency abla-
tion (RFA) or cryoablation.

6.3 Development of Other Targeted Therapies
in Advanced HCC

The successful development of sorafenib in HCC prompted a large clinical effort of
developing other targeted therapies in this disease, which included randomized
phase III trials in first-line and second-line of approved anti-VEGFR drugs or exper-
imental agents. Unfortunately, the therapeutic efficacy of most agents was largely
disappointing [10].

Sunitinib, a multikinase inhibitor with broad spectrum of activity blocking
VEGFR, PDGEFR, and KIT, among other kinases, is a standard of care in several
cancers. A randomized phase III trial of sunitinib first-line for advanced HCC
(SUN1170 trial) had to be discontinued early owing to the toxicity of sunitinib in
this population [11]. The median OS with sunitinib was 7.9 months, which was
significantly shorter than in the sorafenib arm (10.2 months).

Everolimus is a mammalian target of rapamycin (mTOR) inhibitor approved for
renal cancer. A phase III trial (EVOLVE-1) of everolimus as second-line treatment
in advanced HCC failed to show superiority in OS for this drug compared to pla-
cebo [12].

Ramucirumab is a recombinant [gG1 monoclonal antibody that has a high affin-
ity for the extracellular domain of VEGFR-2, currently approved for advanced gas-
tric and lung cancer. In a phase III trial (REACH study) of ramucirumab as a
second-line treatment for advanced HCC, there was no significant difference in OS
between the ramucirumab and placebo group. However, a sub-group analysis
showed a significant improvement in OS after ramucirumab in patients with high
baseline alpha-fetoprotein (AFP) levels (400 ng/mL or greater) [13]. As a result, a
phase IIT trial (REACH-2) is underway for advanced HCC patients with AFP
levels.

Cabozantinib is a multi-kinase inhibitor that inhibits MET, VEGFR-2, and RET,
approved for several indications. A phase II trial of cabozantinib in patients with
advanced HCC with a history of systemic chemotherapy showed a median PFS was
4.2 months. A phase III trial (CELESTIAL) of cabozantinib as a second-line treat-
ment is currently underway. Recently, after the first planned interim analysis of
CELESTIAL data, the trial’s Independent Data Monitoring Committee (IDMC)
determined that the study should continue without modifications per the study pro-
tocol [14].

Brivanib is a dual tyrosine kinase inhibitor of VEGFR and fibroblast growth fac-
tor receptors (FGFRs). In a phase II trial of brivanib in HCC, median progression-
free survival (PFS) was 2.7 months and median OS was 10 months [15]. A
randomized phase III trial of brivanib (BRISK-FL) compared this agent with
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sorafenib in first-line setting, but the study did not demonstrate the superiority or
non-inferiority of brivanib [16]. A second randomized phase III trial of brivanib
(BRISK-PS) in second-line setting also failed to show increased OS in sorafenib
intolerant or resistant HCC [17].

Linifanib is a TKI against VEGFR and PDGFR. In the randomized phase III trial
of linifanib (LIGHT) as a first-line treatment, this drug was neither superior nor
non-inferior to sorafenib [18].

Tivantinib is an agent developed as a selective MET inhibitor. In a phase II trial
of tivantinib as a second line treatment, time-to-tumor-progression was longer in the
tivantinib group than in the placebo group (HR = 0.64; p = 0.04) [19]. However, the
sponsor recently announced that the phase III trial (METIV-HCC [20]) of tivantinib
as a second line treatment only for patients with high intratumoral c-MET expres-
sion did not reach its primary endpoint of improving OS.

The only suuccessful studies in the “post-sorafenib era” were those of a related
compound (regorafenib) used in second line setting and of another multikinase
inhibitor (lenvatinib) in first line setting. Regorafenib is a multikinase inhibitor that
targets VEGFR1-3, KIT, RET, BRAF, PDGFR, and FGFR and is approved for met-
astatic colorectal cancer and gastrointestinal stromal tumors (GIST). In a phase II
trial of regorafenib in patients previously treated with sorafenib, the median OS was
13.8 months (95% CI: 9.3, 18.3), which suggested a good activity [1]. Based on
these results, a phase III trial (RESORCE) was initiated to test regorafenib as a
second-line treatment. The trial showed that regorafenib significantly increased
median OS to 10.6 months compared to 7.8 months for best supportive care
(HR =0.62; p < 0.001).

Lenvatinib is a multi-TKI for VEGFR1-3, FGFR1-4, PDGFR, and is rearranged
during transfection (RET). Phase I and II trials were conducted for Child—Pugh A
advanced HCC resistant to standard treatment [21, 22]. The response rate was
34.8% and the median OS was 18.3 months (95% CI: 12.8, N/A), which was a
promising result. Initial results of a phase III trial in first-line treatment in HCC
patients (E7080) were recently released. This was a multicenter, randomized, global
phase III study comparing the efficacy and safety of lenvatinib versus sorafenib, as
a first-line treatment for patients with unresectable HCC. Lenvatinib met the statisti-
cal criteria for non-inferiority of OS (13.6 months) compared to sorafenib (12.3
months), and showed statistically significant and clinically meaningful improve-
ment for PFS, TTP and ORR (7.4 months, 8.9 months and 24%). Analyses of the
remaining secondary endpoints of quality of life and safety are ongoing [23].

In addition, other studies pursued sorafenib-based combination approaches, such
as for example the EGFR TKI erlotinib. A randomized phase III trial with sorafenib
+ erlotinib versus sorafenib was conducted as a first-line phase III trial (SEARCH
trial) for advanced HCC [8]. However, the combination therapy did not show an
increase in OS over sorafenib alone.

As a result of this clinical experience, sorafenib remains the only first-line drug
for advanced HCC, with the potential implementation of lenvatinib in this setting.
Regorafenib is expected to become the second-line of therapy for advanced HCC
patients with recurrence after sorafenib.
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The advent of ICBs has brought new hope for advanced HCC, but their optimal
implementation will require a better understanding of how these drugs affect the
tumor microenvironment and systemic immune responses in this disease.

6.4 Mechanisms of Resistance to Sorafenib in HCC
and Their Relevance to Immunotherapy

Sorafenib is widely considered as an antiangiogenic/antivascular drug through inhi-
bition of VEGFRs and PDGFRs. However, as discussed above, many potent and/or
more selective anti-VEGFR agents or more broad antiangiogenic agents (e.g.,
VEGFR/FGFR and anti-VEGFR/PDGFR inhibitors) have thus far failed to match
the efficacy of sorafenib in phase III trials in HCC. Moreover, antiangiogenic ther-
apy has not led to tumor regression in patients or in experimental models in mice.
The benefit noted with sorafenib in HCC patients is likely the result of a transient
delay in HCC growth, after which most tumors resume their growth.

Whereas the mechanisms of acquired resistance to sorafenib and other anti-
VEGEFR inhibitors in HCC remain to be fully characterized, it is likely that tumor
stroma-mediated survival pathways and immunosuppression might play key roles.
Of these, increased hypoxia has been proposed as a mechanism of resistance to
multitargeted TKI therapy. The key is to identify the critical molecular pathways
regulating stroma-mediated resistance to sorafenib treatment in HCC.

Hypoxia and other cellular stresses can promote the expression of the chemokine
stromal-derived factor 1 alpha (SDFla) or C-X-C ligand 12 (CXCL12), and of its
receptor, C-X-C receptor type 4 (CXCR4). We have previously shown that SDF1a
levels increase in plasma circulation in HCC patients after treatment with sunitinib
or cediranib (both anti-VEGFR/PDGFR TKIs) in clinical studies. Moreover, ele-
vated circulating levels of SDFla correlated with poor treatment outcome after
sunitinib treatment in HCC patients. Systemic activation of the SDF1a/CXCR4 axis
is known to mediate intratumoral infiltration of inflammatory cells, including
myeloid differentiation antigen—positive (Gr-1*) myeloid (CD11b*) cells. Gr-1*
myeloid cells can drive tumor recurrence after anti-VEGF therapy in various tumor
models. Finally, clinical correlative data also strongly suggested that the effects on
multitargeted TKI treatment on tumor vasculature and myeloid cells might mediate
response and resistance therapy in HCC patients.

In a recent report, we demonstrated the causal role of Gr-1* myeloid cells in
HCC resistance to antiangiogenic treatment [3]. Furthermore, our preclinical stud-
ies provided a mechanistic understanding of the interplay between treatment-
induced hypoxia, SDF1o/CXCR4 pathway activation, and Gr-1* myeloid cell
infiltration and tumor fibrosis in HCC. Using an orthotopic model of HCC and liver
damage in mice, we evaluated the effect of sorafenib on tumor fibrosis and liver
fibrosis. Whereas sorafenib reduced liver fibrosis, its antivascular effects led to
increased hypoxia, inflammation, and fibrosis in the tumor tissues, which associated
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Fig. 6.1 Differential effect of sorafenib on liver versus tumor-associated fibrosis mediated by the
SDF-1a/CXCR4 axis and Gr-1* cells in HCC. Differential effects of sorafenib are the result of
increased intratumoral hypoxia, leading to elevated SDF-1a expression and Gr-1* myeloid cell
infiltration. Blocking CXCR4 prevents Gr-1* myeloid cell infiltration and HSC differentiation and
activation, and synergizes with the antitumor effects of sorafenib

with resistance to sorafenib treatment. We also showed that in this context, the pro-
fibrotic effects of SDFla were sufficient to overcome PDGFR inhibition by
sorafenib and increased intratumoral fibrosis (Fig. 6.1). SDF 1« induced differentia-
tion and proliferation of hepatic stellate cells (HSCs) directly through MAPK acti-
vation after sorafenib treatment. More importantly, addition of CXCR4 inhibition to
sorafenib treatment prevented the increase in desmoplasia in the face of persistent
hypoxia. Moreover, this combination therapy significantly inhibited HCC growth,
compared to sorafenib alone.

Increased SDF1a expression can also lead to accumulation of tumor-promoting
(proangiogenic and immune-suppressive) inflammatory cells. CXCR4 is known to
be critical for myeloid cell infiltration in tumors and can compensate for VEGFR1
inhibition in bone marrow—derived cells, as demonstrated by our group using phar-
macologic and genetic models of CXCR4 inhibition [24]. Indeed, we found
increased intratumoral infiltration by Gr-1* myeloid cells in HCC after sorafenib
treatment. Paracrine interactions between HSCs and inflammatory cells leading to
liver fibrosis are also critical in viral hepatitis and pancreatic malignancies. Our
studies indicated that the SDF1a/CXCR4 axis plays an important role mediating not
only Gr-1*" myeloid cell infiltration in HCC, but also their paracrine interaction with
HSCs leading to fibrosis. SDF1a expression promoted tumor vascularization, likely
by recruitment of proangiogenic Gr-1* myeloid cells. Finally, antibody blockade of
Gr-1 reduced Gr-1* myeloid cell infiltration, tumor desmoplasia, and HCC growth.
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In addition to proangiogenic and proinflammatory effects, hypoxia can trigger EMT
in cancer cells, which may also play an important role in tumor progression and
particularly in metastasis. Indeed, CXCR4 blockade prevented EMT despite persis-
tent hypoxia, reduced metastatic burden, and increased survival in mice with
HCC. These findings may be relevant not only for sorafenib but also for any other
hypoxia-inducing anti-angiogenic therapy in HCC.

6.5 Immune Checkpoint Therapy for HCC

As a typical “inflammation-induced cancer”’, HCC most frequently develops in a
diseased liver. Prolonged inflammation from viral hepatitis induces an immunosup-
pressive environment in the liver [25, 26]. Based on research with patients with viral
hepatitis and mouse models of hepatitis, it is known that cytotoxic T lymphocyte
associated antigen 4 (CTLA-4), programmed death 1 (PD-1), mucin domain—con-
taining molecule 3, and 2B4 (CD244) are upregulated and, as a result, CD8" T cell
functioning becomes severely impaired (leading to T cell exhaustion) [27-29]. In
addition, dendritic cell (DC) function is also impaired in HCC patients. DC in HCC
patients showed a reduced expression of pro-inflammatory cytokines, such as IL-12,
which results in defective activation in CD8* T cells [30]. To make matters worse,
increased infiltration by regulatory T cells (Tregs) is frequently seen in HCC [31].
Finally, it has been recently found that myeloid-derived suppressor cells (MDSCs),
which are immature cell types of myeloid origin, infiltrate into the tumor and induce
increased Treg recruitment in HCC in patients [32].

The success of ICB with anti-CTLA-4 antibodies in advanced melanoma patients
has brought renewed hope for immunotherapy in cancer [33]. HCC is typically an
inflammation-associated cancer and can be immunogenic. Furthermore, the major-
ity of HCC patients suffer from cirrhosis of viral etiology or nonalcoholic steato-
hepatitis. Since immunotherapeutic drugs are not metabolized in the liver, they may
have predictable pharmacokinetic profiles in cirrhotic patients. Indeed, preliminary
clinical data with antibody-based therapy did not show any severe hepatoxicity.
Nevertheless, the successful application of immunotherapy in HCC will have to
take into account the liver cancer-specific immune microenvironment and responses.

6.6 How Do HCCs Evade Anti-tumor Immunity?

Spontaneous anti-tumor responses have been detected in HCC patients. Activation
of immune response and T cell infiltration has been reported after percutaneous
ethanol injection or radiofrequency ablation. In addition, tumor-associated antigen
(TAA) specific CD8" T cell immune responses have been described. Among the
most studied antigens in HCC are alpha-fetoprotein (AFP), glypican-3 (GPC-3),
NY-ESO-1, SSX-2, melanoma antigen gene-A (MAGE-A) and human
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telomerase-reverse transcriptase (hTERT). One report estimated that more than
50% of HCC patients develop spontaneous cellular or humoral immune response
against NY-ESO-1. Another study reported that HCC-infiltrating TAA-specific
CD8+ T cells were detectable in more than 50% of patients and their number cor-
related with progression-free survival.

The immune microenvironment of the liver plays a major role in anti-tumor
immunity. Liver is generally “tolerogenic” to prevent undesirable immune response
to antigens absorbed from the gut. The tolerability is maintained by direct activation
of naive T cells in liver through antigen presentation by liver sinusoidal endothelial
cells, Kuppfer cells, dendritic cells (DCs) and hepatocytes. In addition, intricate
immunosuppressive mechanisms become activated in the HCC microenvironment
and further interfere with the development of meaningful anti-tumor immune
responses. Multiple such mechanisms have been proposed, including defective anti-
gen presentation, recruitment of immunosuppressive myeloid and lymphoid cell
populations, suppression of natural killer (NK) cells, impaired CD4" T cell func-
tions, and up-regulation of immune checkpoint pathways.

Among immunosuppressive cell populations, Tregs and MDSCs are thought to
play key roles in cancer evasion from immunosurveillance. In HCC, the number of
Tregs is increased both in the blood circulation and inside the tumor. Intratumoral
Treg accumulation correlates with disease progression and poor prognosis. MDSCs
are immature/progenitor myeloid cells with immunosuppressive and pro-angiogenic
activity. MDSC accumulation is found not only within the tumors but also in blood
circulation, spleen, bone marrow and liver. The MDSCs inhibit the function of
effector T cells, decrease NK cell cytotoxicity, and cytokine production. The fre-
quency of MDSCs correlates with recurrence-free survival of HCC patients who
underwent RFA. It has also been suggested that MDSCs interact with Kuppfer cells
to induce PD-L1 expression, which in turn inhibits antigen presentation. MDSCs
may also help expand Treg population. Depletion of Tregs or MDSCs could prompt
spontaneous immune responses against AFP, suggesting the potential of immune
reactivation. Recently, a new subset of immune suppressive cells called regulatory
DCs has been identified in HCC patients. These regulatory DCs can suppress T cell
activation through interleukin (IL)-10 and indoleamine 2,3-dioxygenase (IDO)
production.

Exhaustion of CD4* T cells has also been reported as a mechanism of immune
evasion in HCC. While infrequent AFP-specific CD4+ T cells are detectable in early
disease, they became exhausted and fail to execute their immune supportive func-
tion once the disease has advanced. Finally, while the immune response to specific
antigen is recognized by major histocompatibility receptors, co-stimulatory and co-
inhibitory molecules regulate the intensity of response. Immune checkpoints are
co-inhibitory molecules that are physiologically expressed for the maintenance of
self-tolerance. In the tumor microenvironment, immune checkpoint molecules such
as CTLA-4 and PD-L1 are often overexpressed and participate in the evasive mech-
anism as discussed above.
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6.7 Translation of Immune Checkpoint Blockade in HCC

The balance of co-stimulatory signals and immune checkpoints determines the
cytotoxic T cell activation and intensity of immune response. The immune check-
points are often activated in the tumor tissue, which promotes tumor evasion from
host immunity. The most studied immune checkpoint receptors are CTLA-4, PD-1,
TIM-3, BTLA, VISTA and LAG-3. However, there are still few studies that evalu-
ated the efficacy of combination therapy with sorafenib and ICBs.

6.8 PD-1: Mechanism of Action

PD-1 is CD28 superfamily member that conveys co-inhibitory signals for TCR
receptor. PD-1 binds its ligands PD-L1 (CD274) or PD-L2 (CD273). PD-1 is pri-
marily expressed in CD8+ T cells, but can also be detected on Tregs and MDSCs.
PD-1 mediates the differentiation and proliferation of Tregs. Interestingly, a recent
report by Tian et al. showed that activation of CD4+ T lymphocytes by ICBs (anti-
PD-1 and anti-CTLA4) can also promote vascular normalization [34]. PD-1 also
regulates peripheral tolerance and autoimmunity. Chronic exposure to antigens
leads to the overexpression of PD-1 in T cells, which induces anergy or cell exhaus-
tion. By chronic antigen stimulation, IFN-y induces IRF9 binding to Pdcd-1 pro-
moter and PD-1 transcription in T cells. When PD-1 binds to PD-L1 or PD-L2, T
cell proliferation and cytokine release are inhibited through SHP2, which inacti-
vates ZAP70, a major TCR signaling integrator. T cell function is differentially
affected by the level of PD-1 activity. Cancer cells can highjack PD-L1/PD-1 signal-
ing by expressing PD-L1 or PD-L2 to activate PD-1 in tumor-infiltrating lympho-
cytes and evade immune surveillance.

While the mechanisms of immune tolerance to viral hepatitis are well described,
limited data are available for HCC. Two mouse models showed the potential rele-
vance of PD-1/PD-L1 induced immune tolerance in HCC. In a genetic model of
c-Myc-induced HCC and doxycycline-induced expression of IL-12 in hepatocytes,
doxycycline treatment induced IFN-y expression but only a partial regression of the
tumors. Treatment resistance was associated with increase in Treg numbers and
upregulation of several immune checkpoint molecules (including PD-L1/PD-1). In
another mouse model of HCC induced by adenovirus-mediated inducible SV40
large T antigen expression in hepatocytes, T cell infiltration into the tumor was
decreased in the advanced lesions.
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6.9 Clinical Studies of PD-1 Blockade

At least 5 anti-PD-1 antibodies and 3 anti-PD-L1 antibodies are currently under
development, emphasizing the growing interest in this immune checkpoint pathway
as a target for cancer therapy (Table 6.1) [35]. Pembrolizumab induced tumor
regression in advanced melanoma patients and showed a favorable safety profile.
Interestingly, pembrolizumab was effective even in patients who failed ipilimumab
treatment, which suggests a differential mechanism of action for PD-1 inhibition
versus CTLA-4 blockade. Indeed, combination of nivolumab with iplimumab
achieved objective response in 40% of the patients with less toxicity. CT-011 and
MPDL3280A/RG7446 were tested in phase I trials and showed with favorable
safety profiles. MEDI4376 targets PD-L1, and phase I trial is ongoing. AMP-224 is
a recombinant B7-DC-Fc fusion protein, and a phase I trial of this agent is also
underway. In HCC, a phase I/II trial of CT-011 in advanced HCC was initiated but
stopped due to slow accrual. A phase I trial of nivolumab for patients with advanced
HCC (NCT01658878) resulted that nivolumab has a manageable AE profile and
produced durable responses across all dose levels and HCC cohorts, with a favor-
able 6-month OS rate. Currently, a phase III trial of first-line treatment nivolumab
compared to sorafenib (NCT02576509) is ongoing, and a phase III trial of pembro-
lizumab versus best supportive care (KEYNOTE-240) is ongoing in second-line
setting (NCT02702401) in advanced HCC patients.

6.10 Testing Anti-PD-1 Therapy Combined with Sorafenib
in the Preclinical Setting

Due to promiscuous target inhibition by sorafenib, the mechanisms of treatment
evasion are likely multifactorial as discussed above. One mechanism may be the
increase in tissue hypoxia after prolonged anti-angiogenic therapy, which likely
promotes tumor recurrence locally and at distant sites. Hypoxia can fuel resistance
to treatment not only by promoting genomic instability, angiogenesis, and invasion
but also by creating an immunosuppressive microenvironment. Increased hypoxia
results in recruitment and activation of multiple myeloid and lymphoid immune
suppressor cells such as M2-type tumor-associated macrophages (TAMs), MDSCs,
and Tregs. Increased hypoxia after sorafenib treatment induces SDF1a and CXCR4
expression and myeloid differentiation antigen Gr-1* myeloid-derived suppressor
cell recruitment. As discussed above, inhibition of the SDF1a/CXCR4 axis pre-
vented the increase in tumor desmoplasia and inhibited tumor growth despite per-
sistent hypoxia.
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Clinical data regarding the presence, infiltration, and function of T-infiltrating
lymphocytes in HCC are limited. Case reports and a cohort study report the rare
presence of T-infiltrating lymphocytes in human HCCs. Moreover, the presence and
function of T-infiltrating lymphocytes may be a prognostic marker in HCC patients.
Therefore, a combination of depletion of Tregs and concomitant stimulation of
effector T cells may represent an effective strategy to reduce HCC metastasis and
recurrence. PD-1 blockade has been successfully used for the treatment of late-
stage melanoma and in other solid tumors, however achieving similar efficacy with
ICBs in HCC will largely depend on how they are integrated with sorafenib. For
example, it has also been recently shown that cancer cells, cancer-associated stro-
mal cells, and a hypoxic tumor microenvironment can up-regulate immune regula-
tory proteins (PD-L1 or its receptor PD-1) that facilitate tumor escape from immune
surveillance. Up-regulation of PD-L1/PD-1 inhibits cytotoxic CD8" T-lymphocyte
activation and proliferation and further contributes to resistance and progression of
solid tumors.

We used orthotopic (grafted and genetically engineered) murine models of HCC
to examine the role of PD-1 blockade on primary tumor growth, lung metastasis,
and the immune microenvironment after sorafenib treatment. In addition to Gr-1*
myeloid cells, there was an increase in M2-type TAMs and Tregs infiltrated in
tumors after sorafenib treatment, indicating the induction of an immunosuppressive
microenvironment in sorafenib-treated HCCs. CXCR4 blockade reduced the infil-
tration of these immunosuppressive cells despite persistent hypoxia but failed to
promote antitumor cellular immune responses. This preclinical study demonstrated
that anti-PD-1 immunotherapy was active against both grafted and spontaneous
tumors. However, anti-PD-1 blockade did not significantly delay tumor growth or
metastasis when combined with sorafenib, likely owing to the increased immuno-
suppression after sorafenib treatment. Sorafenib plus anti-PD-1 antibody signifi-
cantly delayed HCC growth and reduced lung metastasis only when combined with
anti-CXCR4 therapy. Triple combination treatment was safe and associated with
increased tumor penetration by activated CD8* T lymphocytes and accompanying
increased HCC cell apoptosis. The triple-combination therapy successfully reversed
the immunosuppressive tumor stroma toward the immunostimulatory microenvi-
ronment (Fig. 6.2) [5].

These results also suggest that the SDF1o/CXCR4 pathway can directly mediate
transition to an EMT phenotype in HCC cells in a hypoxic microenvironment.
Collectively, these data may explain the unaltered progression of the disease at dis-
tant sites in the face of sorafenib treatment. Indeed, CXCR4 blockade prevented
EMT despite persistent hypoxia, reduced metastatic burden, and increased survival
in mice with HCC. These findings may be relevant not only for sorafenib but also
for any other hypoxia-inducing therapy in HCC.

Furthermore, in addition to Gr-1* myeloid cells, as stated above, there is an
increase in M2-type TAMs and Tregs in HCA-1 tumors after sorafenib treatment,
indicating the induction of an immunosuppressive microenvironment in sorafenib-
treated HCCs. In these HCCs CXCR4 blockade reduced the infiltration of these
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Fig. 6.2 Combination therapeutic strategy modulating the immunosuppressive microenviron-
ment for cancer treatment. Increased intratumoral hypoxia after sorafenib treatment—caused by
reduced microvascular density (MVD)-increased expression of PD-L1 and SDF-1la, and the
recruitment of immunosuppressive bone marrow-derived cells (BMDCs) and regulatory T cells
(Tregs) in hepatocellular carcinoma (HCC). These effects were prevented when combining
sorafenib with AMD3100, a CXCR4 antagonist, which facilitated immunotherapy with anti-
PD-1 antibodies

immunosuppressive cells despite persistent hypoxia but failed to promote antitumor
cellular immune responses. Therefore, ICB using anti-PD-1 antibodies was added
to CXCR4 blockade and sorafenib treatment, and this treatment was safe and could
facilitate antitumor immune responses by increasing the infiltration and activation
of CD8* T lymphocytes inside the tumor. The triple combination treatment inhibited
both the growth of the primary tumor and the formation of lung metastases in
orthotopic murine HCCs and regressed established tumors in a genetically
engineered mouse model of HCC in mice with underlying liver cirrhosis. These data
from preclinical study highlights that the clinical relevance of studying the role of
the immune microenvironment in resistance to antiangiogenic treatment as well as
for the future development of immunotherapy in HCC.

Unfortunately, testing triple combination therapies is challenging in clinical
setting for several reasons. Hand-foot syndrome occurs most frequently by
sorafenib and it is important to control this adverse event to continue this therapy.
Furthermore, diarrhea, appetite loss, and fatigue are also well known effect of
sorafenib. Nivolumab, anti-PD-1 antibody, is known to have some severe adverse
effect, such as interstitial pneumonia, myasthenia gravis, thyroid deficiency, type I
diabetes, and more. Although this triple combination therapy may potentially be a
more effective treatment for immunotherapy in HCC, further investigation is
needed to overcome the adverse event from these drugs to use this treatment safely
in clinical setting.
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6.11 Future Perspectives

Immunotherapy using ICBs has already shown unprecedented efficacy in intracta-
ble cancers such as advanced melanoma and lung cancer. This approach is currently
in clinical testing in advanced HCC patients. The evidence from pre-clinical studies
in animal models further support the development of PD-L1/PD-1 inhibitors in this
disease.

Therapy with ICBs is most likely to succeed in combination with other surgical,
cytotoxic, immune or targeted therapies. Combination of ICBs with local ablative
therapies such as RFA or cryoablation — which may induce tumor antigen release/
damage associated molecular patters (DAMPs) — would particularly promising
approaches. However, optimal integration of ICBs with systemic treatments (e.g.,
sorafenib, lenvatinib, regorafenib) will require further mechanistic understanding of
treatment interactions.

Our group has been pursuing such mechanistic studies in preclinical models.
For example, our recent reports indicated an important role for the dose of anti-
angiogenic therapy used. In a mouse model of breast cancer, administration of
anti-mouse VEGFR2 neutralizing antibody (DC101) at a low dose (10 mg/kg)
normalized the structure and function of the tumor vasculature, and promoted
anti-tumor immunity. Interestingly, the tumor-associated macrophage population
showed a reduction in the M2 (pro-tumor) phenotype. Treg activity was also
reduced in the low-dose DC101 group. In contrast, when administered in higher
doses (40 mg/kg), DC101 treatment induced vascular pruning, increased tissue
hypoxia within the tumor, and increased M2-type macrophages and Tregs. These
experiments suggest a potentially beneficial effect of titration of anti-VEGFR2
therapy on the immune response in tumors. However, recent data also showed
that ICBs could affect the vascular structure and function. This introduces another
layer of complexity in the interaction between antiangiogenics and ICBs. Whether
combining anti-PD-1 antibodies with anti-VEGFR2 antibodies or with multi-
targeted TKIs (regorafenib, lenvatinib) will enhance anti-tumor immunity in
HCC and what dose/schedule regimens will achieve this remains currently
unknown.

Finally, the integration of ICBs — especially when used in combination with other
agents — will have to address the safety concerns specific to this population of
patients such as hepatotoxicity. The potential risk of fueling acute exacerbation of
viral hepatitis in HBV/HCV positive patients will need to be elucidated and the
carefully be observed in the clinical setting.

Addressing these issues will greatly help the field bring to fruition the great
promise of these novel immunotherapeutics in this intractable disease.
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Chapter 7
Glypican-3 as a Target for Imnmune Based
Therapy in Hepatocellular Carcinoma

Yi-Fan Zhang, Jessica Hong, and Mitchell Ho

7.1 Introduction

Glypican-3 (GPC3) is a glycerophosphatidylinositol (GPI) anchored cell surface
heparan sulfate proteoglycan. GPC3 is a 70 kDa protein core with heparan sulfate
modifications, that attaches to the cell surface via a glycosylphosphatidylinositol
(GPI) anchor at the C terminus. GPC3 was partially furin-cleaved between Arg358
and Ser359, generating a 30-kDa C-terminal fragment and an 40-kDa N-terminal
fragment [1]. All the glypicans have a conserved pattern of 14 cysteine residues,
which form the intramolecular disulfide linkages that connect both N and C termini
[2, 3]. Four isoforms of GPC3 cDNA can been found in the GenBank; among them,
Isoform 2 of GPC3 is the most common [4]. Human and mouse GPC3 proteins
share 94% sequence identity [1]. GPC3 is expressed in human embryo, fetus and
placental tissues [5]. It is not expressed in normal adult tissue [6], but is overex-
pressed in HCC [7], hepatoblastoma [8], solid pseudopapillary neoplasm type of
pancreatic cancer [9], Wilms tumor [8], malignant melanoma [10], a group of ovar-
ian clear cell adenocarcinoma [11], Testicular germ cell tumors [12], testicular and
ovarian yolk sac tumors [13], Merkel cell carcinoma [14], thyroid cancer [15] and
lung squamous cell carcinoma [16]. Particularly, GPC3 is overexpressed in 79% of
HCC and 11% of cirrhotic nodules [17]; HCC arising in cirrhotic liver are more
likely to be GPC3 positive [17]. GPC3 expression is much higher in early HCCs
than in cirrhosis, indicating that the transition from cirrhosis to early HCC is associ-
ated with a significant increase of GPC3 expression [18]. Thus, GPC3 is a suitable
HCC marker and prognostic factor of HCC, and has been a target candidate in vari-
ous investigational immunotherapies (Fig. 7.1).
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Fig. 7.1 (a) The epitopes of anti-GPC3 antibodies. (b) The therapeutic formats for anti-GPC3
immunotherapies

7.2 GPC3 Vaccinations

Cancer vaccinations have been used to prevent cancer recurrence because large
tumor burden can induce immune-tolerance [19]. Therefore, a suitable tumor-
specific antigen for cancer vaccine should be expressed early in cancer develop-
ment, and be able to induce effective immune response. As discussed above, GPC3
is expressed early in HCC development. Interestingly, GPC3 can induce GPC3-
specific cytotoxic T lymphocytes (CTLs) in HCC patients treated with radiofre-
quency ablation or trans-catheter arterial chemo-embolization (TACE), but not
surgical resection [20]. It was also observed that autologous formalin-fixed tumor
vaccine after TACE and radiofrequency ablation (RFA) lowered the recurrence risk,
and induce GPC3-specific CTLs in peripheral blood [21]. Therefore, GPC3 vac-
cines have been developed for the treatment of liver cancer.

Compared to tissue, protein, and DNA immunization [22], peptide vaccines can
be directly taken up by the antigen-presenting cells. This is because peptide vac-
cines can directly bind the specific HLA in the patients and bypass antigen-
processing in the host. Thus peptide vaccines can be engineered to preferentially
induce CD8+ or CD4+ T cells, which may require optimization [23]. Short peptides
(8 amino acids) are presented very efficiently by dendritic cells. Long peptides (15—
35 amino acids) are presented less efficiently, but still much more efficiently pre-
sented than proteins, by dendritic cells (not B or T cells) [24, 25].

MHC class I restricted peptides are designed to elicit CD8+ CTLs response.
From the group of peptides conserved between human and mouse, the HLA-
A*24:02-restricted GPC3,95 306 peptide (EYILSLEEL) was selected because it is
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predicted in silico to bind both human HLA-A24 and mouse K. Furthermore, it
induced mouse CTL by vaccination [26]. From the group of conserved peptides, the
HLA-A2-restricted GPC3,4,_;5, peptide (FVGEFFTDV) was selected because it is
predicted in silico to bind human HLA-A2, and the dendritic cells pulsed with the
peptide activated CTL in HLA-A2.1 (HHD) transgenic mice [27]. Both A24-
GPC3,95 306 and A2-GPC3,, 5, peptides activated CTLs from patient’s peripheral
blood mononuclear cells (PBMCs) [27]. In a recent Phase II study with HCC
patients after curative surgery [28], the GPC3,94 306 peptide was given to HLA-A24-
positive patients, and the GPC3, 5, peptide was given to HLA-A2-positive
patients. GPC3 peptides were emulsified with incomplete Freund’s adjuvant and
injected intradermally. The first vaccine was given within 4 weeks after curative
surgery, followed by one injection every 2 weeks for five times and then one injec-
tion every 2 months for four times. The GPC3 targeting CTLs can be detected in 35
of the 41 patients (85.4%) after vaccination. Of the patients bearing GPC3+ HCC,
vaccination lowered the 1-year recurrence rate from 48% to 24%. During the second
year, when the vaccination was discontinued, the recurrence rate of vaccinated
patients (52.4%) was closer to that of the non-vaccinated patients (61.9%), suggest-
ing a loss of memory. Many recurrent patients still have GPC3 specific CTLs, sug-
gesting that such CTLs are not enough at the time of recurrence. CTLs isolated from
needle-biopsy specimens of one recurrent tumor expressed more PD-1 than the
CD8+ T cells in PBMCs, suggesting the induction of anergy. Two recurrent patients
having higher number of GPC3 specific CTLs lack GPC3 expression in the recur-
rent tumor, suggesting that vaccines towards other tumor antigens might be needed
to protect such patients from recurrence. In a study conducted by Sawada et al.
(2012), an autopsy was done on a HCC patient after ongoing GPC3 peptide vaccina-
tion [29]. The immunological analysis and autopsy showed that after the second
vaccination, the number of GPC3 peptide-specific CTLs increased from 0 to 84
which could correlate with GPC3 peptide vaccine response since it showed an
increased number of CTLs. Prior to vaccination, a liver biopsy was taken which
revealed well-differentiated HCC. Immunohistochemical staining showed that prior
to vaccination, GPC3 and HLA class I was found in the cytoplasm and membranes
of HCC cells along with a few CD8 positive T cells in the tissues. An autopsy was
done 2 h following death and found multiple nodular lesions with central necrosis
in the right lobe of the liver. Inmunohistochemical staining showed GPC3 positive
carcinoma cells with an infiltration of CD8 positive T cells in carcinoma but not
within cirrhotic areas. The cause of death was not likely to be due to vaccine-induced
liver injury. CD68 positive macrophages were found around the necrotic area of
cirrhotic nodules as well as CD8 positive cells which suggest that the carcinoma
cells were attacked by CD8 positive T cells that could lead to necrosis. In addition,
3 of 33 patients that received GPC3 peptide vaccination in a phase I trial showed
tumor necrosis on CT scans. Overall, GPC3 peptide vaccination targeting CD8+ T
cells has limited efficacy and needs further improvement.

Interestingly, the MHC class I restricted A2-GPC3,,_ 5, peptide and A24
GPC3,95.306 peptide induced CD4+ T cell response in roughly 2/3 of patients,
who have prolonged 3-year and 5-year survival, with 10/11 patients (compared to
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0/5 CD4+ T cell response-negative patients) alive after 5 years. More strikingly,
even without GPC3 specific CD8+ T cells, the patients with the CD4+ T cell
response had prolonged 3-year and 5-year survival, with 5/5 patients (compared to
0/3 CD4+ T cell response negative/CD8+ T cell response negative patients) alive
after 5 years [30]. Although it is unclear whether CD4+ T cell response is the cause
or the consequence of cytotoxicity, it is consistent with the previous observation that
stimulation of CD4+ T cells alone can mediate tumor regression [31] and CD4+ T
cells are required to maintain long-term immunologic memory [32]. A recent study
showed that CD4+ T cells were indeed involved in HCC tumorigenesis, as they
were lost in non-alcoholic fatty liver disease and their depletion accelerated HCC
carcinogenesis. Therefore, CD4+ T cells may play an important role in HCC ther-
apy [33]. These studies may suggest that GPC3 vaccines targeting CD4+ T cells
may be promising.

A short peptide derived from human adenovirus type 5 E1A, induced specific T
cell tolerance [34, 35] which can be converted to anti-tumor response when pre-
sented on dendritic cells [36]. This is probably because it can skip the antigen-
process step in dendritic cells and directly bind MHC-I molecules on target cells
in vivo. This is peptide specific, as the dendritic cell pulsed with another peptide
vaccine (a p53:264-272 peptide vaccine) in vitro did not show significant advantage
over direct peptide based vaccination in patient response or survival [37]. The clini-
cal trial result with GPC3 short peptides showed the expression of PD-1 in one of
the recurrent patients, and the lack of long-term protection suggest some immune
tolerance. To avoid such cases, long-peptides, which are processed in DC, can be
designed. Peptides of 23 residues or greater are also required to stimulate a high
affinity MHC-II restricted T cell response [38]. To induce CD4+ T cell response and
avoid immune tolerance, the MHC class II restricted GPC3-derived long peptides
have been developed [30]. GPC3y,_ ;¢ (LP1), GPC3,37_16; (LP2), GPC3,9 315 (LP3),
GPC3346 412 (LP4), and GPC3s5¢_s7 (LPS) were predicted to bind multiple frequently
observed HLA class II molecules (encoded by DPB1*05:01, DRB1*07:01,
DRB1*#08:03, DRB1#09:01, DRB1*13:02, or DRB1*15:02 alleles) with overlap-
ping high-consensus percentile ranks. They bound antigen-presenting cells (APC)
and induced peptide-specific CD4+ T cell responses from most healthy donors, and
LPI, 2,4, and 5 was presented by APC pulsed with recombinant GPC3. The preven-
tative power of these peptides remains to be tested in patients.

The formula of peptide vaccines can also be optimized to greatly improve the
balance between CTL immunity versus tolerance [39]. Compared to the incomplete
Freund’s adjuvant emulsified peptides, liposome-coupled GPC3-derived epitope
peptide induced stronger CTL response at the same or lower doses [40]. Two vac-
cinations of liposome coupled GPC3 peptide A2-GPC3,,, 5, before tumor inocula-
tion, along with one vaccination after tumor inoculation, inhibited the growth of
GPC3+ xenograft tumors. Its effect on long-term immune memory and the preven-
tative power in patients remains to be tested.
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7.3 GPC3 Antibody Therapeutics

Antibody-based therapies are being developed for the treatment of liver cancer.
Antibodies can be engineered into various clinical formats. The therapeutic effect of
antibody-related therapies is based on the biological function of the binding and the
effector function linked to the binding domain, which we will discuss in detail as
follows.

7.3.1 Generation of Anti-GPC3 Antibodies

To avoid excessive immune tolerance due to sequence homology in mice, Nakano
et al. immunized MRL/Ipr (Fas-deficient) mice, which develop an autoimmune syn-
drome that is associated with excessive production of autoantibodies. The research
team immunized with soluble GPC3, lacking the GPI-anchoring domain, and iso-
lated three antibodies recognizing N-fragment and four antibodies recognizing
C-fragment. They further found the antibodies recognizing C-fragment have stron-
ger antibody-dependent cell mediated cytotoxicity (ADCC) and complement
dependent cytotoxicity (CDC). Therefore, they used GPC3 C-fragment as the
immunogen for MRL/Ipr mice and selected antibody GC33 for its strongest binding
[1]. Our group at the U.S. National Cancer Institute generates a group of high affin-
ity antibodies (YP7, YP8, YP9 and YP9.1) through high-throughput flow cytometry
subtractive screening on GPC3+ and GPC3- cells [41]. We immunized BALB/c
mice with a 50-mer peptide (residues 511-560) corresponding to the C-terminal end
of cell-surface GPC3. It is the consensus sequence among the four different splice
variants of GPC3 [4], The mouse YP7, YP8 and YP9.1 antibodies have been human-
ized recently for clinical applications [42]. We also screened a human antibody
single domain VH library against recombinant GPC3 protein by phage display tech-
nology and isolated HN3, which recognizes a highly conformational epitope that
requires both N- and C-fragments of GPC3 but does not need the heparan sulfate
chains [43]. The HN3 recognize a distinct epitope from YP7 and GC33 and has
unique functional properties that can inhibit Wnt/Yap signaling in liver cancer cells
[43] [44]. We then panned a human scFv phage library against GPC3 protein and
isolated HS20, which recognizes the heparan sulfate chains of GPC3 [45]. The
HS20 human antibody binding requires a particular structure with the sulfation of
both the C2 position (2-O-sulfation) and C6 position (6-O-sulfation) [46]. The bind-
ing epitopes of these antibodies are shown schematically in Fig. 7.1a.

Depending on the cell context, GPC3 can either inhibit or promote cell prolifera-
tion. During embryonic development, GPC3 prevents overgrowth as the GPC3 dele-
tion mutations are associated with Simpson-Golabi-Behmel syndrome characterized
by macrosomia [47]. In HCC, however, all the data show that GPC3 promotes tumor
growth: GPC3 silencing inhibits cell growth [48], and extracellular soluble GPC3
can function as a dominant negative form to inhibit cell growth [49]. The growth
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effect of GPC3 in HCC cells is related to Wnt signaling, which is abnormal in 95%
of HCC patients [50]. GPC3 binds both Wnt [51] and its receptor Frizzled [52]. The
HN3 single domain antibody inhibits Wnt signaling [44] and HCC growth [43].
Similarly, HS20 blocks Wnt-binding site on the heparan sulfate chains of GPC3
[46] and inhibits exogenous Wnt-induced cell growth [45]. Besides cell prolifera-
tion, GPC3 is also involved in HCC cell migration and motility [53]. GPC3 knock-
down inhibits cell motility and migration. This is partly due to the interaction
between GPC3 heparan sulfate chain and hepatocyte growth factor (HGF). The
HS20 human antibody inhibits HGF-mediated HCC cell migration and motility
[53]. GPC3 has also been reported to interact with Fibroblast growth factor (FGF)
[54], Insulin-like growth factor (IGF)-II and IGF-1R [55], Hedgehog [56], Glucose
transporter 1 (Glutl) [57], Glucose transporter 4 (Glut4) [58], and Low density
lipoprotein receptor-related protein 1 (LRP1) [59]. The GPC3 furin cleavage down-
regulates the sulfation of the heparan sulfate chain, and switches the hedgehog bind-
ing site from the heparan sulfate chain to the core protein, and switches from
competing with Patched to facilitating Patched for the hedgehog binding [60]. It
remains interesting to see the role of these signaling interactions in HCC tumorigen-
esis using new anti-GPC3 antibodies and test their therapeutic effects.

Ishiguro et al. used the anti-glypican 3 antibody as an antitumor agent against
human liver cancer [61]. The mAb GC33 was found to inhibit growth of Huh-7 and
caused tumor remission in HepG2. In addition, mice treated with 5 mg/kg GC33
sustained their body weight by HepG2 xenografts, whereas the control mice had
decreased body weight as the tumor progressed. The degree of tumor inhibition cor-
relates with the level of GPC3 protein since it inhibited more in the high GPC3
SK-03 and inhibited the least in the low GPC3 Huh-7. In orthotopic tumors, after
the injection of HepG2, alpha fetal protein (AFP) levels were between 10 and
100 ng/ml. When given GC33, AFP levels were <1 ng/ml, whereas mice without
GC33 had increased AFP levels. After 35 days, there were no tumors observed in
mice with GC33, but multiple tumors in control mice. This suggests that GC33 is
effective against HepG2 in mice. Interestingly, when GC33 is combined with
sorafenib, tumor inhibition is more significant compared to treating with sorafenib
or GC33 alone. GC33 also maintained body weight due to weight loss due to
sorafenib. By combining GC33 with a chemotherapeutic agent, the effects can be
increased. Furthermore, GC33 induces ADCC in GPC3 positive hepatoma cells and
can inhibit tumor growth in human liver cancer xenograft models.

The antibodies for cancer therapy are usually made in IgG1 isotype, which can
induce ADCC and CDC [62]. The binding epitope, binding affinity, and target
expression level affect ADCC and CDC. The GC33 [1] and humanized YP7 (hYP7)
[42] antibodies can induce ADCC and modest CDC in vitro; GC33 inhibit xenograft
tumor growth in vivo via macrophage-dependent ADCC [63]. In addition to ADCC
and CDC, it has been shown that Wnt blocking antibodies HN3 [43, 45] and HS20
[45] inhibited xenograft tumor growth more effectively than hYP7, suggesting that
inhibition of GPC3 signaling contribute to the better efficacy in vivo.

The GC33 antibody was well tolerated in the phase 1 clinical trials [64, 65].
However, in a randomized phase 2 trial, when given 1600 mg Q2W after two weekly
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doses no clinical benefits were shown [66], suggesting that antibodies alone may
have low toxicity and modest therapeutic effects in HCC patients. Armed antibody
therapeutics should be explored for better efficacy.

7.3.2 Photoimmunotherapy (PIT)

Photoimmunetherapy (PIT) [67] utilizes a monoclonal antibody conjugated to a
hydrophilic photosensitizing phthalocyanine dye IRDye700DX® (IR700) to target
cancer cells via exposure to near-infrared (NIR) light. PIT induces a rapid cell necro-
sis based on membrane disruption caused by a combination of photoinduced ligand
exchange and reactive oxygen species (ROS). The antibody—photo-sensitizer conju-
gate is only active when it is bound to the target cell membrane. The PIT caused an
increase in the blood flow and permeability of tumor vessels, permitting the delivery
of relatively high concentrations of nanosized-drugs. Anti-GPC3 antibodies
YP7-IR700 conjugate were given at 100 ug/mice i.v. With three exposures of NIR
light on three consecutive days, 50 J/cm?, 100 J/cm? and 100 J/cm?, respectively, PIT
treated mice showed significant tumor growth inhibition when exposed to the NIR
light on three consecutive days compared to control mice. When only given a single
exposure to PIT, no significant effect was shown. However, when given 7.5 mg of
nab-paclitaxel the tumor inhibition increased. Compared to the control group, tumor
inhibition was shown when treated with either nab-paclitaxel alone or nab-paclitaxel
with PIT. However, tumor inhibition was significantly greater with the combination
of PIT and nab-paclitaxel. Therefore, the combination of YP7-IR700 and nab-pacli-
taxel was more effective than the single drug alone [67]. In addition, mice that were
acutely PIT treated showed a rapid accumulation of IR800-nab-paclitaxel and the
tumor became clearly visible within 1 h of injection with target-to-background ratio
of IR800 fluorescence [67]. Those mice that were not treated with PIT showed less
IR800-nab-paclitaxel after 1 h. In addition, PIT treated mice had greater tumor fluo-
rescence intensity by IR800-nab-paclitaxel than the control tumors. This indicates
The PIT with YP7-IR700 increased the leakage of nanosized IR800-nab-paclitaxel
into the tumor bed which leads to better drug efficacy. The single domain antibody
HN3 was also conjugated to IR700 for PIT. Compared to YP7-IR700, HN3-IR700
accumulated similarly into tumor but achieved more homogenous intratumoral distri-
bution. The therapeutic effect of YP7-IR700 and HN3-IR700 was similar. Given the
same amount of molecules and NIR light, they both inhibit 40% tumor growth [68].

7.3.3 Immunotoxin Therapy

The pseudomonas exotoxin [69] can kill the cells by inhibiting protein synthesis
after cell binding and internalizations. The native toxin can be divided into three
domains: the domain I is involved in cell binding and can be replace with antibody
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Fv, the function of domain II remains elusive, and the domain III inhibits protein
synthesis. To construct immunotoxins using a fragment (PE38) containing domains
II and III, the native binding domain (domain I) is replaced with the antibody frag-
ment [69]. BL22, the anti-CD22/PE38 fusion protein, produced complete remission
in relapsed/refractory hairy cell leukemia [70]. SS1P, the anti-mesothelin PE38,
when used together with immunosuppressant pentostatin and cyclophosphamide
regressed mesotheliomas in some patients [71]. Thus, the immunotoxin is a viable
clinical format to treat cancer.

Anti-GPC3 immunotoxins have been generated initially in the format of Fv-PE38
fusion protein. The Wnt inhibiting HN3-PE38 regressed the HCC xenograft tumor
in mice at 0.6 mg/kg, indicating that the immunotoxin format is much more effec-
tive than the naked antibody. The work has established GPC3 as a new target for
immunotoxin treatment. Interestingly, not every anti-GPC3 antibody is effective in
the format of an immunotoxin. The HN3-PE38 immunotoxin was much more effec-
tive and better tolerated than the YP7-PE38, indicating dual inhibition of Wnt sig-
naling and protein synthesis is much more effective than the toxin-mediated
inhibition [44].

As pointed out in a recent review [72], the immunotoxin clinical trials show that
2-5 cycles of treatment are required to obtain major clinical response that includes
complete remissions [73]. However, the pseudomonas exotoxin part of the immuno-
toxin induces neutralizing antibodies in the majority of patients with normal immune
systems, which prevent additional treatment cycles. To solve this problem, immuno-
suppressants can delay the formation of neutralizing antibodies and enable the
patients to receive more cycles of immunotoxin treatment, thus achieve better thera-
peutic effects [74—78]. Directly injecting the immunotoxin into the compartmental-
ized tumor also helps to overcome the immunogenicity [79-81]. TACE technology
is available for HCC treatment [82], and its effect on the immunogenicity of immu-
notoxins will need to be determined. Meanwhile, T-cell and B-cell epitopes are
identified and removed in newer versions of immunotoxins [83-91]. The maximum
tolerable dose of anti-GPC3 immunotoxin HN3-PE38 is 0.8 mg/kg. To increase the
dose, based on previous works on immunotoxin engineering [87], the domain II of
pseudomonas exotoxin, which cause non-specific cytotoxicity, was removed from
the HN3-based immunotoxin; in addition, seven point mutations was made in
domain III to remove the human B-cell epitopes. The resulting HN3-mPE24 has the
maximum tolerable dose at 7 mg/kg, ninefolds higher than the HN3-PE38. When
injected every other day for ten injections, 5 mg/kg HN3-mPE24 regressed the
tumor and kept 25% of mice alive for more than 100 days, whereas 0.6 mg/kg
HN3-PE38 did not. Even though the HN3-mPE24 had similar in vitro cytotoxicity
and lower in vivo efficacy than HN3-PE38 at the same dose, the higher tolerable
dose and lower immunogenicity of mPE24 overwhelmingly outweighed the slight
loss of activity [92]. It would be interesting to further engineer the HN3-based
immunotoxins by removing both B and T cell epitopes to select the best molecule
for the clinical trial.
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7.3.4 Bispecific Antibody

The GC33 antibody has been made into a bispecific antibody with an anti-CD3
antibody. It is a fully humanized IgG4 bispecific antibody, with a mutation to silence
FcyR. Preclinical data showed that this antibody was active against GPC3-positive
tumors and that corticosteroids reduced cytokine release and widened the therapeu-
tic window. It is currently being tested in a phase I clinical trial [93].

7.3.5 Chimeric Antigen Receptor-T Cell Therapy

Chimeric antigen receptors (CAR) are antibody Fv linked via an extracellular hinge
and transmembrane domain to the intracellular signaling domains of T cell receptor
CD3C. T cells from patients are isolated, activated, genetically modified to express
CAR, and infused into the patients [94]. Upon binding the antigen on the target
cells, independent of MHC, the adjacent CAR will align and activate CD3(, and in
turn activate T cells.

To enhance and sustain the T cell activation signal, the second generation CARs
have included the signaling domain of co-stimulatory receptors, such as CD28 and
4-1BB, before the signaling domains of CD3(, to generate 28Z and BBZ CAR:s,
respectively. The second generation anti-CD19 CAR with either CD28 or 4-1BB
exhibited 79-90% complete response rates in clinical trials [94]. An anti-CD19
BBZ CAR-T expanded >1000-fold in vivo, each cell eradicating 1000 tumor cells
in vivo, and a portion of these cells persisted as memory CAR+ T cells and retained
anti-CD19 effector functionality [95]. Various evidence showed that CD28 induces
early activation, whereas 4-1BB promotes sustained activation [96]. To further acti-
vate the T cells, the third generation CAR include two co-stimulatory domains, such
as CD28, 4-1BB and OX40 (CD134), which is more similar to 4-1BB [96]. The
CD28/4-1BB/CD3C (28BBZ) CAR T cells, targeting mesothelin, had a larger cell
number in the peripheral blood 20 days after last infusion than the second genera-
tion 287 or BBZ CAR T cells. The third generation CAR T cells had more potent
antitumor effect than BBZ CAR T cells in vivo [97]. The 28BBZ CAR T cells tar-
geting prostate-specific membrane antigen (PSMA) also showed more potent anti-
tumor effect than the second generation CARs, and the effect of CD28 and 4-1BB
appears to be additive [98]. The 28BBZ third generation CAR versus 28Z second
generation CAR is being compared in a phase 1 clinical trial (NCT01853631) to
treat refractory/relapsed indolent and aggressive B-cell non-Hodgkin lymphomas
(NHL), targeting CD19.

The anti-GPC3 antibody GC33 was recently engineered into a third generation
28BBZ CAR with CD8 hinge, CD28 transmembrane domain and intracellular sig-
naling domain, 4-1BB intracellular signaling domain, and CD3( intracellular sig-
naling domain. Single i.v. infusion of 8 x 106 CAR T cells regressed subcutaneous
Huh7 tumor from around 250 mm? to below 50 mm?®. Similar results was seen in an
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orthotopic Huh7 HCC model, in which the GC33 CAR T treated mice achieved
100% survival 60 days after tumor inoculation, whereas control mice all died within
45 days [99]. One week after infusion, the peripheral CAR T cell count in the sub-
cutaneous tumor model was >350/pl, compared to <100/ul irrelevent control CAR
T, indicating target-induced CAR-T cell expansion. The GC33 28BBZ CAR-T is
being tested in a clinical trial to treat HCC patients (NCT02395250). Besides HCC,
it also regressed a lung squamous cell carcinoma xenograft in NSG mice [100].
These preclinical reports support that GPC3 is a promising target for CAR T
therapy.

When induced with HCC cells in vitro, the second generation BBZ CAR prefer-
entially produce Th-1 cytokines IFNy and GM-CSF, 28Z preferentially produce
Th-2 cytokines IL4 and IL 10, and third generation 28BBZ CAR produce all the four
cytokines [101]. This is different from the anti-mesothelin CAR T cells, which were
cultured using another method, and secreted low or undetectable amounts of 1L4,
ILS5, IL10 and IL17 when induced in vitro [97]. The GC33 28BBZ CAR showed the
similar antitumor effect as the BBZ CAR, in NSG mice which is also deficient in B
cell development [101]. Furthermore, GPC3-positive tumor xenografts can be elim-
inated by GPC3-CAR T cells in vivo. NSG mice were injected intraperitoneally
with 2 x 10° Huh-7Ffluc cells followed by IV injection of 1 x 107 Gz, G28z, GBBz,
or G28BBz T cells. Mice injected with G28z, GBBz, and G28BBz T cells had
greater tumor reduction compared to the control mice. GPC3-CARs with 4-1BB
endodomains have proliferative potential. They can also be used use in immuno-
therapy in vivo and have shown that GPC3-CAR with G28z or G28BBz have poten-
tial for therapeutic activity.

In another study, Li et al. compared CARs encoded with CD3 (Gz), as well as
costimulatory domains such as CD28 (G28z), 4-1BB (GBBz), or both CD28 and
41-BB (G28BBz) [102]. GPC3-CARs can be stably expressed on T cells, with their
cell surface expressing a median of 79.2% for Gz, 80% for both G28z and GBBz,
and 70% for G28BBz. Altogether, it generated CAR T-cell lines containing 95%
CD3 positive T cells composing of CD4 and CDS positive T cells. GPC3 CAR T
cells recognize and kill GPC3-positive tumor cells such as HepG2, Huh-7, Hep3B,
G401, and A549 that was modified to express GPC3. It did not target the unmodified
A549 cells or the negative controls such as GD2 specific CAR T cells, confirming
that the CARs were specific to targeting GPC3-positive tumor cells.

The HN3 single domain antibody has been engineered into a 4th generation CAR
T with CD28, CD27 and 41BB costimulatory domains, a CD3( signaling domain
fused to a FKBP-iCasp9 apoptosis inducing gene, and showed strong in vitro cyto-
toxicity towards HCC cells. Sorafenib priming (24 h, IC10 concentration) prior to
CAR T incubation boosted the specific lysis up to 25%, suggesting combination of
sorafenib and anti GPC3 CAR T can be a promising strategy [103].
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7.4 Adoptive TCR Expressing-T Cells

Adoptive T cells targeting GPC3 has been explored [104]. Peptides were coimmu-
noprecipitated with HLA-A2 from a liver cancer cell line HepG2 cells, which is
HLA-A2+ GPC3+. GPC3367 (TIHDSIQYV) and GPC3326 (FIDKKVLKYV) were
among the top 30% most abundant peptides, and GPC3367 were predicted with
higher affinity. Monocyte-derived dendritic cells from an HLA-A2-negative donor
were cotransfected with GPC3 and HLA-A2, and used to stimulate CD8+ enriched
T cells from the same donor. The GPC3-specific, HLA-A2 specific, A2-GPC3367
specific, and the IFNy -secreting cells can be isolated. The dominant TCR clone
P1-1 was identified. P1-1 expressing CTL had a similar cytotoxicity as CAR-T
cells when measured in vitro [104]. When P1-1 transduced CD8+ T cells were
tested in vivo on established HepG?2 s.c. xenograft tumors, it inhibited tumor growth
initially, but only slowed down tumor growth thereafter. The lack of CTL infiltration
and a reduced or mosaic pattern of GPC3 expression in the tumor was observed.
CAR-T cells usually contain both CD4+ and CD8+ T cells, and as mentioned above,
the CD4+ T cells may also contribute to the anti-tumor activity in liver cancer. The
second and third generation CAR-T cells have costimulatory-signaling domain,
which can enhance and sustain T-cell activation.

7.5 Conclusion

GPC3 is an emerging tumor target for liver cancer therapy. It is expressed early in
HCC and involved in HCC tumorigenesis. The GPC3 peptide vaccines are explored
to prevent HCC recurrence after surgery. GPC3 short peptide designed in silico to
activate CD8+ T cells were safe and they lowered the tumor recurrence rate in HCC
patients after surgery, but the protection gradually lost in the following year after
vaccination stopped [28], and the patients with the best protection had anti-GPC3
CD4+ T cell response regardless of CD8+ T cell response [30]. To enhance the
protective effect, the liposome coupled GPC3 peptide was more potent than the
Freund’s adjuvant emulsified peptide to induce CTL response in vitro [39]. The
most abundantly presented GPC3 peptide by HLA-A2 was identified by coimmuno-
precipitation and it can induce CTL responses in vitro, and the dominating clone
P1-1 can be overexpressed in CTL to inhibit HepG2 tumor growth in mice in early
phase [104]. Long peptides have been developed and validated in vitro to induce
CD4+ T cell response [30].

The antibody-related therapies have been developed to treat established
HCC. Anti-GPC3 antibodies GC33, YP7, HN3, HS20 has been generated by using
hybridoma and phage display technologies. The GC33 and YP7 recognize the C
terminus, the HN3 human single domain antibody targets a conformation epitope on
the protein core of GPC3, and the HS20 human IgG binds heparan sulfate chains.
The HN3 and HS20 antibodies block Wnt/Yap signaling via two distinct sites on
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GPC3. HS20 also inhibits HGF signaling. The IgG-based antibodies alone and pho-
toimmunotherapies can slow down tumor growth, whereas the HN3 immunotoxin
can regress the tumor. The Wnt-blocking HN3 immunotoxin is more potent than
YP7 immunotoxin. Using a re-engineered toxin, the HN3 immunotoxin can be
given at a high dose repeatedly, regress HCC xenograft tumor and cause complete
remission in mice. Further engineering of the HN3 immunotoxin for the removal of
various human T- and B- cell epitopes is ongoing for clinical development. The
CAR T-cell format also showed great promise. The GC33 CAR T cells regressed
established HCC xenograft tumors in mice, and the HN3 CAR T cells are being
tested in the preclinical stage. Various versions of the CAR effector parts are being
evaluated and compared to improve the anti-tumor efficacy in liver cancer.

Liver cancer remains one of the most common and deadly cancers in the world.
Currently there is no effective therapy. Antibody-based cancer therapies including
immunotoxins, CAR T cells, cancer vaccines, and bispecific antibodies are being
developed for clinical use. These ongoing preclinical and clinical studies will fur-
ther define the utility of GPC3 as a target for liver cancer therapy.
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Chapter 8
Immune Suppressor Mechanisms in HCC

Tim F. Greten and Firouzeh Korangy

8.1 The Liver —a Tolerogenic Organ?

The liver has been recognized as a tolerogenic organ for many years. Early liver
transplantation studies in outbred pigs conduced in the 1960s demonstrated a long-
term allograft survival without immunosuppression in 12/55 pigs [1]. Long-term
follow-up of liver transplanted patients revealed a similar phenomenon. The Starzl
group reported that they were able to wean 29% of their patients from immunosup-
pression for an average of 10.8 year [2]. In addition, it should be noted that the
specific anatomy of the liver with two feeding vessel represents another challenge
for the liver. Only 20% of the blood supply to the liver stems from the hepatic artery,
while approximately 80% of the blood supply to the liver comes from the portal
vein, which drains the entire gastrointestinal tract and is loaded with so called
microbial associated molecular patterns (MAMPS) such as LPS, which are capable
of inducing massive immune responses [3, 4].

Thus, the liver has to be equipped with special mechanisms leading to liver-
induced tolerance. It is beyond the scope of this chapter to cover all studies and
potential mechanism leading to liver induced tolerance, which have been covered
by a number of excellent reviews in the past [S—7]. However, there are a few impor-
tant points, which need to be made to better understand immune suppressor mecha-
nism in HCC.

The liver provides a unique immunological environment. Liver sinusoidal endo-
thelial cells (LSEC) cover hepatic vessels. LSEC represent fenestrated cellular bar-
riers between sinusoidal blood and hepatocytes. They sample blood, which contains
nutrients and microbial antigen from the gut and induce T cell tolerance to antigens
to which no preexisting immunity exists [8]. LSECs express toll like receptors
(TLR), MHC class I and II molecules. They can function as antigen presenting cells
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together with liver resident macrophages (Kupffer cells), hepatic stellate cells, and
dendritic cells. Innate immune cells such as NK, NKT and y/8 T cells can be found
at much higher frequency in the liver than in peripheral blood. Expression of immu-
nosuppressive cytokines (IL-4, IL-10 and TGF-) has been reported along with an
accumulation of Foxp3* regulatory T cells and expression of B7-HI in transplanta-
tion setting [5]. Hepatomas variably express MHC class I molecules but no MHC
class IT and have low levels of the costimulatory molecules CD80 and CD86 on their
surface [9, 10].

8.1.1 Chronic Inflammation Leading to Immunosuppression
and T Cell Exhaustion

Chronic liver inflammation induced by non-alcoholic steatohepatitis (NASH) or
viral hepatitis can progress to liver cirrhosis and eventually to carcinomas [11].
Genetic and epigenetic changes observed in HCC may be the results of chronic
inflammation leading to the expression of novel tumor antigens and/or deregulation
of the expression of oncofetal and cancer testis antigen including alpha-fetoprotein,
glypican-3, NY-ESO.1, members of the MAGE gene family and others [12] (see
also chapter xxx). NY-ESO is a cancer testis antigen, which is expressed in 25% of
all HCC cases [13]. We studied serum and PBMC samples from HCC patients. We
found NY-ESO-specific antibodies in 23/189 screened HCC patients, which corre-
lated with course of the disease (Fig. 8.1).

Flowcytometry analysis revealed NY-ESO-specific CD4* and CD8* T cell
responses in HCC patients, who did not receive any type of an immune-related
therapy clearly indicating that tumor-specific humoral and cellular immune response
can be found in patients with HCC. Similar studies have been published from col-
leagues in the field: The Thimme group used overlapping peptides spanning the
entire alpha-fetoprotein (AFP), glypican-3 (GPC-3), melanoma-associated gene-A1
(MAGE-A1) and New York-esophageal squamous cell carcinoma-1 (NY-ESO-1)
proteins and MAGE-1 and AFP-tetramers to study naturally occurring CD8* T cell
responses in a large cohort of HCC patients in the periphery and as well as in tumor
tissues. Naturally occurring tumor-specific T cell responses were present in patients
with HCC and correlated with patient survival [12] (Fig. 8.2).

Similar results were published by Wada and colleagues and from He’s group. As
early as 1998 Wada et al. described that an infiltration of resected tumors by CD3*
T lymphocytes correlated with improved survival [14]. A recent study from He’s
group corroborated this data and found that PD-L1 staining correlated with CD3*
and CD8* T cell densities in tumors and could be used to predict recurrence rates
[15]. Interestingly, a number of different treatments currently being used as standard
of care either induce or enhance tumor-specific immune responses in patients with
HCC. Mizokushi et al. evaluated T cell responses in HCC patients undergoing RFA.
These investigators observed immune responses to antigens for which no T cell
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response was detected at baseline prior to RFA and the number of tumor-specific T
cells after RFA correlated with the prevention of HCC recurrence in patients treated
with curative intent [16]. Ayaru et al. evaluated immune responses in 10 HCC
patients undergoing TACE. He noticed an expansion of AFP-specific CD4 T cell
responses upon TACE treatment. Interestingly, patients with increased frequencies
of AFP-specific CD4 T cells after treatment also demonstrated more tumor necrosis
and an improved clinical outcome [17]. While the majority of studies have focused
on CD8+ T cell responses only few investigators studied CD4 T cell responses. Fu
and colleagues studied the role of cytotoxic CD4 T cells in 547 HCC patients [18].
Both circulating and liver-infiltrating CD4* CTLs were found to be significantly
increased in HCC patients during early stage disease, but decreased in progressive
stages of HCC. CD4* CTL loss correlated with worse clinical outcome. A more in
depth analysis of tumor-specific immune responses to ablative therapies can be
found in [19].

How can tumors progress in presence of tumor specific immune responses? One
possible explanation comes from the Thimme group, who showed that Interferon-y
production by antigen-specific T cells in patients with HCC was impaired. As a mat-
ter of fact the presence of antigen specific T cells in patients with different types of
cancer has been observed for many years and one of possible explanation how
tumors evade tumor specific immune responses is basd on some very elegant work
from Robert Schreiber, who described the “Cancer immunoediting concept”.
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Cancer immunoediting consists of three sequential phases: elimination,
equilibrium, and escape. Early immunological mechanisms (innate and adaptive
responses) lead to the elimination of cancer, however a few cancer cells may survive
this process and may go into the equilibrium phase, in which immune responses
(mainly adaptive responses) prevent outgrowth of existing tumors. However, con-
stant immune selection pressure placed on genetically unstable tumor cells held in
equilibrium may fuel the outgrowth of tumor cell variants that (i) are either no lon-
ger recognized by adaptive immunity (ii) become insensitive to immune effector
mechanisms, or (iii) induce an immunosuppressive state within the tumor microen-
vironment. Tumors, which have entered the escape phase are no longer controlled
by innate or adaptive immune responses and become clinically apparent. In this
chapter we will describe different mechanisms that HCC have specifically devel-
oped to escape adaptive and innate immune responses.

8.2 Cell Mediated Immune Suppressor Mechanisms

8.2.1 Myeloid Derived Suppressor Cells (MDSC)

MDSC are one of the major components of the tumor microenvironment. The char-
acteristic feature of these cells is their potent immune suppressive activity [21]. As
a matter of fact, MDSC are defined by their suppressive activity [22]. A number of
different mechanisms have been described how MDSC can suppress effector func-
tion: The two best described mechanism rely on either arginase expression, which
will deprive T cells of the amino acid arginine. Arginine is necessary for T cell
proliferation or production of ROS, which can impair adaptive immune responses.
MDSC have the ability to support tumor progression by promoting tumor cell sur-
vival, angiogenesis, invasion of healthy tissue by tumor cells, and metastases [23].
MDSC are generated in the bone marrow and, in tumor- bearing hosts, migrate to
peripheral lymphoid organs and the tumor to contribute to the formation of the
tumor microenvironment [24]. Accumulation of MDSC is mediated by tumor-
secreted cytokines and/or chemokines [22]. G-CSF, GM-CSF, IL-6, CCL2 and
VEGF are commonly found in tumor bearing hosts and also cause MDSC expan-
sion in HCC bearing mice [25, 26] and humans [27].

There are two different types of MDSC, as identified in studies in both mice and
humans: polymorphonuclear MDSC (PMN-MDSC) are morphologically and phe-
notypically similar to neutrophils, whereas monocytic MDSC (M-MDSC) are simi-
lar to monocytes [28, 29]. In 2008 we described a population of CD14*HLA-DR"
cells, which accumulated in peripheral blood and tumors of patients with HCC. These
cells suppressed proliferation and cytokine production of T cells and induced
Foxp3* regulatory T cells in vitro [30]. In further studies we were able to demon-
strate that human MDSC also suppress NK cell function in vitro [31]. Interestingly,
we were able to recapitulate this observation recently in a murine HCC model when
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studying cellular senescence [25]. Cellular senescence is the phenomenon by which
normal diploid cells cease to divide. Different inducers of cellular senescence are
known including DNA damage in response to elevated reactive oxygen species
(ROS), activation of oncogenes and cell-cell fusion. An increase of cellular senes-
cence has been described in the liver of patients with different types of liver diseases
[32]. We studied the effect of oncogene induced senescence in the liver of mice and
found that senescent cells cause CCR2/CCL2 dependent an accumulation of ima-
ture myeloid cells, which in the presence of tumors remained imature and sup-
pressed NK cell function accelerating HCC growth. Results confirming this
observation were made, when we studied senescence markers, myeloid cells and
NK cells in peri-tumoral tissue samples from HCC patients. Here, we could demon-
strate that patients, who displayed a genetic signature resulting in cellular senes-
cence in the tumor microenvironment also had more myeloid cells, less activation
of NK cells and an impaired outcome [25]. An accumulation of MDSC in HCC
patients has been reported by different experts in the field in different clinical set-
tings. CD14*HLA-DRP cells correlated with early recurrence after resection [33],
hepatic arterial infusion chemotherapy [34], radiation [35] and tumor progression
[27].

Approaches to deplete MDSC include low-dose gemcitabine and 5-fluorouracil
treatment and approaches to inhibit their immunosuppressive function include mol-
ecules that interfere with ROS and NO production by MDSC, such as PDE-5 inhibi-
tors and nitric-oxide-releasing aspririn [36]. More recently, approaches targeting
Gr-1, CSF-1R, CCR2, CXCR2 and STAT3 are being evaluated (some of them in
clinical trials in non-HCC malignancies).

Activated hepatic stellate cells (HSC) have been reported to induce and immuno-
suppressive environment and are associated with poor clinical outcome [37]. Upon
activation HSC skew monocytes from an inflammatory to an immunosuppressive
phenotype and induce features of aggressive growth of HCC in cells. This HSC
monocyte interaction results in early tumor recurrence and poor survival of liver
cancer patients. Moreover they can induce the contact dependent accumulation of
MDSC either through CD44 on HSC or through hydrogen peroxide depletion by
catalase [38, 39]. HSC can also directly trigger T cell dysfunction through pathways
analogues to other immunosuppressive cells. They are capable of inducing T cell
apoptosis through PD-L1 expression [40].

8.2.2 Regulatory T Cells (Tregs)

Regulatory T cells (Tregs) are mainly known for their pivotal role in the context if
autoimmune diseases. Absence of Tregs leads to massive autoimmune diseases
[41]. Tregs have been found to accumulate in the environment of multiple different
tumors [42]. Tregs can be identified by flowcytometry. They are CD4*CD25",
CD127", Foxp3*, CTLA4* and CCR4". They inhibit immune responses through
various mechanisms: CD25 depletes IL-2, CTLA-4 competeswith CD28 on T cells
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and downregulation of CD80 and CD86 through CTLA-4. Tregs can express TGF-f
and IL-10 and produce adenosine through CD39 and CD37, which they express on
their surface. Tumor cell secreted IL-1a induces CCL22 and the recruitment of reg-
ulatory T cells in HCC [43].

We first described an accumulation of Tregs in patients with HCC in 2005 [44].
Similar results have been described by others [45]. A correlation of tumor infiltrat-
ing Tregs and intra-tumoral macrophages has been described in HCC [46]. Two
studies found a correlation between the presence of intra-tumoral Tregs and clinical
outcome. Fu and colleagues described a significant increase in the frequency of
circulating CD4*CD25*FoxP3* Treg in patients with HCC. They observed an abun-
dant accumulation of Tregs concurrent with significantly reduced infiltration of
CDS8* T cells in tumors but not in non-tumor regions. Expression of granzyme A,
granzyme B, and perforin was decreased dramatically in tumor-infiltrating CD8* T
cells and an increased quantity of circulating Treg was associated with high mortal-
ity and reduced survival time of HCC patients [47]. Around the same time Gao and
and colleagues described that the balance between CD8* cytotoxic T cells and intra-
tumoral CD4* Tregs was an independent prognostic factor for overall survival [48].
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presence of tumor-infiltrating regulatory T cells (Tregs) [48]

More recently Kalathil et al. demonstrated an accumulation of Tregs, exhausted
T helper (PD1* CD4 T cells) cells, MDSC as well as an impaired IFN-y production
and granzyme release by T cells from HCC patients [49]. Assuming that an elimina-
tion of regulatory T cells in patients with HCC may enhance tumor-specific immune
responses we studied the effect of Treg depletion in vitro. As expected, we could
unmaks AFP-specific T cell responses in vitro after depletion of Tregs from PBMC
of HCC patients [50]. Based on this data we performed a small proof of concept
study in patients with advanced HCC ineligible for any other type of HCC specific
therapy and treated these patients with low dose cyclophosphamide in an attempt to
specifically target Tregs. It had been shown that low dose cyclophoshamide treat-
ment eliminates Tregs [51] and we tested whether Treg depletion would enhance
anti-tumor immunity in HCC patients. As predicted based on our preclinical data,
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we were able to demonstrate enhanced immune responses in HCC patients treated
with low dose cyclophosphamide [50]. The possible impact on Tregs by sorafenib
was reported in small cohort of 19 HCC, but this data still needs to be confirmed by
others [52]. The role of CD8"FoxP3* regulatory T cells in HCC has been studied by
Yang et al. [53]. The frequency of CD8*FoxP3* regulatory T cells was higher in
HCC patients compared to healthy control donors. CD8"FoxP3* regulatory T cells
displayed an activated phenotype and acted as effector memory cells (CD45RACC
R7-CD27+-CD28"). Finally, a higher percentage of intrahepatic CD8*FoxP3* regu-
latory T cells was found in patients with advanced HCC than in those with early
HCC.

8.2.3 Macrophages

Hepatic macrophages consist of liver resident Kupffer cells, which are originated
from the fetal yolk-sack, and infiltrated bone marrow-derived monocytes/macro-
phages [54]. The liver harbors about 80% of all macrophages of the body and is
furthermore patrolled by blood monocytes [55]. Kupffer cells belong to the reticu-
loendothelial system in the liver, a highly dynamic and complex network, which
constitutes a primary line of defense against invading microorganisms, functions as
a sensor for altered tissue integrity and largely contributes to the upkeep of tissue
homeostasis [54]. Kupffer cells play a major role in maintaining immunological
tolerance in the liver and in providing an anti-inflammatory micromilieu during
homeostasis. As such they express high levels of PDL-1, but low levels of costimu-
latory molecules [56]. PD-L1 expression on Kupffer cells was shown to be increased
in tumor tissues compared with surrounding non-tumor liver tissues in patients with
HCC and this correlated with poorer survival [57]. PD-L1* Kupffer cells co-localize
in the tumor stroma with PD-1*T cells, which results in decreased proliferative abil-
ity and effector function. PD-L1/PD-1 blockade recovered effector T cell function
in vitro [57]. In a different study Zhu and colleagues investigated whether
macrophage-colony stimulating factor (M-CSF) may affect outcome of HCC
patients. The group tested M-CSF expression and density of macrophages by immu-
nohistochemistry in tissue microarrays containing paired tumor and peri-tumoral
liver tissue from 105 patients who had undergone hepatectomy for histologically
proven HCC. Interestingly, neither intra-tumoral M-CSF nor macrophage density
was associated with clinical outcome. In contrast high peri-tumoral M-CSF and
macrophage density, which correlated with large tumor size, presence of intrahe-
patic metastasis, and high TNM stage, were independent prognostic factors for both
overall survival and disease free survival [58]. M-CSF seems to play an important
role in this context. M-CSF can induce an M2 type macrophage. While the differen-
tiation of macrophages into M1 and M2 type macrophages is not as clear as it used
to be, M2 macrophages are known decrease inflammation, encourage tissue repair
and promote tumor growth. In 2006 Xin Wang’s group from the NCI studied the
liver environment of patients with HCC and identified a unique inflammation/
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immune response related signature consisting of a set of 17 genes, which was
associated with increased liver metastasis. This signature contained Thl-like or
Th2-like cytokines and CSF-1. Livers bearing metastatic HCC also showed higher
CSF-1 gene expression, compared to livers bearing non-metastatic HCC [59].

8.2.4 Other Immune Cells with Suppressor Function

In a recent publication Xiao et al. described a pro-tumorigenic subset of B cells that
constitutively expressed higher levels of programmed cell death-1 (PD-1) and con-
stituted about 10% of all B cells in advanced-stage HCC [60]. These cells were able
to suppress tumor-specific T-cell immunity upon encountering PD-L1* cells or
undergoing PD-1 triggering and promoted cancer growth via IL10 signals. CD14*
dendritic cells with immune regulatory function are a different immune cell subset
with suppressor function and have been described in patients with HCC by Han
etal. [61]. They represent 13% of peripheral blood mononuclear cells and suppress
T-cell response through interleukin (IL)-10 and indoleamine-2,3-dioxygenase
(IDO). Unexpectedly, CD14* DCs expressed high levels of cytotoxic T-lymphocyte
antigen-4 (CTLA-4) and programmed death-1 and therefore may be a target in
patients treated with immune checkpoint inhibitors.

Th17 cells are a CD4 T helper subset defined by their production of interleukin
17. These cells play an important role in maintaining mucosal barriers and contrib-
uting to pathogen clearance at mucosal surfaces. Their role in the context of cancer
remains controversial [62]. We analyzed the phenotype of in vitro primed Th17 cells
and found that CCR4*CCR6*Th17 cells suppressed the lytic function, proliferation,
and cytokine secretion of both Ag-specific and CD3/CD28/CD2-stimulated autolo-
gous CD8" T cells. In contrast, CCR4"CCR6" CD4* T cells, which also secrete
IL-17, did not affect the CD8" T cells. Analysis of CD4" T cells in peripheral blood
from patients with HCC revealed an increase in the frequency of CCR4*CCR6", but
not CCR4-CCR6" Th17 cells in peripheral blood of HCC patients suggesting that
these cells may contribute to impairment of CD8" T cell effector functions [63].

ThO cells represent another CD4 T helper subset. These cells have been described
in mice and men and have potent antitumor activity, particular in melanoma [64].
The frequency of IL-9 producing Th9 cells has been reported to be higher in HCC
patients compared to healthy controls. Analysis of tumor tissue demonstrated higher
frequencies of ThO9 cells in tumor and peri-tumor tissues than in unaffected liver.
Surprisingly worse outcome correlated with increased Th9 cell frequencies [65].

Cancers rely on the tumor microenvironment, which comprises a variety of non-
malignant stromal cells for growth, invasion, and metastasis [66]. Neutrophils can
either promote or inhibit tumor progression, depending on the tumor microenviron-
ment, via release of cytokines. Recent evidence has indicated that there is a complex
and multidirectional interplay between tumor cells and immune or non-immune
stromal cells during cancer development and progression. The interaction between
tumor and stromal cells may polarize stromal cells to favor tumor promotion [67].
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Multiple studies have been reported on neutrophils and different types of cancer.
Using tissue samples, peripheral blood and performing in vitro studies, Han and
colleagues demonstrated that tumor associated neutrophils recruit macrophages and
Treg cells to HCCs and thereby promote their growth, progression as well as resis-
tance to sorafenib [68].

Tumor-associated fibroblasts (TAFs), which are a major component of the tumor
stroma, significantly modify cancer evolution [69] support primary tumor growth
through the secretion of various cytokines and growth factors. In the context of
HCC, TAF have been shown to release IL-6 and SDF-1a, which induce MDSC gen-
eration and activation, and impair anti-tumor immunity. This creates favorable con-
ditions for HCC progression [70].

TIE2-expressing monocytes (TEMs) are a recently described subpopulation of
peripheral and tumor-infiltrating myeloid cells presumed to be equipped with pro-
found pro-angiogenic activity; these cells are found both in mice and humans [71-
73]. In a study of 168 HCV-infected patients including 89 HCC patients a significant
positive correlation was observed between micro-vessel density and frequency of
CD14*CD16*TIE2*TEMs in the blood or tumors. Frequency of TIE-2 expressing
monocytes changed with therapeutic response or recurrence [74].

Cabrera and colleagues demonstrated elevated levels of soluble CD25 levels in
HCC patients. Increased serum levels correlated with tumor burden and worse clini-
cal outcome. In vitro studies demonstrated that soluble CD25 suppressed effector T
cell function [75-77].

8.2.5 Immunosuppressive Molecules

With the recent approval of different immune checkpoint inhibitors such as anti-
CTLAA4, anti-PD1 and anti-PDL1 these molecules have gained significant interest.
A number of retrospective studies using HCC samples have been conducted. PD-L1
expression ranges from 45 to 100% [78—-80]. In a cohort of 240 patients with surgi-
cally resected HCC, tumoral PD-L1 expression was associated with aggressive
clinicopathologic features and a statistically significantly shorter disease-free sur-
vival [81]. In contrast a recent study of 65 stage I to IV HCC tissue samples,
Gabrielson and colleagues found a correlation between PD-L1 staining and high
CD3 and CDS staining intensity. Here PD-L1 staining predicted lower recurrence
rates and prolonged progression free survival [15]. Similar results were described in
a retrospective study from Germany [82].
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8.2.6 AFP

a-fetoprotein is an oncofetal protein that is highly expressed in abnormalities of
prenatal development and several epithelial cancers, including HCC. In HCC
patients exhibiting high levels of serum AFP, a lower ratio of myeloid/plasmacytoid
circulating DCs compared with patients with low serum AFP levels and healthy
donors has been observed. Thus AFP or a cofactor bound to tumor derived AFP may
cause dendritic cell dysfunction [83].

8.2.7 NKT Cells

Natural killer T (NKT) cells are a heterogeneous group of T lymphocytes that share
properties of both T cells and natural killer cells. NKT cells recognize glycolipid
antigens via an invariant TCR -chain and play a central role in various immune
responses. Frequencies of V-alpha 24/V-beta 11 iNKT cells are increased in tumors,
derived from patients with HCC. In depth studies of tumor derived iNKT cells from
HCC patients revealed that the tumor microenvironment of HCC modified the NKT
cell repertoire and shifted them towards a subset able to generate Th2 cytokines that
can inhibit the expansion of tumor Ag-specific CD8* T cells. Because CD4 iNKT
cells appear inefficient in tumor defense and may even favor tumor growth and
recurrence, novel iNKT-targeted therapies should restore CD4 iNKT cells at the
tumor site [84].
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Chapter 9
Impact of Cytokines in Hepatocellular
Carcinoma Initiation and Progression

Yeni Ait-Ahmed and Fouad Lafdil

Over the past several decades, numerous studies have shown that inflammatory dis-
eases and infections trigger or promote the development and progression of many
types of cancers [65], including hepatocellular carcinoma (HCC) which occurs in
most cases at late stages of chronic liver disease associated with viral hepatitis B
and C infection, metabolic disorders, and alcohol heavy consumption [41].

Chronic liver diseases, whatever their etiologies, are often associated with a sus-
tained inflammatory response leading to repeated injury, fibrosis and at late stages,
to cirrhosis. HCC arises in the setting of cirrhotic livers in 80 to 90% of cases and
progresses in an inflammatory context. Despite significant progress in HCC diagno-
sis and improvement of the curative strategies, its incidence is still increasing in
western countries and the prognosis of patients with advanced HCC remains in
general very poor. Recurrence and non-response to the current anti-cancer treatment
occur frequently. Diverse immune cell types associated with the release of a large
spectrum of inflammatory cytokines appeared to be a key component in HCC emer-
gence, progression and in therapeutic failures. Many factors produced by infiltrating
immune cells such as chemokines, growth factors, cytokines and proangiogenic fac-
tors contribute to the promotion of cell survival, proliferation, epithelial-
mesenchymal transition and genomic DNA instability [55].
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Thus, a better characterization of the underlying molecular and cellular mecha-
nisms by which HCC development and resistance occur may open new insights for
the development of more effective anticancer therapies. In addition to curative strat-
egies for HCC, it is of interest to identify and block the immune cell types and their
associated cytokines susceptible to trigger tumor initiation and progression.

9.1 Cytokines in Chronic Liver Diseases: A Risk Factor
for HCC Initiation

9.1.1 Chronic Alcohol Consumption is a Risk Factor for HCC
Emergence

Chronic alcohol consumption is associated with hepatic inflammation leading to
cirrhosis development, and constitute a risk factor for HCC initiation. Chronic liver
diseases are mainly due to recurrent and excessive liver inflammatory processes, as
observed in alcoholic liver disease (ALD). ALD ranks among the major causes of
morbidity and mortality worldwide, with a mortality rate in the USA and in Western
Europe estimated to be approximately 5-6%. In USA, ALD is responsible for up to
100,000 deaths per year. ALD can present as steatosis (fatty liver, i.e. accumulation
of triglycerides in hepatocytes), the prevalent lesion found in excessive drinkers that
is now recognized as harbinger of worse disease to follow when liver insult is sus-
tained. Indeed, steatosis may progress towards alcoholic steatohepatitis (ASH),
when accompanied with liver inflammation and hepatocyte injury, that promotes
liver fibrogenesis with a 20% risk of cirrhosis after 10-20 years. Severe alcoholic
hepatitis (AH) is a specific clinical form characterized by a prolonged and intense
inflammatory reaction despite alcohol withdrawal, and associated with a sponta-
neous 50% mortality rate after 6 months. Current management of steatosis and mild
to moderate forms of AH relies upon abstinence. In severe AH, corticosteroids
reduce the mortality rate to 15-20% after 6 months. Nevertheless, outcome after
1 year remains grim with survival rates ranging between 50 to 60%. Overall, these
figures underscore the urgent need for novel therapeutic approaches targeting
inflammation in the management of ALD.

9.1.1.1 Role of Innate Immune Cytokines

Activation of hepatic innate immune cells is the first step that triggers inflammation
in alcoholic patients. Indeed, dysregulated cytokine signaling, particularly of those
released by the resident macrophages of the liver (Kupffer cells), plays a pivotal role
in the pathogenesis of ALD. In particular, several clinical and experimental studies
have shown that overproduction of TNF-a by activated Kupffer cells is central to
the inflammatory process associated with ALD [95, 121, 126]. The mechanism
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leading to increased TNF-o production in response to ethanol involves enhanced
intra-hepatic oxidative stress and altered gut permeability, thereby allowing
enhanced translocation of endotoxin (LPS) into the portal blood, and activation of
Kupfter cells following binding of LPS to its receptor Toll Like Receptor 4 (TLR4).
TNF-a [141] induces hepatocyte cell death and inflammatory cell infiltration [12].
Furthermore, liver regeneration has also been shown to be impaired in ALD [60]. In
addition, clinical treatments of patients with severe AH based on TNF-« neutraliza-
tion with pentoxifilin (PTX) [1] or monoconal antibodies like infliximab [104] or
etanercept [13] have been shown to prevent inflammation but were associated with
severe side effects including a higher susceptibility to infection leading to increased
mortality rate. In addition, above and beyond its detrimental role in liver inflamma-
tion, TNF-a is not only critical for the host defence, but it also induces IL-6 synthe-
sis to initiate hepatocyte proliferation and liver regeneration. IL-6 and TNF-« are
two cytokines mainly produced by Kupffer cells in the liver and markedly induced
after partial hepatectomy. TNF-« is a major regulator of the initiation of liver regen-
eration. It is known that IL-6 and TNF-a can stimulate hepatocyte proliferation by
activating intracellular signalling pathways such as signal transducer and activator
of transcription 3 (STAT-3) and CCAAT/enhancer-binding protein B (C/EBP).
Altogether, these data point out the importance of controlling the balance between
the inflammatory immune response required for pathogen elimination and liver
regeneration, and the exacerbated inflammatory processes leading to hepatocyte
cell death.

The molecular mechanisms associated with Kupffer cell activation are linked to
acquisition of an M1 phenotype characterized by the production of a storm of
inflammatory cytokines including TNF-a, IL-6, IL-12 and IFN-y, which supports
resistance to extracellular bacterial infection. However, overwhelming production
of those cytokines by Kupffer cells is responsible for the development of
AH. Contrastingly, M2-polarized macrophages are defined by production of
IL-10, IL-4, and IL-13. Although those macrophages cannot control bacterial infec-
tion, they are critical for tempering the triggered inflammatory process, and in pro-
moting tissue repair. And recently an atypical M2 profile has been reported that
combines M1 and M2 characteristics [11] producing IL-6, TGF-f and the chemo-
kine CXCLS (also known as IL-8) susceptible to promote liver fibrosis.

Dendritic cells (DCs) are professional antigen presenting cells. They have the
unique capacity to catch, process and load all kinds of antigens and prime effectors
immune cells namely CD4* and CD8* T cells. Basically, two types of DCs are
described. The first DC type conventional DCs respond to lipopolysaccharide and
lipoteichoic acid via TLR4 and TLR2, respectively, and produce TNF-a, IL-6,
IL-12. The second DC type known as plasmacitoid DCs respond to TLR7 and TLR9
activation by producing IFN-a [102]. Impaired DC functions highly contribute to
tumor escape from immune-surveillance in patients with cancer [44].
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9.1.1.2 TImpact of Adaptive Immune Response

Indeed, in addition to the crucial role of macrophages, increasing evidence also
points out the crucial role of T lymphocytes in mediating hepatitis in ALD [8, 17,
77]. The decrease in peripheral lymphocyte number is associated with an increase
in the ratio of T helper cells to suppressor cells in the liver. Today, four major dis-
tinct CD4* T cell subtypes have been described: the Thl, Th2, T regulatory (Treg)
and more recently, the Th17 phenotype.

Th1 cells that mainly produce IFN-y, mediate immune response against intracellu-
lar pathogens, and are also involved in some autoimmune diseases [99, 107].
Th2 cells that produce principally IL-4, IL-10 and IL-13 are involved in host
defence against extracellular parasites [99, 107] and suppress Thl cell prolifera-

tion [38].

Th17 cells defined as producer of IL-17, IL-21 and IL-22, play a major role in
immune response against bacteria and fungi and participate also to the induction
of several autoimmune diseases [133], but could also protect hepatocytes in
acute hepatitis through IL-22 production [142]. Recently, the deleterious role of
T helper lymphocytes secreting IL-17 (Th17 cells) in recruiting neutrophils has
been reported in ALD [88]. In addition, persistent IL-17 production has been
identified in numerous other chronic liver diseases with deleterious functions
leading to cirrhosis and HCC development [52, 84]. These findings strongly sup-
port the potent role of T cells in the progression of AH. Indeed, T helper differ-
entiation into a specific phenotype is mainly controlled by innate immune cells
that in turn could respond to the variety of produced cytokines by those differen-
tiated T cells.

Treg cells regulate immune response by maintaining the self-tolerance and are ben-
eficial for treating autoimmune diseases [118]. First described as suppressive T
cells, [118] Treg lymphocytes are involved in immunosuppression and mainly
contribute to tumor immune escape. CD4* CD25"e" FoxP3* Treg cells are
induced by several microenvironmental factors including IL-10, TGF-f and
VEGF which are overexpressed in HCC [10, 50, 140]. However, studies have
reported a negative correlation between an increase in Treg infiltrating cells and
clinical outcome in HCC patients [58]. In addition, it has been shown that in
many types of liver disorders including chronic viral hepatitis, liver cirrhosis and
HCC, Treg cell number increase favored HCC appearance and growth [74].
IL-10 mainly produced by Treg is the most studied anti-inflammatory cytokine
regarding HCC. It has been shown that IL-10 is overexpressed in patients with
HCC with less optimistic prognosis compared [10, 21]. Consistent with the pre-
vious studies, these reports strongly suggest that through IL-10 production, Treg
lymphocytes promote HCC progression.
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9.1.1.3 Inflammation-Associated Reactive Oxygen and Nitrogen Species
(ROS and RNS)

Notable discoveries in mechanisms involved in ALD demonstrated the critical role
of Kupffer cells in mediating AH through TNF-a overproduction, and led scientists
to propose therapeutic strategies neutralizing TNF-a-mediated inflammation. In
association with TNF-a, over-production of IL-6 was pointed out as driving factor
of liver carcinogenesis [106]. The major mechanism that has been highlighted is the
IL-6-induced reactive oxygen species (ROS) production and epigenetic changes
triggering HCC development [123].

Due to ethanol oxidization by the cytochrome CYP2E]I, acetaldehyde and reac-
tive oxygen species (ROS) accumulate in the liver. This ROS accumulation pro-
motes lipid peroxidation, DNA damage, chromosome instability and epigenetic
disturbance. In an inflammatory context, epithelial and immune cell activation
induce the production of reactive oxygen and nitrogen species (RONS) by NADPH
oxidase, and nitric oxide synthase (NOS). Studies on chronic inflammatory diseases
including inflammatory bowel diseases (IBD) and Helicobacter pylori-induced gas-
tritis have reported increased level of RONS, suggesting a link between RONS pro-
duction and cancer risk [111, 116]. RONS production induces cell damages
including oxidative stress, lipids, proteins and DNA abnormalities through 8-oxodG
and 8-nitrodeoxyguanosine accumulation [101] and therefore promote tumor initia-
tion and malignancy. The discovery of RONS-induced DNA damages in chronic
inflammatory responses including hepatitis is consistent with the involvement of
RONS in diseases characterized by a higher cancer risk [101]. Furthermore,
8-0x0dG and 8-nitrodeoxyguanine reactivity plays an important role in hepatitis C
virus-induced chronic hepatitis [61]. All together these observations enhance the
link between inflammation-induced RONS and carcinogenesis. Therapeutical use
of antioxidants (e.g., S-adenosyl-L-methionine, polyunsaturated phosphatidylcho-
line) to restore alcohol-induced methionine and oxidative balance disruption, has
shown promising effects but still needs to be further studied [115].

9.1.2 Cytokines in Fibrosis and Increased Risk of HCC
Initiation

Tissue damage due to sustained inflammation leads in most cases to fibrosis devel-
opment. Liver fibrosis is caused by a large variety of chronic liver diseases and
represents an important cause of mortality in the world. The immune system pro-
tects the host from foreign pathogens without disrupting tolerance toward self-
antigens but during fibrogenesis, inflammation contribute to the deposition and
accumulation of collagen leading to an important modification of the physiological
liver architecture.
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Hepatic stellate cells represent the major cell population responsible for increased
deposition of extracellular matrix proteins including collagen molecules. Collagens
can also be produced to a lesser extent by other cell types including progenitor cells,
portal fibroblasts, and cholangiocytes. Many immune cells including Kupffer cells,
natural killer cells and dendritic cells have been shown to participate to liver fibro-
genesis by releasing pro-inflammatory cytokines. These cytokines such as IFN-a
and IFN-f, IL-6 and IL-22, activate the JAK-STAT signaling pathways by binding
to their respective receptors.

9.1.2.1 Antifibrotic Cytokines

Interferon type 1, 2 and 3 were identified as cytokines that in general inhibit liver
fibrosis development. For instance, IFN-a treatment significantly reduces the
hepatic fibrosis in mice by blocking collagen gene transcription via the interaction
of p300 transcription factor and phosphorylated STAT1 [66]. Similarly, IFN-y defi-
cient mice are more susceptible to develop liver fibrosis induced by CCl, adminis-
tration or under a 3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet [67, 112].
The anti-fibrotic function of IFN-y are more likely mediated through the induction
of hepatic stellate cell-growth arrest and apoptosis [112].

It has been recently demonstrated that triple knockout mice for IL-10, IL-12/23
and IL-13Ra2 are more susceptible to many pathologies related to liver including S.
mansoni-induced liver fibrosis model. Levels of liver enzymes, hepatosplenomeg-
aly and ascites were increased, suggesting that IL-10, IL-12p40, and IL-13Ra?2 con-
tribute cooperatively to reduce liver fibrosis in this model of S. mansoni infected
mice [97].

In the liver, IL-6 and IL-22 are mainly responsible for the activation of STAT3.

IL-6 knock-out mice seems more susceptible to liver injury and fibrosis after
CCl, treatment [79]. Furthermore, the lack of gp130/STAT3-mediated signaling in
hepatocytes leads to worsened DDC diet feeding related chronic cholestatic liver
injury and fibrosis progression [109]. Similarly, hepatocyte-specific STAT3 knock-
out mice displays a higher degree of liver fibrosis compared with wild-type mice in
various models of liver fibrosis induced by CCl, administration, feeding with a
3,5-diethoxycarbonyl-1,4-dihydrocollidine (DDC) diet [109], feeding with a
choline-deficient, ethionine-supplemented (CDE) diet [80].

In hepatocytes, STATS activation is mainly induced by growth hormone (GH).
Using the hepatocyte-specific STATS knockout mice developed in Dr. Lothar
Hennighausen’s laboratory [26], STATS loss in hepatocytes has been shown to pro-
mote increased TGF-f levels and enhanced STAT3 activity induced by GH in the
liver after CCl, administration [6, 62]. Moreover, STAT5 deletion in the liver pro-
moted hepatic tumorigenesis induced by CCl, injection in wild-type mice [62] and
was responsible for the development of spontaneous liver cancer in liver-specific
glucocorticoid receptor knockout mice [100] or in GH transgenic mice [43].
Although the effects of STATS in hepatocytes have been widely investigated, little
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is known about the potential functions of STATS in the fibrogenic hepatic stellate
cells (HSC).

9.1.2.2 Pro-fibrotic Cytokines

It is also known that IFN-o/p and IL-12 can activate STAT4 in immune cells and
promote inflammation. In several animal models, treatment with IL-12 has been
shown to induce liver inflammation and reduce liver tumor growth [18, 57]. This
inflammatory response is characterized by the activation of NK and NKT cells
which in turn produce IFN-y [124]. Via the activation of STAT4 in immune cells,
IL-12 seems to act as a pro-inflammatory cytokine promoting fibrosis and liver
injury.

Th2 cytokines such as IL-4 and IL-13 are considered to be pro-inflammatory.
Studies have shown that administration of IL-13 inhibitors or IL-13 gene blockage
results in a significant reduction of liver fibrosis in the S. mansoni infection model.
In humans, a correlation has been established between elevated levels of IL-13 and
liver fibrosis in patients with chronic HBV or HCV infection, suggesting that IL-13
promotes liver fibrosis in an infection dependent or independent context [135].
These pro-fibrogenic effects can be explained by the fact that IL-13 induces HSC
activation and promotes the production of fibrotic proteins by HSCs in a STAT6
dependent manner. Indeed, STAT6 blockage with siRNA inhibits HSC activation
in vitro [3, 122]. Moreover, STAT6-deficient mice present smaller amounts of col-
lagen deposition in the liver compared with wild- type mice after infection with S.
mansoni [71]. Like TGF-p, IL-4 is known to have pro-fibrotic properties as it con-
tributes to HSC activation and collagen production [3, 69]. Furthermore, 1L-4
expression levels are higher in fibrotic liver from S. mansoni-infected baboons [37].
Although the role of IL-13 in liver fibrosis is reported in the S. mansoni infection
model, studies to come need to clarify to what extent STAT6 in HSC is implicated
in liver fibrogenesis in patients with chronic liver diseases.

IL-6 is a major pro-regenerative factor and induces the acute phase in the liver by
stimulating hepatocytes to produce acute phase proteins such as C-reactive protein,
serum amyloid A and complement C3 [114]. Clinical studies showed that IL-6
hepatic expression is increased and positively correlated with the degree of liver
fibrosis [32, 136]. As IL-6 receptors are widely expressed on all types of cells in the
liver, it can explain how IL-6 may have distinct roles in all these types of cells by
regulating positively and negatively liver fibrosis. It has been shown that IL-6 can
directly promote HSC survival and proliferation resulting in enhanced liver fibrosis.
Collectively, the major effect of IL-6 on liver fibrosis is the result of the balance
between on the one hand the inhibitory effect through STAT3 activation in hepato-
cytes and the stimulatory effects enhancing HSC survival, which depend on liver
fibrosis stage and etiology.
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9.1.3 Influence of Cytokines in Liver Progenitor/Stem Cell
Activation: A Potent Mechanism of HCC Initiation

Liver progenitor cell (LPC) proliferation is reported in ductular reaction, often
observed, in cirrhotic livers, hepatitis B and C viral infections, alcoholic or non-
alcoholic steatohepatitis. Their appearance is associated with increased incidence of
HCC. An interest in LPC biology emerged because of their stem-cell-like capacities
to promote liver regeneration and to generate liver cancer. LPCs can differentiate
into mature hepatocytes and biliary cells. Their capacity to restore injured hepatic
tissue has been well documented [36]. However, LPCs were also defined as precur-
sors for HCC and described as potent Cancer Stem Cells (CSCs) when they undergo
“transformation” and generate heterogeneous lineage of cancer cells [29, 73, 94,
117]. Many transcription factors such as NANOG, cMYC, KLF-4, OCT4, SOX2
are stemness markers which have been reported to be increased in cancers [131].

The signaling pathways identified in HCC are also observed in isolated liver
CSCs (eg, Wnt, Notch, TGF-p, Hedgehog, and PI3K/AKT/mTOR [86, 87]. Liver
CSCs can be identified based on the expression of several cell markers such as
CD90, CD44, CD24, CD13, epithelial cell adhesion molecule (EpCAM), CD133
(prominin-1), and oval cell marker OV6 as well as Hoechst dye efflux or aldehyde
dehydrogenase expression and activities [86, 87]. Among those markers, double
positive CD133+ and EpCAM+ cells display higher expression of stem-cell related
genes and appearance of drug-resistance to chemotherapeutics. CSCs can initiate
tumor in xenograft transplantation experiments. Moreover, the high capacity of
resistance of CSC to sorafenib therapy suggests that CSCs could contribute to the
poor prognosis [54] and participate to HCC recurrence. Several lines of evidence
suggest a potential role of inflammatory microenvironment in CSC-initiation and
progression towards HCC.

Recently, a correlation between IGF-1R and the expression of stemness markers
in HBV-related HCC has been reported and suggests that inflammatory cytokines
are involved in CSC development. The hepatic microenvironment is markedly dis-
rupted in chronic liver diseases and characterized by infiltration of lymphocytes,
activation of stellate cells and expansion of hepatic progenitor cells. One of the
main axis involved in liver inflammation is IL-6/STAT3 signaling that in collabora-
tion with TGF-p potentially promotes CSC survival and proliferation in the liver
[98, 125].
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9.2 Mechanisms of Cytokine Contribution to Tumor Growth

9.2.1 Role of Inflammation Related micro-RNA in HCC
Development

In addition to its ability to modulate liver immune response, alcohol can also lead to
epigenetic changes in inflammatory-associated genes via the multiple mechanisms
[27]. These include (i) DNA-methyl transferases increasing methylation on gene
promoters, (ii) an alteration of the physiological interaction between the transcrip-
tional proteins to the DNA due to inappropriate methylation, acetylation phosphory-
lation and/or ubiquitination, and (iii) more recently, a transcriptional regulation
mediated by micro-RNAs (miRNA) [102]. Epigenetic regulation of DNA methyla-
tion, phosphorylation, and ubiquitination by alcohol has been extensively reviewed
in many previous articles. Here we mainly discuss the role of miRNAs in pathogen-
esis of HCC.

MiRNA are single-stranded non-coding RNAs composed of 20 nucleotides
approximately. They are mostly responsible for the post-transcriptional epigenetic
regulation of targeted gene expression. The interest for the miRNA raised when
evidence of aberrant expression of several miRNAs was reported in many types of
cancers [15]. Many pathways such as p53, RAS/MAPK, PI3K/ AKT/mTOR, WNT/
[-catenin, and TGF-p are involved in HCC development. Abnormal expression of
some miRNA has been observed in HCC compared to normal liver tissue [105]. It
has been shown that miRNA-199a and miRNA-122 are highly expressed in healthy
liver. Interestingly, the expression of these two miRNAs is markedly disrupted in
HCC [63]. MiR-199 has been shown to stop cell cycle at G1 phase. A correlation
has been reported between the downregulation of miR-199a (a member of miR-199
family) and increased recurrence rate with reduced laps before recurrence of HCC
[68].

MiR-122 is only expressed in adult normal liver and seems to be a key factor in
the regulation of hepatocyte differentiation by inhibiting genes not exclusive to the
liver [139] which makes it a particular miRNA in liver physiopathology. Consistent
with these findings, in up to 70% of HCC, miR-122 is downregulated indicating that
this miRNA should have an antitumor activity. Furthermore, miR-122 is known to
promote apoptosis, block the tumor cell cycle, reduce in vivo cancer cell malig-
nancy and increase efficacy of drugs such as Sorafenib and also doxorubicin by
inhibiting p53 activity [5, 40]. Interestingly, in liver cancer patients, miR-122 loss is
correlated with the development of metastasis and a reduced period before recur-
rence [25, 127]. Thanks to a miR-122 KO mouse model, the role of this miR is now
better defined [64, 128]. MiR-122KO developed chronic liver inflammation, fibrosis
and HCC like spontaneous tumors comforting the antitumor potential of miR-122.
Indeed, miR122 targets CULT-1 and reduces its activity which explain the undif-
ferentiated phenotype of HCC cells. Similar to miR-199, miR-122 inhibits cyclin
Gl leading to an upregulation of p53 which is increased in HCC [51]. The link
between miRNA and the inflammatory response seems very strong suggesting that
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some cytokines could be involved in miRNA regulation. This mechanism by which
cytokines could induce some miRNA targeting antitumor genes and thus promote
tumor growth seems to be a very promising axis to explore in carcinogenesis.

In a study, up to 80% of HCC analyses showed a significant increase of miR-221
expression. This upregulation of miR-221 leads to increased tumor growth and can-
cer cell proliferation [47, 96]. Consistent with these observations, in transgenic
mice overexpressing miR-221 in the liver, higher HCC tumorigenicity was reported
and could be inhibited by administrating anti-miR-221 nucleotides, called antago-
miR [16].

9.2.2 Cytokine-Induced Oncogenic Intracellular Pathways

Raf/MAPK/ERK signaling pathway is involved in cell growth and differentiation.
The extracellular signal is translated from tyrosine kinase receptors including
VEGFR, IGFR, PDGFR, EGFR and MET, triggering a cascade of intracellular
phosphorylations [4]. RAS, a GTPase protein, and Raf, a serine/threonine kinase
regulate the signal transduction in this pathway [75]. A study has shown that in HCC
Raf kinase inhibitor is down-regulated leading to an over-activity of the Raf/MAPK/
ERK pathway [85]. New therapeutic approaches including Sorafenib aimed to tar-
get and inhibit Raf kinase, and consequently to limit tumor growth [137].

PI3BK/Akt/mTOR like the Raf/MAPK/ERK signaling pathway, controls prolifera-
tion, growth, motility and cell survival. HCC patients present an over-activation of
this pathway. Indeed, it has been reported that in over 40% of HCC patients, Akt
signaling and mTOR effector (p70s6k) were activated leading to increased cell sur-
vival and growth through an inhibition of TGF-f induced apoptosis [20]. These
observations highlighted this signaling pathway as a potential target for therapeutic
perspectives. Some strategies have been developed to block this pathway such as
PI-103 inhibiting the phosphoinositide 3 Kinase (PI3K) and mTOR activation.
These treatments showed efficacy in blocking Raf/MAP/ERK and PI3K/Akt/mTOR
pathways leading to the reduction of EGF-induced proliferation of tumor cells [48].

Wnhnt/B-catenin targets many processes including cell determination, stemness but
also intercellular adhesion by interacting with E-cadherin and proliferative signal
transmission through p-catenin activity [110]. Aberrant Beta-catenin activation is
found in almost 40% of human HCC. B-catenin degradation is regulated by
Adenomatous Polyposis Coli (APC) protein [22, 23]. Growth factors from the
extracellular microenvironment bind to the Frizzled (Fzd) receptors expressed on
the cell surface and activate this pathway. In murine and human HCC, an abnormal
activity of this pathway has been reported [30, 56]. In absence of Wnt, the destruc-
tion complex formed by AXIN1, adenomatous polyposis coli (APC), glycogen syn-
thase kinase-3f (GSK-3p), and casein kinase 1 (CK1) proteins drive the proteolysis
of p-catenin through the ubiquitin/proteasome mechanism by phosphorylating the
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protein. Another protein has been reported to be increased in HCC; PRC1 controls
cytoskeleton organization and increase Wnt signaling by contributing to the
sequestration of the complex at the membrane, promoting tumorigenesis and metas-
tasis development [19]. The role of Wnt/p-catenin in tumor growth is an attractive
field to explore for paving the way to new therapeutic options. Indeed, antibody
based therapies have already been developed. Blocking the f-catenin signaling
reduced HCC tumor growth and increased apoptosis through the administration of
anti-Wnt-1 antibodies [134].

NF-kB plays a central role in liver injury, fibrosis and HCC development [91]. Its
activation in macrophages lead to a large production of cytokines shaping an inflam-
matory tumor microenvironment of HCC [72]. In a DEN induced HCC murine
model, Kupffer cell and hepatocyte specific blockade of IKK-p which is a major
activator of NF-kB, leads to decrease tumor size and reduced the production of
inflammatory cytokines including TNF-o and IL-6. However, an increase of hepato-
tumorigenesis was reported with a deletion of IKK-p only in hepatocytes [92].
These paradoxical results highlight the double-edged sword role and complexity of
NF-xB signaling but clearly show the key role played by immune cells in shaping a
favorable pro-tumor microenvironment.

9.2.3 Cytokine Gene Polymorphisms Contribute to Altered
Immune Response

In addition to the environmental factors responsible for cytokine release during
chronic liver diseases, alteration in cytokine or cytokine receptor gene expressions
can occur and chronically dysregulate the inflammatory response leading to cancer
development. Such alteration results from single nucleotide polymorphisms (SNPs)
in coding or non-coding regions of the genes. Several cytokine gene polymorphisms
have been recently reported, including IL-1p [34], resulting in increased cytokine
release. Furthermore, genetic polymorphisms of IL-6 are associated with fibrosis
progression in chronic HCV infected patients [28]. Polymorphisms were identified
in virtually all other cytokines such as TNF-a, IL-6, IL-10, TGF-f1 and IFN-y [33].

9.3 Cytokines in HCC Progression with Metastasis

Tumor microenvironment is shaped by myeloid and lymphoid cells including tumor
infiltrating lymphocytes (TILs) responsible for the control of tumor growth
(Fig. 9.1). According to their phenotypes myeloid and lymphoid cells will inhibit or
promote tumor growth. Myeloid cells basically play a major role in the immune
response against tumor by recognizing these tumor antigens and generating humoral
and cellular specific immune responses. However, their ability in tumor-associated
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Fig. 9.1 Immune cell microenvironment of HCC. The HCC microenvironment is composed of
pro-tumoral immune cells including M2 macrophages, myeloid derived supressor cells, Treg and
Th17 lymphocytes, and anti-tumoral cells gathering M1 macrophages, cytotoxic CD8 T cells, Thl
and NK cells

antigen recognition is often altered and lead to pro-tumoral properties of those cells.
Among lymphoid cells, two types of TILs can be distinguished: anti-tumoral effec-
tor cells such as CD8* lymphocytes which are associated with a better prognosis
when they are highly present in the tumor, that are opposed to pro-tumoral cells
such as regulatory T cells (Treg) which are associated with a poor prognosis.

9.3.1 Myeloid Immune Response in HCC Progression

Tumor Associated Macrophages (TAMs) also play a key regulatory role in
tumor-related inflammation and angiogenesis. TAMs are also involved in tumor
relapse by facilitating tumor regrowth, revascularization, and spread after anti-can-
cer therapies. TAMs are associated to tumor growth through the production of
growth factors such as EGF, VEGF and bFGF. They contribute to the invasiveness
of tumor cells and metastasis by favoring extracellular matrix remodeling via the
release of metalloproteases 2 and 9 (MMP2 and MMP9). They also contribute to
vascularize the tumor by increasing angiogenesis and lymphangiogenesis via
MMP9, VEGF and PDGF synthesis [45].

Tumor-associated neutrophils (TAN) similarly to TAMs, have been described
[93] CXCL8 chemokine production by tumoral cells in HCC are responsible for the
chemotaxis of neutrophils in the stroma surrounding the nodules [83]. More recently,
an analysis of 919 HCC identified an overexpression of the CXCLS5 chemokine that
correlated with an increase in neutrophil-infiltrating cells in the liver and a poor
prognosis of the diseases [144]. Those recruited neutrophils favors tumoral progres-
sion in part by increase in ROS production (as mentioned earlier in this chapter)
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[55]. Interestingly, neutrophil-derived ROS was associated with mutations and
DNA damage [53] and activation of proteolytic enzymes including MMP-2, 7, 8, 9
and inactivation of the Tissue inhibitor metalloprotease-1 (TIMP-1) which conse-
quently favour tumor invasiveness [31].

Myeloid Derived-Suppressor Cells (MDSCs) represent a heterogeneous popula-
tion of cells sharing similarities with TAMs and TANs. They are often observed in
HCC and their presence is associated with a poor prognosis. This population of cells
is basically composed of main sub-types: monocytic MDSCs and granulocytic
MDSCs. Under certain conditions they can adopt several phenotypes that control
their ability to promote or restrain tumor progression. For instance, in hypoxic con-
ditions or in presence of tumor -derived factions, MDSC can differentiate into
immunosuppressive TAMs [24]. Furthermore studies reported in vitro their capacity
to differentiate in a macrophage, DC or granulocyte phenotype [103]. However, in
general, MDSCs are described as suppressor of T cell activation and therefore can
alter T-cell mediated anti-tumor function and favour tumor progression [130].

9.3.2 Lymphoid Immune Response in HCC Progression
9.3.2.1 Infiltrating CD8* T Cells and Their Associated Cytokines

CDS8* T cells are major actors in antitumor immunity through their antigen specific
cytotoxicity capacities targeting tumor antigens. These latter are ingested by host
antigen presenting cell such as dendritic cells and processed into peptides which are
presented via class I and class I MHC molecules respectively to CD8* and CD4*T
cells. In many cancer including colorectal and ovarian cancers, an increased number
of tumor infiltrating CD8* T lymphocytes (TIL) predicts a favorable prognosis.
Regarding HCC, a correlation has also been reported between the presence of TIL
and patient prognosis [46]. Indeed, the penetration of CD8* T cells is correlated to
an improved recurrence-free survival after liver resection [59]. These beneficial
effects are explained by the inflammatory microenvironment generated by CD8*
effector T cells within the tumor leading to the establishment of an anti-tumor
response. Studies have shown in murine models that through IL-12 stimulation,
CDS8* T cells were activated which induce IFN-y release leading to increased hepa-
toma cell apoptosis [76].

Recent findings [39] have highlighted CD8* T specific responses targeting tumor-
associated antigens (TAA) in HCC. It has been shown that TAA-specific CD8* T
cell immune response was visible in more than 1 out of 2 HCC patients and already
detectable in early stages of the disease. Consistent with the correlation between
improved progression-free survival TAA-specific CD8* T responses these results
comfort the major role played by these cells in anti-tumor immunity.

However, in some patients with HCC, impaired functions of CD8* T cells have
been reported [49]. Indeed, tumors develop mechanisms to escape to immune
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surveillance; one of them is the up-regulation of the ligand for PD-1 (PD-L1)
responsible for addressing an inhibitory signal to PD-1 expressing cells namely
CD8* and CD4* T cells [42]. This PD1/PD-L1 interaction leads to T cell inactiva-
tion and consequently, to the inhibition of their anti-tumor function and ultimately
to the promotion of tumor aggressiveness. PD-L1 expression in HCC has recently
been characterized and its crucial role in HCC progression has been strongly sug-
gested [14].

Interestingly, it has been observed in HCC patient cohort that even with increased
peripheral and intratumor PD-1 expression on CD8* T cells, tumor cells were also
rich in PD-L1 expression. These findings thus showed a correlation between a high
PD-L1 expression within the tumor and a poorer outcome with early HCC recur-
rence after liver resection because of the induction of CD8" T cell apoptosis [120].
The challenges of next studies will be to determine the mechanisms by which
tumors promote PD-L1 expression on tumor cells and to find strategies to bypass
the inhibitory signal delivered to PD-1 expressing cells including CD8+ T
lymphocytes.

9.3.2.2 IL-17-producing Cells

IL-17 is in majority produced by Th17 lymphocytes and targets a large variety of
cells through its ubiquitously expressed receptor IL-17RA. However, other IL-17-
producing cell types have been identified including yd T cells or neutrophils [113].
It has been reported that in HCC IL-17 levels were increased compared to non-
tumor tissues [89]. Furthermore, a positive correlation has been established between
high expression of IL-17 and microvessel density in tissues and poor survival in
patients with HCC [143] suggesting that IL-17 may promote HCC growth by pro-
moting angiogenesis.

In addition, neutrophils detected inside HCC tumors are associated with a poor
recurrence-free survival for patients with HCC after liver resection. Peritumoral
neutrophils promote angiogenesis leading therefore to stimulate tumor growth [81,
82]. More surprisingly, a study has shown that IL-17 can recruit neutrophils.
Peritumoral tissue was also found enriched in Th17 lymphocytes which number is
correlated with tumor activated monocytes that have been reported to induce IL-17
producing cells proliferation [81, 82]. Despite the positive correlation between
IL-17 producing cells and poor survival in HCC patients, the underlying mecha-
nisms by which these cells lead to HCC progression remain poorly defined.

9.3.2.3 Inflammation-Induced Epithelial Mesenchymal Transition (EMT)

Physiologically, EMT is a key step during embryogenesis, pathological events,
inflammation but it can also trigger metastasis development in cancer context [9,
70]. During this process, morphological modifications occurs in epithelial cells
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which adopt a fibroblast-like phenotype. Through a complex cytoskeleton reorgani-
zation, many intercellular junctions characterizing epithelial cells are lost such as
desmosomes, adherent junctions, tight junctions and gap junctions. EMT thus pro-
motes epithelial markers loss including E-cadherin in favor of an induction of fibro-
blast markers such as fibronectin, matrix metalloproteinase. Such transformation
allows those transformed cells to leave the original tissue and colonize other tissue
through the blood circulation. TGF-f is one of the most relevant inflammatory
mediator involved in EMT. It is considered as a key factor in embryogenesis but also
in fibrosis and cancer development in many models [35, 138] through SMAD?2,
SMAD3 and SMAD4 [119, 129]. Studies have brought evidence that inflammation
promotes EMT via the induction of pro-inflammatory cytokines. It has been shown
that together TNF-a and IL-6 enhance TGF-f signaling pathways which stimulate
EMT [7]. These two cytokines are known to trigger NF-kB which induces many
factors implicated in EMT. Lastly, ROS synthesis has also been shown to induce
EMT [131]. Exploring more deeply the involvement of cytokines in EMT in a con-
text of CHC could open new therapeutic options.

9.4 HCC Therapeutic Failure and Cytokine-Based Therapy

At late stage, patients are not eligible for surgical resection of the tumor or for liver
transplant, and the efficacy of classical radiotherapy and chimiotherapy is very poor.
Since 2008, the SHARP (Sorafenib HCC Assessment Randomised Protocol) trials
combining multikinase inhibitory and anti-angiogenic properties is considered as a
standard for advanced HCC and showed an improved overall survival in Child-
Pugh class A patients with advanced HCC upon treatment. HCC-patients given
Sorafenib have a longer progression-free survival (PFS) with a median overall sur-
vival reaching 10.7 months in sorafenib treated patients vs 7.9 months in the pla-
cebo patients [90] Moreover, the high capacity of resistance of CSC to sorafenib
therapy suggests that CSCs may contribute to the poor prognosis.

In HCC many cytokine levels are deregulated leading to promote or inhibit car-
cinogenesis. The development of combined therapy like IFN-a with ribavirin has
markedly reduced HCC incidence. However antiviral therapies only help to delay
the development of HCC. More and more anti-tumor therapeutic options use strate-
gies to regulate cytokines levels or modulate immune cell activity. Loco-regional
immune-chemotherapy based on lymphokine-activated killer cells (LAK) is a rele-
vant approach in HCC treatment. LAKs release many cytokines including IFN-y,
IL-2 and IL-12 promoting cytolytic activity against tumor cells [78]. Many studies
also proposed to enhance cytokine responses and more specifically to the liver. A
murine HCC model was developed with adenoviral vector carrying IL-12 leading to
reduce tumor growth and induce immune infiltration potentially responsible for the
inhibition of angiogenesis [2]. Consistently, IL-12 intrahepatic administration in
BALB/c has shown early infiltration of lymphocytes and macrophages resulting in
a reduction of tumor progression [108]. Furthermore, combined immunotherapy in
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a murine model of HCC based on IL-12 and GM-CSF triggered a powerful antitu-
mor response and avoid the side-effect of IL-12 treatment alone [132].

9.5 Conclusion

Although liver inflammation is critical for protection against infections and for trig-
gering liver regeneration mechanisms, it must be finely tuned and “turned off™ right
after the clearance of the pathogens and the achievement of tissue repair. Indeed,
excessive and recurrent liver inflammation is a common process observed in livers
of alcoholic patients and in non-alcoholic steatohepatitis, in drug and chemical
intoxication, during viral and bacterial infection, as well as in certain idiopathic
liver pathologies such as autoimmune hepatitis. A high variety of immune cells can
infiltrate the liver tissue (Fig. 9.2). Their quantity and their activity defined by their
ability to produce a large spectrum of cytokines, depend on the underlying chronic
liver disease. One of the major challenges in the liver field is to understand the cel-
lular and molecular mechanisms underlying the chronic inflammatory processes
associated with acute and chronic injury. The recent advances in immunology field
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sheds some light on the important role of cytokine milieu in which tumoral cells can
emerge and proliferate. This also demonstrates how complex and heterogeneous is
the liver inflammatory response according to the etiology leading to HCC. This
strongly suggests that a better characterization of the inflammatory process would
allow developing a personalized medicine for patients, and would constitute a
promising strategy in HCC prevention and cure.
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