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.

E. Mizukoshi (<)  S. Kaneko

Department of Gastroenterology, Graduate School of Medicine, Kanazawa University,
Kanazawa, Ishikawa 920-8641, Japan

e-mail: eishirom @m-kanazawa.jp

© Springer International Publishing AG 2017 39
T.F. Greten (ed.), Immunotherapy of Hepatocellular Carcinoma,
DOI 10.1007/978-3-319-64958-0_3


mailto:eishirom@m-kanazawa.jp

40 E. Mizukoshi and S. Kaneko

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].
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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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