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Summary

Hepatocellular carcinoma (HCC) is the most common type of liver cancer

with limited treatments. Asia has the highest HCC incidence rates; China

accounts for over 50% of all HCC cases worldwide. T-cell receptor (TCR)

-engineered T-cell immunotherapies specific for human leukocyte antigen

(HLA) -A*02:01-restricted a-fetoprotein (AFP) peptide have shown

encouraging results in clinics. HLA-A*24:02 is more common than HLA-

A*02:01 in Asian countries, including China. Here we identified a novel

HLA-A*24:02-restricted peptide KWVESIFLIF (AFP2–11) located in AFP

signal peptide domain by mass spectrometric analysis of HLA-bound pep-

tides from HepG2 cells. A TCR (KWV3.1) specific for AFP2–11-HLA-

A*24:02 was isolated from peripheral blood mononuclear cells of a

healthy donor. The binding affinity of soluble KWV3.1 to its antigen was

determined to be ~55 lM, within the affinity range of native TCRs for

self-antigens. KWV3.1-transfected T cells could specifically activate and

kill AFP2–11 pulsed T2-A24 cells and AFP+ HLA-A*24:02+ tumor cell lines,

demonstrating that AFP2–11 can be naturally presented on the surface of

AFP+ tumor cell lines. The newly identified antigenic peptide can provide

a novel target for immunotherapeutic strategies for patients with

AFP+ HLA-A*24:02+ HCC.

Keywords: a-fetoprotein; hepatocellular carcinoma; HLA-A*24:02; mass

spectrometry; T-cell immunotherapy.

Introduction

Being the sixth most common cancer and the fourth

most common cause of cancer-related deaths globally,1

liver cancer is a major threat to health. Hepatocellular

carcinoma (HCC) is the most prevalent type of primary

liver cancer predominantly occurring in patients with

chronic liver diseases as a result of hepatitis virus infec-

tion or alcohol abuse.2–4 HCC is particularly common in

China, where it accounts for over 50% of global incidence

and deaths each year.3–5 With very limited systemic thera-

pies, HCC in advanced stages has poor prognosis and

poor survival rates.3,4,6 Therefore, novel cancer treatment

modalities are urgently needed for HCC patients.

Immunotherapy has emerged as a new promising strat-

egy for HCC patients.7,8 The immune checkpoint inhibi-

tor nivolumab has been approved by the US Food and

Drug Administration for the treatment of advanced HCC.

However, it is unlikely to benefit the majority of patients

with HCC because of the low response rate (20%) and

Abbreviations: AFP, a-fetoprotein; FBS, fetal bovine serum; HCC, hepatocellular carcinoma; HLA, human leukocyte antigen;
HPLC, high-performance liquid chromatography; IFN-c, interferon-c; IL-2, interleukin-2; MHC, major histocompatibility com-
plex; MS, mass spectrometry; PBMC, peripheral blood mononuclear cell; SP, signal peptide; TAP, antigen peptide transporter;
TCR, T-cell receptor; TCR-T, T-cell receptor engineered T cell
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treatment-related adverse effects.9 T-cell receptor-modi-

fied T-cell (TCR-T) therapy is capable of targeting a wide

variety of antigenic peptides presented by major histo-

compatibility complexes (pMHCs) and has demonstrated

significant clinical efficacy in solid tumors,10–12 so is likely

to provide new strategies for treating HCC.

a-Fetoprotein (AFP) is expressed during embryonic

development13,14 and transcriptionally repressed immedi-

ately after birth.14–16 It was considered that AFP was not

expressed, or was expressed at almost undetectable levels

in healthy tissues.17 However, AFP becomes transcription-

ally reactivated and is highly expressed in approximately

50%–80% of HCC patients.18–20 As a result, AFP is an

attractive target for TCR-T therapy.

Human leukocyte antigen (HLA)-A*02:01 (hereinafter

referred to as HLA-A2) -restricted AFP peptides15 are the

most widely studied AFP epitopes. AFP peptide-based

immunization has shown only modest clinical responses

in patients.15,21,22 Several groups have developed TCRs17,23

or TCR-like antibodies24 specific for HLA-A2/AFP158–166.

T cells transduced with the TCRs or chimeric antigen

receptor could specifically recognize and kill AFP+ tumor

cells in vitro and eradicate tumors in murine models.

Adoptive transfer of the engineered T cells has shown

safety and early efficacy in HCC patients in an on-going

clinical trial.25 Hence, adoptive T-cell immunotherapy is a

promising new avenue for HCC treatment.

Not only the incidence rates for HCC show geographic

variations worldwide, but also the HLA allele frequencies

vary in different countries. Therefore, it is highly desirable to

develop AFP epitopes restricted by HLA alleles that are more

common in countries where the burden of HCC is high.

HLA-A2 is the most common HLA-A allele in Europe and

North America, where the HCC incidence is low, but not in

Asia, where the burden of HCC is much higher.26,27 HLA-

A*24:02 (hereinafter referred to as HLA-A24), on the other

hand, is much more common in Asia, such as in China and

Japan.28 Several HLA-A24-restricted AFP peptides have been

identified29 and used as anti-tumor vaccines,30 but none

have demonstrated potential in TCR-T therapy.

Here, we report on a novel HLA-A24-restricted AFP2–11
peptide (KWVESIFLIF) discovered using mass spectrome-

try (MS) analysis. Moreover, an anti-AFP2–11 TCR

(KWV3.1) was identified from an AFP-specific T-cell clone

isolated from peripheral blood mononuclear cells (PBMCs)

of an HLA-A24+ healthy donor. T cells transfected with

KWV3.1 mediated specific cytokine release and lysis of tar-

get cells when co-cultured with AFP+ cell lines. We demon-

strated that AFP2–11 could be naturally processed and

presented by HLA-A24 on tumor cells. Therefore AFP2–11
is a promising epitope target for HLA-A24 HCC patients

and KWV3.1 has the therapeutic potential to be developed

into an HLA-A24-restricted TCR-T therapy that may cover

a larger portion of the HCC patients compared with HLA-

A2-restricted therapies.

Materials and methods

Collection of HLA-A24-restricted peptides on the cell sur-
face

HepG2 cells (ATCC, Manassas, VA) were lyzed with lyzing

buffer (20 mM Tris–HCl (pH7�5), 150 mM NaCl, 0�5% Tri-

ton X-100) and centrifuged at 8000 g. The supernatant was

collected and further filtered through a vacuum pump

(Welch, Mt Prospect, IL) and incubated with the anti-

HLA-A11/A24 antibody (Clone A11.1M, produced in-

house) at 4° overnight, and then immunoprecipitated with

rProtein A Sepharose beads (GE Life Sciences, Chalfont St

Giles, UK) at 4° for 4 hr. The pellet was washed with wash-

ing buffer (20 mM Tris–HCl, pH 7�5). A 10% (vol/vol)

acetic acid/water (Acros Organics, Franklin Lakes, NJ) elu-

tion buffer was used to dissociate the bound peptide–HLA

from the antibody–rProtein A Sepharose beads. To collect

peptides bound to HLA, the eluate was incubated at 95° for
5 min, centrifuged through an Amicon Ultra 10k device

(Millipore, Billerica, MA) and concentrated by vacuum

centrifugation (Labconco, Kansas City, MO).

Analysis of peptides using nano high-performance liquid
chromatography and MS

The peptides were separated by high-performance liquid

chromatography (HPLC). Briefly, the sample containing

the peptides was injected into an Agilent 1260 HPLC sys-

tem, separated by gradient elution from a C18 reverse-

phase column (ZORBAX 300SB-C18, 1�0 9 150 mm,

3�5 µm), with a binary gradient of 30%–70% solvent B

(0�1%/2%/98%, vol/vol/vol, formic acid/water/acetonitrile)

within 5 min, and fractionated in 100 µl aliquots.
The peptide fractions were analyzed by an Ultimate 3000

Nano LC (Dionex, Sunnyvale, CA) coupled to a Q Exactive

Plus (ThermoFisher Scientific, Franklin Lakes, NJ). The LC

method included a C18 precolumn (ThermoFisher Scien-

tific; Acclaim PepMap�100, 100 µm 9 2 cm, nanoViper,

5 µm, 100 �A) for concentrating and desalting peptides

before loading onto an analytical column (ThermoFisher

Scientific; Acclaim PepMap�100, 75 µm 9 15 cm, nano-

Viper, 3 µm, 100 �A). The sample was also analyzed on a

Nano Ultra LC (Eksigent, Dublin, CA) with an analytical

column (Eksigent, 75 µm 9 15 cm, 3 µm, 120 �A) config-

ured with a trap column (Eksigent, 350 µm 9 0�5 mm,

3 µm, 120 �A) coupled to a Triple TOF 5600+ Mass Spec-

trometer (Sciex, Warrington, UK).

Database search and analysis

The acquired MS raw data were processed in PEAKS STU-

DIO 8.0 (Bioinformatics Solutions Inc., Waterloo, ON,

Canada) using the Uniprot FASTA database for human

data (https://www.uniprot.org/). The candidate peptides
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were determined based on b ions and y ions of the MS/

MS spectra and confirmed by comparison with the spec-

tra of the corresponding synthetic peptides.

Synthetic peptides

Peptides were synthesized using GenScript. The quality of

peptides, including purity, amino acid sequence and

molecular weight, was evaluated by MS coupled with

HPLC.

T cells and tumor cell lines

The PBMCs were isolated from buffy coats (Guangzhou

Blood Center, Guangzhou, China) using density centrifu-

gation. CD8+ T cells were freshly isolated from PBMCs

using the EasySepTM Human CD8+ T-Cell Isolation Kit

(StemCell Technologies, Vancouver, BC, Canada). All

tumor cell lines were obtained from ATCC. The T2-A24

cell line was generated from its parental T2 cell line by

stable transduction of a lentiviral vector encoding the

HLA-A24 heavy chain and further analyzed using anti-

HLA-A24 antibody (One Lambda, West Hills, CA) and

anti-mouse IgG Fab2 antibody (Cell Signaling, Danvers,

MA). SNU398-AFP cell line was derived from its parental

cell line, SNU398 (AFP– HLA-A24+), through stable

transduction of a lentiviral vector encoding AFP. T2-A24,

SNU398, SNU398-AFP cell lines were cultured in RPMI-

1640 (Invitrogen Life Technologies, Carlsbad, CA) supple-

mented with 10% heat-inactivated fetal bovine serum

(FBS) (Life Technologies). The HepG2 cell line

(AFP+ HLA-A24+) was cultured in minimal essential

medium (Life Technologies) supplemented with 10%

heat-inactivated FBS. The human B-lymphoblastoid cell

lines were established by Epstein–Barr virus exogenous

transformation of peripheral blood B cells and cultured

in RPMI-1640 supplemented with 10% heat-inactivated

FBS.

Isolation of antigen-specific CD8+ T-cell clones

CD8+ T cells were stained by phycoerythrin-labeled

pMHC tetramers (produced in-house) for 30 min at 4°,
followed by allophycocyanin-labeled anti-CD8 antibody

(BioLegend, San Diego, CA) for 15 min at 4°. The tetra-

mer-positive CD8+ T cells were sorted by a FACS Aria III

sorter (Becton Dickinson, Franklin Lakes, NJ) and cul-

tured in TexMACS GMP medium (Miltenyi Biotec, Ber-

gisch Gladbach, Germany) supplemented with 10% (vol/

vol) human serum (Gemini), 100 units/ml penicillin

(Gibco, Grand Island, NY), 100 lg/ml streptomycin

(Gibco), 10 IU/ml interleukin-2 (IL-2), 10 ng/ml IL-7

and 30 ng/ml IL-21 (all from PeproTech, Rocky Hill, NJ)

along with 5 9 104 irradiated human B-lymphoblastoid

cell lines pulsed with specific peptide in a U-bottom 96-

well plate (Corning, Corning, NY). The expanded T cells

were cloned by limiting dilution in a U-bottomed 96-well

plate and further analyzed by flow cytometry and ELISpot

assays.

Cloning of TCR a-chain and b-chain genes

The total RNA of the T-cell clones was isolated using the

Quick-RNA MicroPrep Kit (Zymo, Irvine, CA) and reverse-

transcribed into cDNA library using the 50 SMARTer RACE

cDNA Amplification Kit (Clontech, Mountain View, CA).

The TCR Va and Vb genes were amplified from the cDNA

library using UPM-Mix-Forward primers (supplied by

RACE cDNA Amplification Kit) and TCR-ab reverse pri-

mers (TCR-a reverse: 50-GAGTCTCTCAGCTGGTA-
CACGGCAGGGT-30, TCR-b reverse: 50-TTCTGATGG
CTCAAACACAGCGACCT-30). Both TCR-a and TCR-b
PCR products were subcloned into the pMD19-T vector

(Takara Bio, Mountain View, CA), and then sequenced.

Preparation of soluble TCR, peptide-HLA and tetramer

Disulfide bond-linked soluble TCR was produced as pre-

viously described.31 Peptide bound-HLA molecules and

tetramer were prepared as described elsewhere.32

Surface plasmon resonance

The binding of soluble TCR to pMHC was determined

using surface plasmon resonance on a Biacore 4000 (GE)

as described previously.32

mRNA preparation

TCR-a and TCR-b genes were cloned into pGEM vector

(Promega, Madison, WI) and linearized by AvrII at 37° for
3 hr, followed by gel extraction using the QIAquick PCR

Purification Kit (Qiagen, Hilden, Germany). The extracted

linearized products were used as templates for mRNA tran-

scription using the mMESSAGE mMACHINE� T7 Ultra

Kit (Life Technologies) according to standard instructions.

The transcribed mRNA was polyadenylated by poly(A)

polymerase using the RNeasy Mini Kit (Qiagen), and

finally purified and stored at �80°.

Electroporation

Before electroporation, the concentration of CD8+ T cells

was adjusted to 5 9 105 cells/ml and stimulated by

human anti-CD3/CD28 dynabeads (Gibco) at a 2 : 1

ratio for 48 hr at 37° in complete RPMI-1640 medium

supplemented with 10% FBS, 100 U/ml penicillin, 100 g/

ml streptomycin and 30 IU/ml IL-2. After activation,

anti-CD3/CD28 dynabeads were removed by the magnetic

separation rack. Approximately 1 9 106 activated CD8+ T
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cells were gently mixed with 1�5 lg TCR-a mRNA and

1�5 lg TCR-b mRNA using the P3 Primary Cell 4D-

Nucleofector X Kit (Lonza, Basel, Switzerland). The mix-

ture was immediately electroporated using the Amaxa 4D

Nucleofector (Lonza) and immediately cultured in a flat-

bottom 96-well plate (Corning) at 37° for approximately

16 hr. After transduction, the expression level of TCR on

T-cell surface was determined by flow cytometry.

Enzyme-linked immunospot and cytotoxicity assay

The interferon-c (IFN-c) release was determined by the

enzyme-linked immunospot (ELISpot) assay. Briefly, a

total of 2 9 103 T cells were co-cultured with 2 9 104 tar-

get cells in an ELISpot plate overnight at 37°. For the anti-
body blocking experiments, the target cells were incubated

with anti-HLA-A24 mAb (One Lambda) or IgG mAb

(Abcam, Cambridge, UK) for 1 hr at room temperature

before co-culturing. The IFN-c release was determined

using the ELISpot assay kit (BD Biosciences, San Jose, CA)

according to the manufacturer’s instructions. The spots

were counted by the AID iSpot Reader Spectrum (AID

GmbH). The data were analyzed using GRAPHPAD PRISM 5

(GraphPad, San Diego, CA). The cytotoxicity activity of T

cells was determined by lactate dehydrogenase release assay.

Briefly, T cells were co-cultured with the target cells at the

indicated effector : target ratios in a flat-bottomed 96-well

plate at 37° for 18 hr in phenol red-free RPMI-1640 med-

ium supplemented with 5% FBS. After incubation, the

release level of lactate dehydrogenase was determined using

the CytoTox 96 Non-Radioactive Cytotoxicity Assay kit

(Promega) according to the manufacturer’s instructions.

Results

Identification and analysis of AFP2–11 peptide

We employed the MS-based approach33 to discover AFP

peptides for immunotherapy. HepG2 is a well-studied

HLA-A2+ and HLA-A24+ HCC cell line highly expressing

AFP, so is well-suited for identifying both HLA-A2+ and

HLA-A24+ restricted immunogenic peptides. A large

amount of HepG2 cells were collected and lyzed, and the

surface peptide–HLA molecules were immunoprecipitated

by anti-HLA-A24 antibodies. The peptides bound to HLA

were released, and the peptide sequence was determined

and analyzed by MS. An AFP2–11 peptide KWVESIFLIF

was identified from the peptidomics data generated from

the HepG2 cell lysate (Fig. 1a). To verify the identity of

the peptide, we compared the MS spectrum with that of

synthesized reference peptide (Fig. 1b), and found that

they were coincident with each other. The predicted bind-

ing affinity of the peptide to HLA-A24 was high accord-

ing to the NetMHC 4.0 prediction.34 Moreover, soluble

AFP2–11–HLA-A24 can be produced with high purity (see

Supplementary material, Figure S1), which is in an agree-

ment with the peptide–HLA binding affinity prediction.

Therefore, AFP2–11 is a potential HLA-A24-restricted pep-

tide epitope.

Isolation of AFP2–11–HLA-24-specific T-cell clones

To verify the immunogenicity of the AFP2–11 peptide,

AFP2–11–HLA-A24-specific CD8+ T cells were isolated from

PBMCs of HLA-A24+ healthy donors and cloned by limit-

ing dilution at a density of c.1–2 cells/well in a 96-well

plate. One high avidity T-cell clone was identified (Fig. 2).

The majority of the cells of the clone can specifically bind

to AFP2–11–HLA-A24 tetramer and a minor tetramer-nega-

tive population (~15%) was also noticeable (Fig. 2a). The

tetramer-negative cells were probably non-AFP2–11-specific

T cells mixed in the clone during limiting dilution cloning.

This minor population did not affect the subsequent exper-

iments, so was not pursued further. The AFP2–11-specific

T-cell clone could mediate IFN-c release when co-cultured

with T2-A24 cells [transporter of antigen peptide

(TAP) -deficient T2 cells transduced with HLA-A24, see

Supplementary material, Figure S2] pulsed with the specific

peptide AFP2–11, but not with non-specific control peptide

in ELISpot assays (Fig. 2b). To determine whether the

peptide can be naturally presented on the cell surface, we

tested the activation of the clone by AFP-expressing tumor

cell lines. The clone could mediate IFN-c release when

co-cultured with the AFP-positive cell line HepG2

(HLA-A24+ AFP+), but not with the AFP-negative cell line

SNU398 (HLA-A24+ AFP–). However, overexpressing AFP

in SNU398 (SNU398-AFP) enabled the cell line to activate

the T-cell clone (Fig. 2b). Our data suggested that AFP2–11
is a peptide epitope that can be naturally processed and

presented by HLA-A24 on tumor cells.

Binding affinity of KWV3.1

To further explore the antigen-specificity of the T-cell

clone, the TCR-a and TCR-b chain genes from the T-cell

clone were isolated and sequenced. The TCR-a and TCR-b
genes (hereinafter referred to as KWV3.1) were found to be

TRAV3 and TRBV7-9, respectively. KWV3.1 was produced

by refolding of Escherichia coli expressed inclusion bodies

and purified using anion exchange and size exclusion chro-

matography (see Supplementary material, Figure S3). The

binding affinity of soluble KWV3.1 for its cognate pMHC

was determined using surface plasmon resonance. The

equilibrium binding constant (KD) of KWV3.1 was

revealed as 54�8 lM (Fig. 3a,b), coincident with the affinity

range of wild-type TCR to self-antigens.35,36 Moreover, no

non-specific binding of KWV3.1 to a panel of irrelevant

pMHCs was detected (see Supplementary material,

Table S1). These results suggested that KWV3.1 is specific

for AFP2–11–HLA-A24 with a modest affinity.
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Biological functions of KWV3.1-transfected T cells

To test whether KWV3.1 is capable of mediating cytokine

release by T cells, mRNA encoding KWV3.1 containing

mouse constant domains (for reducing the ratio of paring

with endogenous TCR)37 was electroporated in CD8+ T

cells activated by CD3/CD28 beads. High level of KWV3.1

expression could be detected on the cell surface as deter-

mined by HLA-A24+/AFP2–11 tetramer and anti-murine
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Figure 1. Identification of AFP2–11 peptide (KWVESIFLIF) by mass spectrometry (MS). (a) MS/MS spectrum of the AFP2–11 peptide identified

from HepG2 cells. (b) MS/MS spectrum of the synthesized reference peptide
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Figure 2. Characterization of the AFP2–11-specific T-cell clone. (a) The AFP2–11-specific clone (right) and a non-specific control clone (left) were

stained with anti-CD8 antibody and AFP2–11/HLA-A24 tetramer and analyzed by flow cytometry. (b) Interferon-c (IFN-c) release mediated by the

AFP2–11 clone against T2-A24 pulsed with AFP2–11 (10�6
M) or an irrelevant peptide (10�6

M) or tumor cell lines: HepG2 (AFP+ HLA-A24+),

SNU398 (AFP– HLA-A24+) and SNU398-AFP (AFP overexpressed, HLA-A24+). The non-AFP2–11-specific clone was used as a negative control. IFN-

c release was determined by enzyme-linked immune absorbent spot (elispot) assay. Error bars indicate standard deviation of triplicate measurements
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TCR-b antibody staining (Fig. 4a). T cells expressing

KWV3.1 can mediate IFN-c released when co-cultured

with T2-A24 cells loaded with AFP2–11 peptide in a

concentration-dependent manner (Fig. 4b), but did not

response to T2-A24 cells loaded with irrelevant peptide

or no peptide. In addition, T cells expressing KWV3.1

can be activated by HepG2 cells (HLA-A24+ AFP+), but

not by the AFP-negative cell line SNU398 (HLA-

A24+ AFP–) (Fig. 4c). Overexpression of AFP in SNU398

(SNU398-AFP) enabled the cells to activate KWV3.1-

transfected T cells (Fig. 4c), suggesting that KWV3.1 is

AFP-specific.

We further examine whether KWV3.1 could mediate

specific cytotoxicity. T cells expressing KWV3.1 were able

to lyze T2-A24 cells pulsed with AFP2–11 in a concentra-

tion-dependent manner (Fig. 4d) and AFP-positive tumor

cell lines (HepG2 and SNU398-AFP) at various effec-

tor : target cell ratios (Fig. 4e), but did not affect T2-A24

cells loaded with an irrelevant peptide (Fig. 4d) or the

AFP-negative cell line (SNU398, Fig. 4e). The assay with

AFP2–11 pulsed T2-A24 showed that KWV3.1-expressing

T cells were able to specifically kill targets at relatively

low antigen densities when the cells were pulsed with

10�10
M to 10�12

M AFP2–11 (Fig. 4d), although the corre-

sponding IFN-c released was merely detectable (Fig. 4b)

within that density range. The reason behind these results

is outside the scope of this investigation, but will be stud-

ied in the future. Taken together, these results suggest

that KWV3.1 has the therapeutic potential for developing

a TCR-T therapy for patients with HLA-A24+ HCC in

future studies.

HLA-A24 restriction of KWV3.1

To further explore the antigen specificity of KWV3.1, we

conducted the antibody blocking assay. The level of IFN-

c released by T cells expressing KWV3.1 co-cultured with

SNU398-AFP was significantly inhibited by anti-HLA-A24

antibody blocking, but was not affected by the control

IgG antibody (Fig. 5), suggesting that the activation of T

cells was mediated by the interaction between KWV3.1

and HLA-A24+/AFP2–11.

Discussion

The discovery of tumor targets, such as programmed cell

death protein 1 (PD-1) for checkpoint inhibitors and

CD19 for chimeric antigen receptor–T-cell therapies,

plays a critical role in recent immunotherapy break-

throughs. The targets for conventional antibody-based

therapies are usually limited to membrane proteins,

whereas secreted or intracellular proteins, which are com-

mon sources of tumor-specific antigens, are considered

not targetable. TCR-based therapies, on the other hand,

do not have such limitation, and so provide broader

opportunities. However, TCR-T therapies are only appli-

cable to patients carrying certain HLA alleles because of

the HLA restriction of the antigens. HLA-A2-restricted

epitopes are the focus of the majority of current

researches. Therefore, to make TCR-based therapies

amenable for a broader group of patients, identification

and verification of peptide epitopes restricted by other

HLAs is needed.

The discovery of tumor antigen-derived peptides is

non-trivial given the complexity of antigen presentation.38

In silico prediction and MS are both effective meth-

ods.10,33 As only a small portion of peptides are actually

presented on the cell surface,38 the majority of predicted

epitopes may not be valid targets for clinical applications.

Mass spectrometry has been considered to be an unbiased

methodology to comprehensively interrogate the naturally

presented repertoire of HLA-binding peptides. Several

HLA-A24-restricted AFP peptides, but not including

AFP2–11, have been reported based on prediction algo-

rithms29 and some of them have been shown to induce

AFP-specific cytotoxic T lymphocytes.29,30 However, pre-

vious studies39 showed that the human telomerase cat-

alytic subunit-derived peptide 540–548 predicted by

algorithms was not effectively processed and presented on

the cell surface, although it could induce human telom-

erase catalytic subunit-specific cytotoxic T lymphocytes.40

In this regard, those predicted epitopes may need to be

further characterized. On the other hand, we not only

applied the MS-based approach to identify AFP2–11 that

has not been reported by the prediction based method,

but also demonstrated that AFP2–11 could be a target for

TCR-T immunotherapy. Our result suggests that the two

discovery approaches are complementary, and that

peptides detected by MS can prove to be straightforward

as naturally processed and presented targets for

immunotherapy.

It is interesting to note that AFP2–11 is located at the

signal peptide (SP) domain of AFP and this location may

have important implications. First, it has been shown that
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Figure 3. Surface plasmon resonance analysis of the binding between

soluble KWV3.1 and its cognate ligand. Biotinylated AFP2–11–HLA-
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SP-derived epitopes can be processed and presented

through TAP-independent pathways.41,42 If this is the case

with AFP2–11, which is yet to be experimentally con-

firmed, TCR-T cells targeting this peptide may overcome

tumor escape as a result of impaired TAP function.43 Sec-

ond, the SP domains have been proposed as better vac-

cine candidates,44 because of the efficient stimulation for

T-cell immune responses in both mouse and human

studies. Our findings support the use of AFP SP as a vac-

cine for HLA-A24 patients because of an epitope within

the sequence.

In general, TCRs obtained from the peripheral T-cell

repertoire exhibit low affinity for tumor-associated anti-

gen-derived peptides because of negative selection in the

thymus. The functional avidity of a TCR, within a certain

range, is directly correlated with its ligand binding affin-

ity17,45,46 and therefore T cells expressing low-affinity

TCRs have limited clinical efficacy. Optimizing TCR

affinity, while avoiding non-specificity, becomes essential

for the development of TCR-T therapy.17 KWV3.1

reported here has a relatively low affinity of ~54�8 lM.
Although T cells expressing KWV3.1 can mediate IFN-c
release and specific killing of target cell lines, the functional

avidity may need to be improved for better efficacy at

tumor microenvironment and hence affinity enhancement

of KWV3.1 is required to achieve optimal clinical efficacy

in TCR-T therapy. We are in the process of optimizing

KWV3.1 affinity by phage display technology, which has

been demonstrated to be highly effective in generating

high-affinity TCRs,47 and have observed significantly

enhanced functional avidity for some KWV3.1 mutants

(unpublished data).

Although adoptive transfer of TCR-T cells has shown

significant clinical response in solid tumors, such as mela-

noma and synovial cell sarcoma,48,49 the success of TCR-

T therapy for HCC is still challenging. The strong

immune suppressive microenvironment of HCC, charac-

terized by the presence of immunosuppressive cells and

elevated expression of immune checkpoint molecules,50,51

poses a major barrier to clinical efficacy in immunother-

apy. Therefore, TCR-T therapy in combination with

methods for modulating the tumor microenvironment,

such as checkpoint blockage,9 may represent a favorable

strategy for HCC immunotherapy. Interestingly, unlike

most tumor cells that evade immune surveillance by down-

regulation of HLA molecules. HCC cells are frequently
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associated with HLA up-regulation,52 which can be bene-

ficial to TCR-based therapy. Another concern is toxicity

associated with TCR-T therapy. AFP is not strictly

restricted in tumor cells: a low level of AFP expression

can be detected in non-malignant liver cells and other

normal tissues.17 Careful adjustment of the antigen sensi-

tivity of AFP-specific TCRs might be required to avoid

autoreactivity. Moreover, off-target toxicity arises when

the TCR cross-reacts with self-antigen-derived peptides.53

Strategic screening techniques54 can be applied to mini-

mize this type of risk.

In this study, we identified and characterized a novel

HLA-A24-restricted AFP-derived peptide AFP2–11, and

demonstrated the potential application of the AFP2–11-speci-

fic TCR KWV3.1 in adoptive T-cell immunotherapy. Further

studies revolving around affinity enhancement, cross-

reactivity screening and HCC immunosuppression may

transform KWV3.1 into an effective TCR-T therapy for HCC.
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