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Abstract

Hepatocellular carcinoma (HCC) is a malignant tumor with high mortality, but lacks effective treatments. Carcinoembryonic
antigen glypican-3 (GPC3) is a tumor-associated antigen overexpressed in HCC but rarely expressed in healthy individuals
and thus is one of the most promising therapeutic targets. T cell epitope-based vaccines may bring light to HCC patients,
especially to the patients at a late stage. However, few epitopes from GPC3 were identified to date, which limited the appli-
cation of GPC3-derived epitopes in immunotherapy and T cell function detection. In this study, a total of 25 HLA-A0201
restricted GPC3 epitopes were in silico predicted and selected as candidate epitopes. Then, HLA-A0201*/GPC3* HCC
patients’ PBMCs were collected and co-stimulated with the candidate epitope peptides in ex vivo IFN-y Elispot assay, by
which five epitopes were identified as real-world epitopes. Their capacity to elicit specific CD8* T cells activation and
proliferation was further confirmed by in vitro co-cultures of patients’ PBMCs with peptide, in vitro co-cultures of healthy
donors’ PBLs with DCs and peptide, T2 cell binding assay as well as HLA-A2 molecule stability assay. Moreover, the in vivo
immunogenicity of the five validated epitopes was confirmed by peptides cocktail/poly(I:C) vaccination in HLA-A0201/DR1
transgenic mice. Robust epitope-specific CD8* T cell responses and cytotoxicity targeting HepG2 cells were observed as
detected by IFN-y Elispot, intracellular IFN-y staining and cytolysis assay. This study provided novel GPC3 CTL epitopes
for the development of T cell epitope vaccines and evaluation of GPC3 specific T cell responses.
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Abbreviations MFI Mean fluorescence intensity

CTL Cytotoxic T lymphocyte PBLs Peripheral blood lymphocytes
GPC3 Carcinoembryonic antigen glypican-3 PBMCs Peripheral blood mononuclear cells
HCC Hepatocellular carcinoma PHA Phytohemagglutinin

HLA Human leukocyte antigens SFUs Spot forming units

ICS Intracellular cytokine staining TAA Tumor-associated antigen
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Liver cancer is the second and third most common cause of
cancer death in China and worldwide to date, respectively

) ) ) [1]. Hepatocellular carcinoma (HCC) accounts for about
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75-85% of primary liver cancers. When diagnosed, around
57% of HCC patients are of late or even terminal stage and
few treatments are available. The high rate of relapse post-
treatment and lack of standard adjuvant therapy inevitably
result in a bad prognosis. Despite the therapeutic effects, sys-
temic therapies such as Sorafenib generally prolong survival
only by a few months. More effective therapies are urgently
needed for HCC treatment.
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CD8* T cells which are capable of recognizing epitope
peptides presented by human leukocyte antigens (HLA) class
I molecules onto tumor cells are considered critical T cells
in anti-tumor immune responses [2]. The epitope-specific
CD8™ cytotoxic T lymphocyte (CTL) responses could be
elicited by T cell epitope peptides in previous studies [2—4]
and could be enhanced by collecting more well-characterized
CD8* T cell epitopes [5]. Therefore, identifying abundant
T cell epitopes from target antigens is an essential task in
the development of epitope-based cellular immunotherapy.
Carcinoembryonic antigen glypican-3 (GPC3) is a tumor-
associated antigen (TAA) specifically overexpressed in
HCC but rarely expressed in healthy individuals and thus is
used as an ideal target in immunotherapies of HCC [6]. The
prognosis of GPC3-positive HCC patients was poor follow-
ing initial hepatectomy [7], but GPC3 specific CD8* T cell
response may indicate a relatively longer tumor-free survival
in HCC patients [8], and the epitope peptides derived from
GPC3 could efficiently stimulate specific CTL responses in
clinical trials [8]. Thus, GPC3-targeted immunotherapy may
bring light to GPC3-positive HCC patients. However, only
four CD8™ T cell epitopes have been identified from GPC3
thus far [9-11]. Finding CD8* T cell epitopes from GPC3 as
many as possible is urgently needed, which may contribute
greatly to the design and development of T cell epitope-
based immunotherapy and also facilitate detection of GPC3
specific cellular immunity.

HLA-A*02:01 is one of the most prevalent HLA class
I alleles among various ethnic groups, including Asians.
In this study, HLA-A0201 restricted CD8 T cell epitopes
from GPC3 were screened and identified using several
approaches. Firstly, putative epitopes were in silico predicted
using four widely used T cell epitope prediction algorithms
and 25 epitopes were selected as candidate epitopes, then
ex vivo IFN-y Elispot assay was used to determine whether
the epitope-specific memory T cells could be detected in
the peripheral blood mononuclear cells (PBMCs) of HLA-
A0201%/GPC3* HCC patients, by which five epitopes
were identified as real-world epitopes. Then, their capac-
ity to stimulate CD8" T cell responses in vitro was further
confirmed by patients’ PBMCs co-cultures with peptides,
healthy donor’s peripheral blood lymphocytes (PBLs) co-
cultures with DC and peptides, and T2 cell binding as well
as HLA-A0201 molecule stability assay. Finally, the pep-
tides cocktail/poly(I:C) vaccinations elicited robust epitope-
specific CTLs responses in HLA-A0201/DR1 transgenic
mice, indicating their in vivo immunogenicity. These data
provided novel targets for epitope-based and CTL-based
immunotherapy for GPC3-positive HCC patients.
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Materials and methods

Ethical approval, PBMCs preparation and HLA-A
genotyping

HCC patients were recruited from the Department of
Hepatic Oncology, Nanjing Second Hospital affiliated to
Southeast University. According to the updated treatment
recommendations for HCC from the ESMO Clinical Prac-
tice Guidelines [12], the patients had clinical, biochemi-
cal, imaging and pathological evidences of HCC, addition-
ally carried HLA-A*02:01 allele, and expressed GPC3 as
detected by immunohistochemical staining (IHC) in HCC
tissue sections. The exclusion criteria for these partici-
pants were the infection with hepatitis C virus, hepatitis A
virus or human immunodeficiency virus, and other malig-
nant tumors. Partial HLA-A0201~/GPC3" HCC patients
were also recruited. The study was conducted according
to the Declaration of Helsinki principles and approved by
Clinical Ethics Committee of Nanjing Second Hospital
(ref: 2018-LY-kt054, 2019-LY-ky011, 2021-LS-ky013).
Heparinized peripheral blood samples were collected
from HCC patients at hospital. All subjects gave written,
informed consent. Meanwhile, healthy donors’ blood sam-
ples were collected from the Blood Component Prepara-
tion Section of Jiangsu Province Blood Center in the form
of white blood cell filter trays following red blood cells
filtering. In this instance, informed consent was waived
because the white blood cell filter trays were the biologi-
cal specimens obtained from past clinical diagnosis and
treatment, but consent was obtained from Jiangsu Province
Blood Center.

PBMCs were instantly isolated by Ficoll density gradi-
ent centrifugation and then were either used directly or
cryopreserved at — 80 °C until further use. HLA-A alleles
were identified using PCR sequencing-based tying. Prim-
ers as described [13] were synthesized by Sangon Bio-
tech Co., Ltd (Shanghai) and are displayed in Table 1.
The DNA from exon 1 to exon 3 of HLA-A was ampli-
fied in PCR using primer combination A1/A3 followed by
sequencing using primer combination A2F/A2R for exon
2 and A3F/A3R for exon 3. The sequencing data were
aligned and analyzed using Lasergene software.

Mice and cell lines

Male HLA-A0201/DR1 transgenic and H-2-
B,m~"~/IAP~~ C57BL/6 mice at six weeks were generous
gifts from the Academy of Military Medical Sciences of
China. All mice were maintained at the specific patho-
gen-free Animal Centre of Southeast University (Nanjing,
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Table 1 Primers used in tbis Primers Sequence (5'-3") Anneal site Product
study for HLA-A genotyping
Al GAAACSGCCTCTGYGGGGAGAAGCAA Intron 1: 21-26 985 bp
A3 TGTTGGTCCCAATTGTCTCCCCTC Intron 3: 66-89
A2F AGCCGCGCCKGGASGAGGGTC Exon 2- intron 2: 99-119 270 bp
A2R GGCCCGTCCGTGGGGGATGAG Exon 2- intron 2: 37-57
A3F GTTTCATTTTGRTTKAGGCCA Exon 3- intron 3: 150-171 276 bp
A3R TGTGGGAGGCCAGCCCGGGAGA Exon 3- intron 3: 41-66

China). Animal welfare and experimental procedures were
performed by the Guide for the Care and Use of Labo-
ratory Animals (Ministry of Science and Technology of
China, 2006), and were approved by the Animal Ethics
Committee of Southeast University. HepG2, T2, K562 and
Yac-1 cell lines were purchased from Fuheng Biotechnol-
ogy Co., Ltd (Shanghai, China) and maintained in house.

Epitopes prediction and peptides synthesis

CD8* T cell epitopes spanning overall GPC3 protein
(P51654) and presented by HLA-A0201 molecule were in
silico predicted using four epitope prediction algorithms
(SYFPEITHI, NetMHC, EPIJEN, IEDB). 9-mer or 10-mer
peptides with high scores (high affinity) in at least two tools
were selected as candidate epitopes for further identification.
Epitope peptides were synthesized from China Peptides Co.,
Ltd (Suzhou) with a purity of >95% as defined by HPLC
purification and mass spectrometry. Lyophilized peptides
were reconstituted at a stock concentration of 2 mg/mL in
DMSO-PBS solution and stored in aliquots at -80 “C.

IFN-y Elispot assay

IFN-y Elispot assays were performed to detect the epitope-
specific T cells in patient’s PBMCs or splenocytes from
immunized mice. Briefly, PBMCs from HLA-A0201%/
GPC3* HCC patients or splenocytes from immunized mice
were seeded in the 96-well plates coated with anti-human
IFN-y or anti-mouse IFN-y antibody at the cell density of
2% 10° cells per well in 100 pL of serum-free cell culture
medium (Dakewe Biotech, Shenzhen), and co-cultured,
respectively, with peptide pools (8 or 9 epitopes/pool, 20 pg/
mL/epitope), single peptide (20 pg/mL), phytohemaggluti-
nin (PHA) (10 pg/mL, positive control), irrelevant epitope
peptide (HLA-A24 restricted AFP,,4.43,, 20 pg/mL, irrel-
evant control) and no peptide (negative control) for differ-
ent purposes. After incubation for 20 h at 37 °C, 5% CO,
incubator, the plates were washed and incubated with bioti-
nylated anti-human or anti-mouse IFN-y detecting antibody
(BD Bioscience) for 2 h at room temperature (RT). Then,
the plates were washed and incubated with streptavidin-con-
jugated HRP (BD Bioscience) for 1 h at RT. After washing,

AEC solution (BD Bioscience) was added to develop spots.
The spot forming units (SFUs) were imaged and enumer-
ated. Positive T cell response was defined according to the
criterion as follows: (SFUs in peptide well—SFUs in nega-
tive control well) 2 5, while SFUs in negative control well
was 0-5; or (SFUs in peptide well)/(SFUs in negative con-
trol well) 2 2, while SFUs in negative control well was > 5.

Peptide-PBMC co-culture experiment using
patient’s PBMCs

Briefly, PBMCs from HLA-A0201"/GPC3* HCC patients
were prelabeled with CFSE at a final concentration of
1.5 uM for 20 min at 37 °C, 5% CO, incubator. After wash-
ing, CFSE-labeled PBMCs were seeded in 96-well plates
(2% 10° cells/well) and incubated for 7 days with a single
validated epitope peptide (20 pg/mL) or PHA (10 pg/mL)
in RPMI1640 culture medium with 10% FBS. Then, cells
were harvested, blocked with anti-CD16/CD32 for 20 min
(eBioscience) and stained with PE-labeled anti-human CD3
and APC-labeled anti-human CD8a monoclonal antibod-
ies (mAbs, Biolegend) for 30 min at 4 °C followed by flow
cytometry analysis. The proliferation percentage of CD8* T
cells in CD3*/CD8* population was calculated according to
the reduction of CFSE-staining brightness.

DC-peptide-PBL co-culture experiment using
healthy donor’s PBMCs

Mature DCs and peptide-specific CTLs were induced
from HLA-A0201 matched healthy donors’ PBMCs as
we have described in a recent submission [14]. Briefly,
healthy donor’s PBMCs were incubated in serum-free
RPMI 1640 for 2 h in 5% CO, at 37 °C. Then, non-adherent
cells (peripheral blood lymphocytes, PBLs) were removed
and cryopreserved at— 80 °C until further use. The result-
ing adherent cells were cultured in complete RPMI 1640
medium containing 10% FBS, 1% penicillin/streptomycin,
recombinant human GM-CSF (rthGM-CSF, 1000 IU/mL,
PrepoTech) and rhIL-4 (500 IU/mL, PrepoTech). Half of the
complete medium was changed every two or three days. On
day 5, lipopolysaccharide (1 pg/mL, Sigma) was added to
induce mature DCs (mDCs). On day 7, cells were harvested
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and the phenotype of mDCs was verified by detecting the
expression of CD83, CD80, CD86, HLA-DR, HLA-ABC
and CDla, respectively, with flow cytometry. Then, mDCs
(5% 10* cells/well) were incubated with a single validated
epitope peptide (20 pg/mL) or no peptide (negative control)
in serum-free RPMI 1640 in 48-well plates for 4 h in 5%
CO2, at 37 °C incubator. PBLs from the same donor were
thawed in advance and recovered overnight and then were
added in each well (1 x 10° cells/well) and co-cultured with
peptide and mDCs for 14 days. Recombinant human IL-2
was added on day 11 (20 IU/mL) and day 17 (10 IU/mL). On
day 14, the corresponding validated epitope peptide (20 pg/
mL) was added one more time. On day 21, cells were har-
vested and followed by intracellular IFN-y staining.

Intracellular IFN-y staining

PBLs co-cultured with mDC and peptide for 14 days or sple-
nocytes from immunized mice were harvested, seeded in
48-well plates, and re-stimulated with corresponding epitope
peptide (20 pg/mL), PHA (positive control, 10 pg/mL) or
no peptide (negative control) for 16 h at 37 °C, 5% CO,.
After that, BEA/Monensin mixture (MultiSciences Biotech,
China) was added for another 6-h co-culture. Then, cells
were harvested, blocked with anti-CD16/CD32 for 20 min,
and stained with fluoresce-labeled anti-CD3 and anti-CD8
mAbs (eBioscience) for 30 min at 4 °C. After washing, cells
were fixed and permeabilized according to the protocol and
were further stained with fluoresce-labeled anti-IFN-y anti-
body (eBioscience) for another 30 min at 4 °C followed by
flow cytometry. The frequency of IFN-y* cells in CD3%/
CD8* population was calculated.

T2 cell binding assay and HLA-A2 molecule stability
assay

The HLA-A0201 expressing and TAP-1 deficient human
T cell line was used. The peptide-induced stabilization of
HLA-A0201 molecules onto T2 cells was measured to evalu-
ate the binding affinity of epitope peptide with HLA-A0201
molecules as described with minor modification [4]. Briefly,
T2 cells were seeded in 96-well plates (1 X 10° cells/well)
and incubated, respectively, with candidate peptides, CMV
PP635495.503 Peptide (NLVPMVATYV, HLA-A0201 restricted,
as positive control) and OVA,s; ¢, peptide (SIINFKEL,
H-2 K restricted, as negative control) at a gradient concen-
tration; then, 3,-m (Sigma) was added in each well (3 pg/
mL). After co-culture for 16 h at 37 °C and 5% CO, incuba-
tor, T2 cells were harvested, washed with PBS, and stained
with PE-labeled anti-HLA-A2.1 mAb (BB7.2, BD Biosci-
ence) for 30 min at 4 °C. Then, the expression of HLA-
A0201 molecules on the surface of T2 cells was detected
by flow cytometry using FACSCalibur (BD Bioscience).
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The fluorescence index (FI) was calculated using mean
fluorescence intensity (MFI) at 200 pM of peptide in the
wells with given peptide (MFI.,qc) and in the well with-
out peptide (MFL,,; jcpiiqe) as follows: FI=(MFI,iq.—
MFL peptide/MFLyg peptige- F12 1.0 means high binding affin-
ity, 0.5 <FI < 1.0 means intermediate binding affinity, and
FI<0.5 means low or no binding affinity. In another inde-
pendent experiment (peptide disconnection assay), peptides
were washed out and BFA/Monensin was added in each well
after 16-h co-incubation of T2 cells with peptide and p,-m.
Then, HLA-A0201 expression onto T2 cells was measured
at different time points using the same way as described
above. The horizon of the half-life of peptide dissociation
from HLA-A0201 molecules (predicted t1/2) was confirmed
according to the MFI-Time curve.

Preparation of peptides cocktail/poly(l:C) vaccine
and mice immunization

The validated epitopes P8, P10, P13, P23 and P25
were grouped into one peptide pool and mixed with
poly(I:C) for vaccinations. The HLA-A0201+*/DR1*/*/
mp,m~"~/IAB~'~ C57BL/6 mice were randomly divided into
two groups (5 mice/group) and immunized with peptides
cocktail/poly(I:C) vaccine and normal saline (NS), respec-
tively. On day 0, day 7 and day 21, mice were injected sub-
cutaneously. In vaccine group, each mouse was injected with
300 pL of vaccine containing 50 pg peptides (10 pg/epitope)
and 100 pg poly(I:C) at one time point, and at tail root, back
of the neck and around the groin (100 pL/injection site).
Seven days after the final immunization, mice were executed
and splenocytes were collected for Elispot assay, intracel-
lular IFN-y staining and cytolysis assay.

Cytotoxicity assay

PBMCs from HLA-A02017/GPC3* HCC patients or sple-
nocytes from the immunized mice were stimulated with a
mixture of P8, P10, P13, P23 and P25 or a mixture of P8
and P23 (20 pg/mL for each epitope) in complete RPMI
1640 medium containing 10% FBS, 1% penicillin/strep-
tomycin and IL-2 (20 IU/mL) in 48-well plates for 7 days.
A negative control without peptide was also carried out.
Then, cells were harvested and seeded into round-bot-
tom 96-well plates as effector cells. HepG2 cells (HLA-
A02017/GPC3%) [15] or T2 cells (no peptide-loaded, as
nonspecific target, HLA-A0201%/GPC3") were prelabeled
with CFSE and added in each well (1 x 10* cells/well)
as target cells at an E: T ratio of 30: 1. K562 cells (for
PBMCs) or Yac-1 cells (for splenocytes) were also added
in each well (5 x 10* cells/well) to prevent nonspecific
killing of NK cells to target cells. Each assay was per-
formed in triplicate wells. After co-incubating for 4 h at
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37 C, 5% CO, incubator, cells were stained with 7-AAD
(eBioscience) followed by flow cytometry analysis. The
frequency of 7-AAD™ cells in CFSE™ cell population was
calculated.

Statistical analysis

Statistical analyses were performed using GraphPad
Prism 9 (GraphPad, La Jolla, CA, USA). Two-way
ANOVA and multiple comparisons were used to compare
the data across groups unless otherwise stated. p <0.05
was considered as significant.

Results

Twenty-five GPC3 epitopes restricted by HLA-A0201
molecules were in silico predicted and selected
as candidate epitopes

Using suited algorithms from four T cell epitope prediction
tools, the amino acid sequence of GPC3 was scanned for
9-mer and 10-mer peptides predicted to bind to HLA-A0201
molecule, a prevalent HLA-A allotype around the world.
Epitopes from the top 20 binders as predicted by at least
two algorithms were selected as putative epitopes. Finally,
25 epitopes with the highest virtual affinity according to the
scoring criteria of each prediction algorithms were selected
as candidate epitopes and synthesized for further identifica-
tion (Table 2).

Table 2 25 GPC3 epitopes

- Epitope Position ~ Epitope Predicted binding scores

restr ICt?d by .HL.A,'AOZOI Serial number Sequence

as predicted in silico were SYFPEITHI NETMHC EPIJEN IEDB <500 nM

synthesized for further T —

validation >20 <2.0 <500nM ANN SMM
P1 9-18 CLVVAMLLSL 27 2.5 ns 314.58 156.13
P2 44-52 RLQPGLKWV 27 1.3 0.53 14478 114.84
P3 48-57 GLKWVPETPV 20 1.2 ns 127.92  210.13
P4 92-100 LLQSASMEL 24 0.5 1.1 36.38 93.35
P5 102-110 FLIIQNAAV 26 0.15 0.11 11.7  10.82
P6 128-137 AMFKNNYPSL 24 0.8 ns 69.26 277
P7 136-145 SLTPQAFEFV 23 0.6 ns 45.64 1363
P8 144-152 FVGEFFTDV 18 0.5 1.93 34.88 76.76
P9 155-163 YILGSDINV 24 0.2 0.84 16.01 54.97
P10 169-177 ELFDSLFPV 23 0.01 0.09 329 8.36
P11 173-182 SLFPVIYTQL 25 04 ns 2648 159.76
P12 222-230 SLQVTRIFL 22 35 6.49 730.92  425.71
P13 229-237 FLQALNLGI 22 0.12 0.35 1033 32.67
P14 232-240 ALNLGIEVI 27 3 0.36 585.42  359.01
P15 281-289 VMQGCMAGV 24 0.2 0.65 15.45 28.39
P16 299-307 YILSLEELV 23 0.2 0.04 16.01 54.34
P17 319-327 VLLGLFSTI 26 0.5 0.26 31.96 59.86
P18 322-331 GLFSTIHDSI 22 1 ns 91.96 225.67
P19 325-334 STIHDSIQYV 22 1.6 ns 190.85 132.58
P20 340-348 KLTTTIGKL 26 4.5 0.74 1113.97 604.1
P21 367-375 FIDKKVLKV 27 0.5 0.32 37.64 69.68
P22 420-429 TLCWNGQELV 20 1.1 ns 103.15 268.83
P23 522-530 FLAELAYDL 27 0.03 0.66 494 1785
P24 563-572 KLLTSMAISV 25 0.17 ns 1359 14.6
P25 571-579 SVVCFFFLV 17 0.05 15.78 32.85 37.16

Position: The start and end positions of indicated epitope in the amino acid sequence of GPC3 (P51654);
ns: no score available for this epitope in the prediction algorithm; >?20,<2.0 and <500 nM: the judging
criterion of T cell epitope for indicated prediction algorithm
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Five candidate GPC3 epitopes were identified
as real-world epitopes using HCC patients’ PBMCs

Twenty-four HLA-A0201*/GPC3* patients with HCC were
enrolled in this study, and their baseline features are shown
in Table 3. Two rounds of IFN-y Elispot assays using the
patients’ PBMCs were used to screen the real-world GPC3
epitopes from the synthesized peptides. Firstly, the 24
PBMCs samples were ex vivo stimulated with the peptide
pools of 25 candidate epitopes in the first-round Elispot
assay, and of which 9 PBMCs samples (38%) displayed posi-
tive T cell responses against the peptide pools. Then, PBMCs
from the nine patients were re-collected and co-cultured with
each type of epitope peptides from the peptide pools which
stimulated positive T cell responses in the first-round Elis-
pot. After two rounds of Elispot assays, five epitope peptides
(P8-GPC3,,,.55, P10-GPC3 49 177, P13-GPC3,,9 537, P23-
GPC3s,, 539 and P25-GPC35;,_579) were identified as natu-
rally processed GPC3 epitopes in at least two HCC patients,
and P23 showed the highest positive rate (29.16%) in the 24
patients (Fig. 1), of which 3 epitopes (P10, P13 and P25)
have not been reported previously. In parallel, almost no T

cell response against these validated epitope peptides was
observed in HLA-A0201*/GPC3~ healthy donors’ PBMCs
or HLA-A02017/GPC3™ patients’ PBMCs (data not shown).
These results imply that the five GPC3 peptides can be natu-
rally processed and presented by malignant hepatocytes and
initiate epitope-specific CD8" T cells activation and prolif-
eration followed by circulating in the patient’s peripheral
blood as memory or activated T cell clones. Thus, in the
20-h ex vivo stimulation with epitope peptides, memory
or activate T cells can produce IFN-y and were detected in
Elispot assay.

Furthermore, the 5 validated epitopes were assessed for
their in vitro capacity to induce memory CD8" T cell pro-
liferation. PBMCs were collected from three HLA-A02017/
GPC3* HCC patients, prelabeled with CFSE, and stimulated
with indicated epitope peptides for seven days in vitro; then,
epitope-specific CD8" T cells expansions were observed
as detected by flow cytometry. As shown in Fig. 2a, each
epitope peptide induce obvious expansion of CD8* T cells
in the PBMCs from at least one patient. The frequencies
of CD8 T cells were 2.86—6.37 times higher in the peptide
stimulation groups than in the no peptide control groups.

Table 3 Baseline features of 24

HCC patients enrolled in this Number Age Gender Stage Diagnosis HLA-A genotype Positive T cell .
response to peptide

study

#1 59 Male 11 HCC(CHB) 02:01/11:01 None

#2 47 Male 111 HCC(CHB) 02:01/30:01 None

#3 61 Female 111 HCC(CHB) 02:01/02:03 P8/P10/P13/P23/P25

#4 82 Male v HCC(CHB) 02:01/11:02 None

#5 53 Male v HCC(CHB) 02:01/02:06 None

#6 51 Male I HCC(CHB) 02:01/24:02 None

#7 43 Female v HCC(CHB) 02:01/24:02 P8/P23

#8 71 Female 11 HCC(CHB) 02:01/11:01 P23

#9 65 Male v HCC(CHB) 02:01/31:01 None

#10 51 Female 11 HCC(CHB) 02:01/33:03 None

#11 57 Male v HCC(CHB) 02:01/11:01 P23

#12 67 Male 111 HCC(CHB) 02:01/02:06 None

#13 50 Male v HCC(CHB) 02:01/24:02 None

#14 37 Male v HCC(CHB) 02:01/02:03 P10/P13/P23

#15 62 Male 11 HCC(CHB) 02:01/01:01 None

#16 56 Male 1 HCC(CHB) 02:01/11:01 None

#17 68 Female 1AY HCC(CHB) 02:01/24:02 P23

#18 53 Female I HCC(CHB) 02:01/24:02 None

#19 46 Male v HCC(CHB) 02:01/11:01 None

#20 62 Male I HCC(CHB) 02:01/33:03 P13/P23

#21 51 Female I HCC(CHB) 02:01/24:02 P25

#22 56 Male v HCC(CHB) 02:01/03:01 None

#23 59 Female 11 HCC(CHB) 02:01/02:07 P25

#24 64 Female v HCC(CHB) 02:01/24:02 None

Positive T cell response to peptide: the putative epitope peptides induced positive T cell responses in the
IFN-y Elispot assays in at least two patients’ PBMCs; None: no epitope peptide-induced positive T cell

response in the patient’s PBMCs
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Fig. 1 Five candidate GPC3 epitopes were validated as real-world T
cell epitopes by IFN-y Elispot assay using patients’ PBMCs. PBMCs
from HLA-A0201*/GPC3* HCC patients were co-cultured for 20 h
with the peptide pools of 25 candidate epitopes in the first-round
Elispot assays and with single candidate epitope peptide in the sec-
ond-round Elispot assays. a Representative SFUs plots of 5 validated
epitope peptides in the second-round Elispot assays. b The scatter
grams of SFUs numbers for each validated epitope peptide and its
negative control well (no peptide) in the patients’ PBMCs which dis-
played positive T cell responses in the second-round Elispot assays

PBMC:s from patient #3 displayed CD8™ T cell proliferation
responded to all five validated epitope peptides, while the
PBMC:s from the other two patients showed responses only
to 1-3 of the five epitope peptides, implying the diverse T
cell immune responses in different individuals against same
antigen or epitope.

In parallel, another co-culture of the patient’s PBMCs
with validated epitope peptides was also carried out for
cytolysis experiments. PBMCs from HLA-A0201*/GPC3*
HCC patients were stimulated with a mixture of P8, P10,
P13, P23 and P25 for 7 days. Then, cells were harvested and
seeded in 96-well plates as effector cells, CFSE-prelabeled
HepG?2 cells (HLA-A0201*/GPC3*) were seeded as target
cells at an E: T ratio of 30: 1. K562 cells were also added

in each well to prevent nonspecific killing of NK cells to
target cells. After co-incubating for 4 h at 37 °C, 5% CO,
incubator, cells were stained with 7-AAD and the frequency
of 7-AAD" cells in CFSE* cell population was calculated.
As shown in Fig. 2b, the PBMCs following 7-day stimu-
lation with the five validated epitope peptides displayed
much stronger cytotoxicity than the PBMCs without peptide
stimulation, implying the contribution of expanded epitope-
specific CD8" T cells in the cytolysis against target cells.
The increase in cytotoxicity, to some extent, was consist-
ent with the expansion of epitope-specific CD8 T cells in
7-day in vitro stimulation of patient’s PBMCs with epitope
peptides.

The five validated epitopes induced activation
of naiveT cells in vitro

To further investigate in vitro immunogenicity of the five
validated epitopes, DC-peptide-PBL co-culture experi-
ments were carried out using healthy donor’s PBMCs.
Firstly, mature DCs were successfully induced from adher-
ent PBMCs of HLA-A0201% healthy donors and were con-
firmed with the high expression of CDla, CD80, CD83,
CD86, HLA class I and HLA-DR molecules (Fig. 3a), as our
previous study [14]. Then, the mDCs were co-cultured with
epitope peptides and autologous PBLs for 14 days. IFN-
y-producing CD8* T cells were markedly elicited by each
epitope peptides with the frequencies of 5.06-8.77 times
higher than the no peptide control group, as detected by ICS
and flow cytometry (Fig. 3b).

The five validated epitopes displayed high binding
affinity with HLA-A0201 molecules

In order to evaluate the binding efficiency of validated
epitope peptides to HLA-A0201 molecules, the increase
in HLA-A0201 molecules on the surface of T2 cells fol-
lowing 16 h of co-culture with each peptide and f2-m was
detected by flow cytometry. As shown in Fig. 4a, all five
validated epitope peptides induced an obvious upregula-
tion of HLA-A0201 molecules onto T2 cells and were
considered high-affinity epitopes (FI> 1.0). As expected,
the positive control peptide (CMVpp65 495_503 peptide pre-
sented by HLA-A0201) exhibited strong binding to HLA-
A0201, while the negative control peptide (OVA 57 54
peptide presented by H-2 K®) exhibited no binding. When
T2 cells incubated for 16 h with each epitope peptide at a
gradient concentration, a concentration-dependent mean
fluorescence intensity (MFI) was also observed, imply-
ing the peptide concentration-dependent stabilization of
HLA-A0201/peptide complexes onto T2 cells (Fig. 4b).
After incubating for 16 h with each epitope peptide at
a given concentration, T2 cells were washed and BFA/
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Fig.2 The 5 validated epitopes induced CD8" T cell proliferation HLA-A0201*/GPC3* HCC patients were co-cultured with the cock-
and cytolysis of patients’ PBMCs in vitro. The PBMCs from three tail of 5 validated epitope peptides for 7 days, then cells were har-
HLA-A0201*/GPC3* HCC patients were prelabeled with CFSE and vested and co-cultured as effector cells with K562 cells and CFSE-
co-cultured with each validated epitope peptide for 7 days followed prelabeled HepG2 cells for 4 h. After 7-AAD staining, cytotoxicity
by flow cytometry to detect the proliferation frequency of CD8' was measured by flow cytometry. b Cytolysis profiles and the fre-
T cells. a The proliferation profiles of CD8* T cells in response to quencies of 7-AAD™ cells in the CFSE* cell populations at an E: T
each epitope peptide, PHA (positive control) or no peptide (negative ratio of 30:1

control) for each patient’s PBMCs. In parallel, the PBMCs from four

Monensin was added for further incubation, and followed  control group displayed similar MFI dynamic curves while
by the detection of HLA-A0201 molecules at different  negative control with no change.

time points. As shown in Fig. 4c, a time-dependent MFI

and stabilization of HLA-A0201 molecules were observed

onto T2 cells, and the half-life of peptide dissociation from

HLA-A0201 molecules was also depicted. The positive
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Fig.3 The five validated epitopes induced activation of naive T cells
in vitro. Monocyte-derived DCs were induced from PBMCs of three
HLA-A0201* healthy donors and were matured by LPS. Then, autol-
ogous PBLs were co-incubated with mature DCs and each epitope

10°

CD8 (gated CD3)

peptide for 14 days, and followed by IFN-y intracellular cytokine
staining. a Phenotypes of mature DCs induced from PBMCs. b Rep-
resentative flow cytometric dot plots of IFN-y*/CD8" T cells in the
DC-peptide-PBL co-cultures
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Fig.4 The five validated epitopes displayed high binding affinity with
HLA-A0201 molecules onto T2 cells. a T2 cells were incubated with
B,-m and each validate epitope peptide (200 pM) for 16 h, and fol-
lowed by PE-labeled anti-HLA-A2.1 mAb staining as well as flow
cytometry. Gray filled line represented the fluorescence strength of
T2 cells under incubation with only $,-m, while the red solid line rep-
resented the fluorescence strength of T2 cells after co-incubation with
B,-m and indicated peptides. CMV (CMVpp65,95.503 €pitope pre-
sented by HLA-A0201) and OVA (OVA,s;.544 epitope presented by
H-2 Kb) were positive control and negative control peptides, respec-
tively. The fluorescence index (FI) for each peptide was calculated
and displayed. b T2 cells were incubated with each epitope peptide at

Time after peptide wash-out (hours)

7 gradient concentrations and p,-m for 16 h followed by flow cytom-
etry as described. The mean fluorescence intensities (MFI) of T2 cells
at different concentrations of peptides were exhibited as dynamic
curves. ¢ T2 cells were incubated with f2-m and each epitope pep-
tide (200 pM) for 16 h, then peptides were washed out and BFA/
Monensin was added in each well for another incubation followed by
flow cytometry as described. The MFI of T2 cells at different time
points were exhibited as dynamic curves. The horizon of the half-life
of each peptide dissociation from HLA-A0201 molecules (predicted
t1/2) was calculated according to the MFI-Time curve and displayed
also
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The five validated epitope peptides elicited robust
specific CTL responses in HLA-A0201/DR1 transgenic
mice

To determine whether the five validated epitope pep-
tides can induce T cell responses in vivo, the humanized
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C57BL/6 mice (HLA-A0201+*/DR1**/mp,m~"~/IAB~")
were immunized with the peptides cocktail vaccine for three
times. Seven days after the final immunization, spleen cells
were isolated and stimulated with each validated epitope
peptide ex vivo. As detected by IFN-y Elispot assays, the
splenocytes from each mouse in vaccine group displayed



Cancer Immunology, Immunotherapy (2022) 71:1569-1582

1579

«Fig.5 The five validated epitope peptides elicited robust specific
CTL responses in HLA-A0201/DR1 transgenic mice. The five vali-
dated epitope peptides cocktail was mixed with poly(I:C) and admin-
istered into HLA-A0201/DR1 transgenic mice on day 0, 7 and 21.
Splenocytes were collected 7 days after the last booster, and ex vivo
stimulated with each epitope peptide, irrelevant peptide (HLA-A24
restricted AFP,,, 43, epitope), or no peptide (negative control) over-
night, and followed by IFN-y Elispot and ICS. a Representative SFUs
spot plots and SFUs numbers of splenocytes from each group in the
IFN-y Elispot assays under stimulation with each epitope peptide.
Data in the histograms were presented as mean+SEM, n=4-5 per
group. b Representative flow cytometric dot plots of IFN-y*/CD8*
T cells in CD3*/CD8* T cell populations of splenocytes from each
group in IFN-y ICS under stimulation with each epitope peptide. ¢
Frequencies of IFN-y*/CD8* T cells in CD3*/CD8* T cell popula-
tions of splenocytes from each group in IFN-y ICS. Data in the histo-
grams were presented as mean +SEM, n=4-5 per group. In parallel,
splenocytes from each group were re-stimulated for 7 days in vitro
with the cocktail of 5 validated epitope peptides or mixture of P8 and
P23. Then, cells were co-cultured as effector cells with Yac-1 cells
and CFSE-prelabeled HepG2 cells or T2 cells (no peptide loading)
for 4-h cytolysis assay. d Representative cytolysis profiles and the
frequencies of 7-AAD™ cells in the CFSE™" cell populations for each
group. Data in the histograms were mean+SEM, n=4-5 per group.
E: T ratio=30:1. *: p<0.05; **: p<0.01; ***% p<0.001; ****;
p<0.0001

6-13 times more SFUs than the splenocytes from normal
saline group (Fig. 5a). The irrelevant peptide (HLA-A24
restricted AFP,,, 43, epitope) was also co-incubated with
immunized splenocytes and obtained negative results simi-
lar to the no peptide group (negative control). Furthermore,
ICS confirmed that the percentages of IFN-y* /CD8" T cells
in splenocytes from vaccine group were 5-30 times higher
than that from normal saline group, after ex vivo stimulation
with each epitope peptide (Fig. 5b and c). The irrelevant
peptide and no peptide stimulation groups remained baseline
percentages.

In order to ascertain target killing activity of the CD8* T
cells elicited by peptides cocktail vaccine, spleen cells were
isolated 7 days after the final immunization, and stimulated
with a mixture of P8, P10, P13, P23 and P25 or a mixture of
P8 and P23 for 7 days in vitro, then followed by 4-h cytol-
ysis experiments. As shown in Fig. 5d, splenocytes from
vaccine group exhibited strong cytotoxicity to HepG?2 cells
(HLA-A0201*/GPC3™), but not to T2 cells (HLA-A0201"/
GPC37, no peptide-loaded), as compared with the negative
control groups without peptide in vitro stimulation. In addi-
tion, splenocytes re-stimulated in vitro with five peptides
showed much stronger cytotoxicity than the splenocytes re-
stimulated with only P8 and P23, implying that the epitope-
specific T cells contributed greatly to the cytolysis of target
cells. These data from cellular functional experiments indi-
cate that the 5 validated GPC3 epitope peptides can induce
robust and target-specific CTL responses in vivo.

Discussion

GPC3 is overexpressed in most HCCs but almost no
expressed on healthy adult tissues [6] and has been dem-
onstrated to enhance proliferation of malignant cells and
accelerate disease progression [16—18]. Therefore, GPC3 is
widely investigated in diagnosis, clinical management and
molecular targeting therapy for HCC [6, 11, 19-22]. The
safety and clinical effects of GPC3-derived peptide vaccines
have been confirmed in previous clinical trials [8]. As well
known, multiple antigenic epitopes are required for the con-
trol of cancers [5, 11, 23, 24]. Thus, identifying more T cell
epitopes of GPC3 will contribute to the design and devel-
opment of epitope-based vaccines and the tools monitoring
GPC3-specific cellular immune responses for GPC3-positive
HCC patients.

However, only four T cell epitopes of GPC3 have been
reported thus far, to our knowledge. Komori in silico pre-
dicted nine HLA-A0201 restricted epitopes from GPC3
followed by immunization of HLA-A2.1 (HHD) transgenic
mice with the peptides-loaded DCs. Only GPC3,,, 5,
could trigger specific CTL responses in HHD transgenic
mice and ex vivo co-cultures with patients’ PBMCs. The
resulting CTLs could lyse HLA-A2"/GPC3* HepG2 cells or
GPC3,44.15, loaded T2 cells in vitro and reduce the growth
of HLA-A2*/GPC3* SK-Hep-1/GPC3 cells in NOD/SCID
mice. Meanwhile, GPC3 4 506 cross-presented by H-2K¢ and
HLA-A2402 could induce GPC3-reactive CTLs response in
the PBMCs of HLA-A2402" HCC patients [9]. In the study
from James O’Beirne [10], GPC3-specific CTLs were gener-
ated in the co-cultures of HLA-A2" healthy donors’ PBMCs
with GPC3 mRNA transfected autologous monocyte-derived
DCs. Of six putative peptides, GPC3s,, 53, was identified
as a naturally processed, HLA-A2-restricted T cell epitope.
However, GPC35,, 53, was not immunogenic epitope in the
study from Komori [9], which may be explained by the dif-
ference in T cell repertoires between humans and HLA-A
transgenic mice. Later, the mass spectroscopy analysis was
performed to screen epitopes presented on the targeted
tumor tissue. Among 45 putative epitopes, GPC35¢; 3,5 was
identified to be naturally presented by HLA-A2 molecules.
Then, the engineered TCR-T cell clone with the expression
of GPC3,¢;_375-specific T cell receptor could recognize and
kill HLA-A2"/GPC3* tumor in vitro and in mice [11]. It is
a successful pre-clinical application of epitope-based adop-
tive T cell therapy.

It is reasonable that if memory or active T cells specific
for certain epitopes exist in peripheral blood of patients,
these epitopes should be real-world T cell epitopes naturally
processed by target cells and thus could be considered the
first-line candidate peptides for vaccine design. This theory
has already been applied to identify epitopes for many TAAs
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[4, 25-27] and foreign antigens [28, 29]. However, none of
GPC3 epitopes was identified by this rationale in previous
studies. Herein, HCC patients’ PBMCs and IFN-y Elispot
assay were used to identify the immunogenicity of 25 puta-
tive GPC3 epitopes. During the 20-h ex vivo co-culture of
PBMCs with putative epitope peptides, only pre-existed
memory or active T cells specific for indicated peptide could
be stimulated to produce IFN-y and display positive spots,
while naive T cells could not be elicited to activate. Of note
is that the PBMCs used in this assay were collected from
HCC patients and not pre-stimulated with indicated pep-
tides. Different from acute infectious diseases, HCC usually
happens in the patients with chronic HBV infection. Their
memory T cells are partially exhausted or weakly respon-
sive [30, 31]. Meanwhile, the 20-h ex vivo IFN-y Elispot
assay can activate but not expand specific T cells efficiently.
Therefore, only a relatively low frequency of responsive T
cells was observed, but this approach revealed, to the largest
extent, the native functional states of antigen-specific T cells
in HCC patients. IFN-y Elispot assay is one of the widely
used methods functionally evaluating antigen-specific T cell
and has been used to screen and identify T cell epitopes of
tumor, bacteria and virus antigens using patient’s PBMCs
[26, 32, 33]. In clinical diagnosis of tuberculosis infection,
IFN-y Elispot assay has been routinely used to date, in which
the general criterion to judging positive T cell response is
that SFUs/2 x 10° PBMCs > 6 in experimental well while
SFUs in negative control well <5. In this study, much stricter
criterion to judging positive T cell response was used as
described. Actually, we cannot exclude this possibility that
some positive responses were neglected. Among 25 putative
epitopes, only five candidate epitopes were finally identified
as real-world T cell epitopes. Of which P8 (GPC3,4,_;5,) and
P23 (GPC3s,,_53,) have been reported by Komori, Yoshi-
kawa [9, 15] and O’ Beirne [10], respectively, and also
induced a median SFUs of 10-20 in this assay. More impor-
tantly, other cellular functional experiments with distinct
designs and principles were further used here to confirm the
5 epitopes validated by IFN-y Elispot assay. The CD8" T cell
proliferation after patients’ PBMCs in vitro co-stimulation
and IFN-y*/CD8* T cell increase after healthy donors’ PBLs
in vitro co-stimulation confirmed the in vitro immunogenic-
ity of the 5 validated epitopes in inducing memory T cells
proliferation or eliciting naive T cells activation. HLA-A2
transgenic mice immunization and the resulting cytolysis
against HepG2 cells demonstrated the in vivo immuno-
genicity of the 5 validated epitopes in eliciting cytotoxic T
cell responses. As compared with the weak positive T cell
responses in ex vivo IFN-y Elispot assays, the results from
the later cellular functional experiments were more convinc-
ing, because the positive T cell responses induced by the five
epitope peptides were much stronger in these experiments
than in the ex vivo IFN-y Elispot assays. Furthermore, the
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binding affinity of the 5 epitopes with HLA-A0201 molecule
was evaluated by T2 cell binding assays.

As found, individual HLA-A0201*/GPC3* HCC
patients had T cell responses to different epitopes [9, 10],
which underscore the need of identifying the epitopes
as many as possible for vaccine design. To evaluate the
potential of the five validated epitopes for inducing GPC3-
specific CTL responses in vivo, the peptides cocktail
was prepared as vaccine to immunize humanized mice
in this study. As compared with the HLA-A0201 trans-
genic mice (HHD mice) generally used in identifying
HLA-A0201-restricted epitopes and in evaluating pep-
tide vaccines [34, 35], the HLA-A0201**/DR1**/H-2-
B,m~"~/IAp~~ C57BL/6 mice should be more suitable to
simulate the antigen procession and presentation in human,
since the interference caused by mouse H-2 molecules
presentation was weakened. As expected, the peptides
cocktail vaccine induced strong CD8* T cell responses
specific for the five T cell epitopes as detected by IFN-y
Elispot and ICS. More importantly, the resulting CD8" T
cells could specifically recognize and kill HepG2 target
cells, and displayed obviously stronger cytotoxicity than
the CD8* T cells expanded in the 7-day in vitro co-cul-
tures of HCC patients” PBMCs with the peptides cocktail.
These data provide evidence that CTLs in vivo induced by
these GPC3-derived peptides are functional and cytotoxic,
which consistent with the clinical trial of GPC3-derived
peptide vaccine [36]. In addition, splenocytes re-stimu-
lated in vitro with five peptides cocktail showed much
stronger cytotoxicity than the splenocytes re-stimulated
with mixture of P8 and P23. The combinatorial use of
more epitope peptides should be more effective in con-
trolling cancer, which was also verified in other studies
[5]. Considering these results, it is no doubt that the five
epitope peptides validated here are good candidates for
vaccine design and specific CD8* T cells detection.

It is worth noting that although GPC3-derived peptides
displayed encouraging results when used as vaccines in pre-
clinical studies, the less satisfactory outcomes in clinical
trials have impeded the clinical application of these vaccines
as well as similar vaccines for other cancers. The less-than-
ideal clinical effects may result from the concerted action
of various factors: (i) Vaccination may induce the upregula-
tion of inhibitory receptors on CTLs such as CTLA-4, PD-1
and Tim-3 [37, 38]; (ii) downregulation of GPC3 expres-
sion may occur after vaccination [37, 39]; (iii) loss of HLA
alleles in patients aggravates the immune escapes of tumor
cells [40]; (iv) HCC usually happens in patients with chronic
HBYV infection, whose CTLs are partially exhausted [30, 31].
Thus, it is reasonable that except for the identification of new
T cell epitopes, overcoming T cell exhaustion and reducing
immune escape are also key challenges. Combined use with
immune-modulating antibodies, effective adjuvants, novel
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vaccine formulation may be the following topics to make
the best use of the validated T cell epitopes.
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