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be used as novel candidates to the immunotherapy of HLA-
A2 positive patients with tumors expressing PL2L60.
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Introduction

Immunotherapy is considered as an ideal choice to the 
treatment of cancer patients. Among all the immunotherapy 
methods, the activation of cytotoxic T lymphocyte (CTL) 
by epitopes from tumor-specific antigens could kill the can-
cer cells in an antigen-specific manner [1]. Epitopes recog-
nized by CD8+ T cells were generally thought to be derived 
from full-length proteins by degradation in the cytosol and 
presented on MHC class I molecules [2, 3]. In the past two 
decades, great advances were made in tumor immunol-
ogy and immunotherapy, and a lot of tumor antigens and 
epitopes were identified [4, 5]. The identification of CTL 
epitopes from different kinds of tumor antigens has con-
tributed significantly to the development of therapeutic vac-
cines for the treatment of cancer [6]. The functional tumor 
antigens with tissue-restricted expression profiles have 
been considered as potential candidates because of the less 
opportunity to cause side effects and to be down-regulated 
by cancer cells. Precancerous stem cells (pCSCs) consti-
tutively express PIWIL2 (Piwi-like 2, CT80) transcripts, 
which belong to the cancer–testis antigen family. PIWIL2 
was reported to be associated with the proliferation, dam-
age repair, and differentiation of cancer cells. Among 
the PIWIL2 family members, the 60 kD spliced frag-
ment PL2L60 rather than other fragments or full length of 
PIWIL2 is widely expressed in various kinds of human and 
mouse cancer cells [7]. This is the first report to identify 
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cytotoxic T lymphocyte epitopes from such an ideal tumor 
antigen, PL2L60.

The immunogenicity of the CTL epitopes derived from 
tumor antigens could be improved by proper modifica-
tion strategies. The modification of these epitopes could 
enhance the binding affinity and stability, and overcome 
the immune tolerance existed in the patients [8, 9]. To acti-
vate the immune system during the disease state, peptides 
with lower binding affinity are often selected to be modi-
fied at the anchor residues, which are correlated with both 
the affinity of the peptides toward MHC and the stability 
of the peptide/MHC complex [10, 11]. This approach has 
been successfully used to modify epitopes derived from 
several tumor antigens including MART-1 and gp100 [12, 
13]. Ruppert et  al. [14] reported that HLA-A2.1 binding 
motif could be defined as a leucine (L) or methione (M) 
at position 2 and a leucine (L), valine (V), or isoleucine 
(I) at position 9. Tourdot et al. [15] reported that substitu-
tion of position 1 by a tyrosine could be a general strat-
egy to enhance the immunogenicity of HLA-A2-restricted 
epitopes. But one of the disadvantages of modification of 
CTL epitopes is that it might bring unexpected effects such 
as totally changing the antigen specificity and T cell recep-
tor (TCR) reactivity, which might bring the side effects. 
Therefore, we tried to find a strategy to slightly modify 
the native peptides but get significant improvement of the 
immune activity.

It was reported that incorporation of unnatural amino 
acids, retro-inversion, and cyclization could improve bio-
availability [8]. A heteroclitic epitope describes an altered 
peptide that is a better agonist for inducing T cell responses 
than the native peptide. This terminology has been applied 
to other altered peptides with a higher immunological 
potency than their unaltered counterparts. Heteroclitic pep-
tides have increased potency either due to increased bind-
ing to MHC molecules or to increased agonist properties to 
stimulate TCR [16]. Unnatural amino acids are resistant to 
proteolytic degradation and can provide enhanced stability 
compared to natural amino acids [17]. In the present study, 
we combined the strategies of introduction of aromatic and 
unnatural amino acids together. After the selection of the 
candidate native peptide, a series of unnatural aromatic 
amino acids were introduced to substitute the position 1. 
The in vitro and in vivo activities of the native peptide and 
its analogs were investigated.

Materials and methods

Peptides

The HLA-A2-restricted native epitopes in PL2L60 
were predicted by online tools. Native peptides and all 

substituted peptides were synthesized by a standard solid 
phase Fmoc strategy and were purified to more than 95 % 
purity by reverse-phase high-performance liquid chroma-
tography (RP-HPLC), and their molecular weights were 
confirmed by electrospray ionization–mass spectrometry 
(ESI–MS). COX-2_P321 (ILIGETIKI) was used as a posi-
tive control in T2 binding assay [18].

Animals, cell lines, and blood samples

HLA-A2.1/Kb transgenic mice were kindly supplied by 
Professor Xue-tao Cao (Second Military Medical Univer-
sity, China). Mice were bred and maintained in specific 
pathogen-free facilities. For experimental purposes, mice 
were used at 6–8 weeks of age.

The transporter associated with antigen processing 
(TAP)-deficient T2 cell line (transfected with HLA-A*0201 
molecule) was kindly supplied by Professor Yu-Zhang Wu 
(Third Military Medical University, China). T2 cells cannot 
present the endogenous peptides onto its surface. The breast 
cancer cell line MCF-7 (HLA-A2+, PL2L60+), colorectal 
cancer cell line HT-29 (HLA-A2−, PL2L60+), and esopha-
geal cancer cell line EC-9706 (HLA-A2+, PL2L60−) were 
maintained in our laboratory. The T2 and cancer cells were 
cultured in RPMI 1640 medium (Invitrogen, US) supple-
mented with 10  % fetal bovine serum (FBS), 100 units/
ml penicillin, and 100 μg/ml streptomycin in an incubator 
with a humidified atmosphere containing 5 % CO2.

Peripheral blood samples were obtained from HLA-A2+ 
healthy donors. The sample collection was approved by the 
Ethics Committee of Zhengzhou University.

T2 binding assay

The addition of exogenous binding peptide could stabilize 
the expression of HLA-A*0201 molecules on the T2 cell 
surface. To determine whether the synthetic peptides could 
bind to HLA-A*0201 molecules, peptide-induced HLA-
A*0201 up-regulation on T2 cells was examined. Briefly, 
T2 cells were incubated with 50  μM candidate peptides 
and 3 μg/ml human β2-microglobulin (β2-M, Merck, Ger-
many) in serum-free RPMI 1640 medium for 18 h at 37 °C 
in 5 % CO2 atmosphere. The expression of HLA-A*0201 
on T2 cells was determined by being stained with FITC-
conjugated anti-HLA-A2 mAb BB7.2 (Santa Cruz, US) 
[19]. The data were analyzed by using a FACSCalibur flow 
cytometer (Becton–Dickinson, US) with a CellQuest soft-
ware (Becton–Dickinson, US). The fluorescence index (FI) 
was calculated as follows: FI =  (mean FITC fluorescence 
with the given peptide—mean FITC fluorescence without 
peptide)/(mean FITC fluorescence without peptide). Pep-
tides with FI more than 1.5 were regarded as high-affinity 
candidates.
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T2 stabilization assay

Cell surface stabilization of HLA-A*0201 molecules was 
also examined by using the T2 cell line. T2 cells (1 × 106 
cells/ml) were incubated with peptide (100 μM) and β2-M 
(100  ng/ml) for 18  h at 37  °C in serum-free RPMI 1640 
medium. Thereafter, cells were washed twice to remove 
free peptides, then incubated with brefeldin A (to block 
transport of newly synthesized empty class I MHC mol-
ecules to the cell surface) (10 μg/ml, Sigma, US) for 1 h, 
washed, and incubated at 37 °C for 0, 2, 4, and 6 h. Cells 
were then washed twice, stained, and analyzed by a flow 
cytometry [20]. The dissociation constant 50 (DC50) was 
defined as the time required for 50  % dissociation of the 
HLA-A*0201 ⁄ peptide complex stabilized at t = 0 h.

RT‑PCR analysis

Total RNA was extracted from cancer cell lines. The cDNA 
was generated by reverse-transcribed with Avian myo-
blastosis virus (AMV) reverse transcriptase and oligo dT 
(Clontech, US). Quality of the cDNA was confirmed by 
polymerase chain reaction (PCR) of GAPDH. Gene-spe-
cific PCR primers used to amplify PL2L60 and GAPDH 
were designed (PL2L60 sense: 5′-CCC AGG TTG TCA 
ATG TTC G-3′, antisense: 5′-CAG GCT GTC CAC AAT 
CTC C-3′, size: 278  bp; GAPDH sense: 5′-GAA GGT 
GAA GGT CGG AGT C-3′, antisense: 5′-GAA GAT GGT 
GAT GGG ATT TC-3′, size: 226 bp). Briefly, an aliquot of 
0.5 μl cDNA was used in each 20 μl PCR reaction, using 
PCR Master Mix (Promega, US). The following conditions 
were used: an initial denaturation at 95  °C for 5 min fol-
lowed by denaturation at 94 °C for 30 s, annealing at 65 °C 
for 1  min, touchdown 1  °C per cycle, and extension at 
72 °C for 1 min for a total of 10 cycles. Then, the condi-
tion was fixed for 25 cycles of denaturation at 94  °C for 
30 s, annealing at 50 °C for 1 min, and extension at 72 °C 
for 1 min with a final extension at 72 °C for 10 min. PCR 
products were analyzed by 1.5  % agarose gel containing 
0.01 mg/ml ethidium bromide [7].

Western blot analysis

For Western blot analysis, cell pellets were lyzed in elec-
trophoresis sample buffer. Cell lysates were separated on 
a 10 % SDS-PAGE gel and transferred to a nitrocellulose 
membrane. Membranes were blocked in TBS-T buffer 
(50 mM Tris–HCl, 0.1 % Tween-20, pH 7.4) supplemented 
with 5 % nonfat dry milk and probed with the specific anti-
bodies. The membranes were incubated overnight at 4  °C 
with the indicated primary antibody: rabbit polyclonal 
anti-PL2L60 (Bioss, China), or rabbit polyclonal anti-β-
actin antibody (Bioss, China), followed by 5-min washing 

in TBS-T for three times and incubation with appropriate 
secondary antibody, and the bands were visualized with the 
ECL plus system [21].

Induction of CTLs from human PBMCs

Cytotoxic T lymphocytes (CTLs) induction in vitro was 
performed in accordance with the procedure described pre-
viously [22]. Peripheral blood mononuclear cells (PBMCs) 
were isolated from whole blood of HLA-A2+ healthy vol-
unteer donors by a Ficoll–Paque density gradient centrifu-
gation and then cultured in RPMI 1640 supplemented with 
10 % FBS, 100 units/ml penicillin, and 100 μg/ml strepto-
mycin. Then, these cells were stimulated once a week with 
the synthetic peptides and the β2-M at the final concentra-
tion of 10 μg/ml. Human recombinant IL-2 was added to 
the culture medium at a concentration of 50 U/ml on day 
3 and the day after each stimulation. The enzyme-linked 
immunospot (ELISPOT) assay and cytotoxic assay were 
performed on day 21.

Generation of CTLs from HLA‑A2.1/Kb transgenic mice

HLA-A2.1/Kb transgenic mice were immunized with 100 μg 
of various peptides and 100 μg of the IAb-restricted HBV-

core antigen-derived T helper epitope (sequence 128–140: 
TPPAYRPPNAPIL) prepared in incomplete Freund’s adju-
vant (IFA) on days 0, 5, and 10. Group of mice received IFA 
containing PBS or T helper peptide was used as negative 
control. After 11 days, spleen lymphocytes (5 × 107 cells in 
10 ml) were stimulated in vitro with peptide (10 μg). At day 
6 of the stimulation, the specific cytotoxicity and enzyme-
linked immunospot (ELISPOT) assays were performed. 
Cytotoxic activity was tested based on the measurement of 
LDH release using the nonradioactive cytotoxicity assay kit 
(Promega, US) at E:T ratios, 20:1, 40:1, and 80:1.

Mouse serum IFN‑γ ELISA assay

Serum was obtained from immunized mice after the immu-
nization. Mouse blood samples were allowed to clot at 
37 °C for 2 h, and then, the serum was collected. The assays 
were performed according to the manufacturer’s guidelines 
of the mouse IFN-γ ELISA kits (R&D, US). The absorb-
ance was read at 450  nm in an ELISA microplate reader 
(Bio-Rad, US) [23].

IFN‑γ ELISPOT assay

Enzyme-linked immunospot assays were performed using 
a commercially available kit (Dakewe, China). T2 cells, 
pulsed with the indicated concentration of synthetic peptides, 
were used as stimulator cells. Effector cells (1 ×  105) and 
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peptide-pulsed T2 cells (1 × 105) were seeded into 96-well 
microplates coated with IFN-γ antibody. After incubation 
at 37 °C for 18 h, cells were removed and plates were pro-
cessed. The number of spots was determined automatically 
by using a computer-assisted spot analyzer (Dakewe, China).

Cytotoxicity assay

Cytotoxic activity was tested based on the measurement of 
lactate dehydrogenase (LDH) release using the nonradio-
active cytotoxicity assay kit (Promega, US) at various E:T 
ratios (12.5:1, 25:1, and 50:1, CTLs from the PBMCs of 
healthy donors; 20:1, 40:1, and 80:1, CTLs from the spleen 
lymphocytes of transgenic mice) [24]. For CTLs-gener-
ated form PBMCs of healthy donors, target cells were T2 
cells loaded with or without peptides, cancer cells MCF-
7, HT-29, and EC-9706. In order to determine the HLA 
restriction, monoclonal antibody of HLA-A2 (BB7.2) was 
added 30  min before the addition of effector cells [25]. 
For CTLs generated from HLA-A2.1/Kb transgenic mice, 
MCF-7 cells and T2 cells loaded with peptides were served 
as target cells. Target cells (5 × 103/well) were co-cultured 
with various number of effector cells at 37 °C for 5 h. The 
percentage of specific lysis of the target cells was deter-
mined as follows: percentage of specific lysis  =  (experi-
mental release  −  effector spontaneous release  −  target 
spontaneous release)/(target maximum release  −  target 
spontaneous release) ×100.

Digestion of peptides in human serum

Human serum was obtained from the whole blood of 
healthy donors by a Ficoll–Paque density gradient centrifu-
gation [26]. Each peptide was dissolved in PBS (pH 7.2) 

to a concentration of 1 mg/ml. Same peptide solution with-
out serum was used as control. At the starting time point, 
10 μl of peptide solution was mixed with 190 μl of 10 % 
(v/v) human serum. The mixture was incubated at 37  °C, 
and samples were taken out at 0, 30, 60, 120, 240, and 
480 min. The reaction was stopped by the addition of ice-
cold acetonitrile and acetic acid. Samples were centrifuged 
at 13,000×g for 5 min at −4 °C, and the concentration of 
the intact peptide in the supernatant was determined by RP-
HPLC [27]. The experiment was repeated three times.

Statistical analysis

All data were expressed as mean ± SD. Significances were 
analyzed by one-way ANOVA. P  <  0.05, P  <  0.01, and 
P < 0.001 were considered as significant differences.

Results

Selection, modification, and binding capacity of candidate 
epitopes derived from PL2L60

Based on the four prediction programs, SYFPEITHI, 
BIMAS, IEDB, and NetCTL [28–31], nine native pep-
tides with higher prediction scores were selected (Table 
S1). These peptides were synthesized with a purity of over 
95 %. The molecular weights of all the peptides were con-
firmed by ESI–MS (Table 1 and S2).

To evaluate the binding affinity of these peptides to 
HLA-A*0201 molecule in vitro, a binding assay in T2 
cells was used [32]. As shown in Table S2, among the 
nine candidate peptides, the native peptides P281 showed 
the most potent binding affinity to HLA-A*0201. Because 

Table 1   The analysis data, HLA-A*0201 binding affinity, and stability of the candidate peptides

a  Estimated by the peak area analyzed by RP-HPLC
b   FI = [mean fluorescence intensity (MFI) of the peptide—MFI background]/[MFI background]
c   DC50 was defined as the time (h) required for 50 % dissociation of the HLA-A*0201/peptide complex stabilized at t = 0 h

Peptides Sequence ESI–MS [M + H]+ Puritya (%) FIb DCc
50

Calculated Observed

P281 KLGGELWGV 958.1 958.3 98 2.42 >4 h

P281_1Y YLGGELWGV 993.1 993.1 98 3.38 <2 h

P281_1y [D-Tyr1]LGGELWGV 993.2 993.2 95 1.77 <2 h

P281_1Nal [Nal1]LGGELWGV 1026.2 1027.6 98 2.94 >6 h

P281_1NF [3-NO2-Tyr1]LGGELWGV 1038.0 1038.6 96 3.72 <2 h

P281_1MY [4-OMe-Phe1]LGGELWGV 1007.2 1007.0 95 3.91 <2 h

P281_1CF [4-Cl-Phe1]LGGELWGV 1011.5 1011.0 98 4.73 >4 h

P281_1F FLGGELWGV 977.1 977.6 95 3.01 >6 h

P281_1Dmt [Dmt1]LGGELWGV 1021.1 1021.6 98 4.22 >4 h

HBcAg18-27 FLPSDFFPSV 1155.3 1155.6 96 1.20 >6 h
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of the poor immunogenicity of P281 in the preliminary 
experiment to induce cytotoxic T lymphocytes in human 
PBMCs, it was selected as the candidate native peptide 
to carry out the modification strategy. Eight analogs with 
aromatic amino acids substitution at position 1 of P281 
were also synthesized (Fig.  1 and Table  1). The peptides 
with potent binding affinity to HLA-A*0201 were tested 
for the peptide/HLA-A*0201 complex stability, and the 
binding stability of these peptides was shown as DC50 
[33]. As shown in Table 1, all the analogs of P281 showed 
potent binding affinity with FI > 1.5. Four analogs of P281 
showed potent binding stability with the DC50 > 4 h.

Expression of PL2L60 in cancer cell lines

The expression profiles of PL2L60 in cancer cell lines were 
determined by RT-PCR and Western blot. As shown in 
Fig. 2, PL2L60 mRNA expression was observed in MCF-7 
and HT-29 cells, but not in EC-9706 cells. The expression 

of PL2L60 protein was examined by Western blot, and the 
results were consistent with the RT-PCR.

IFN‑γ ELISPOT assay

Based on the results of the T2 binding assay and 
peptide/HLA-A*0201 stability assay, P281 and the eight 
analogs were selected to investigate their ability to induce 
T cell response by using IFN-γ release ELISPOT assay. 
The CTLs were induced from the PBMCs of the HLA-A2+ 
healthy donors. Our results showed that the CTLs induced 
by the analogs, P281_1y, P281_1Nal, P281_1CF, and 
P281_1F, showed more potent activity which could induce 
more amounts of IFN-γ in two donors (Fig. 3).

Cytolytic activity of epitope‑specific CTLs

To investigate whether the CTLs induced from the 
PBMCs of healthy donors could lyze target cells, an LDH 

Fig. 1   The chemical structure 
of the aromatic amino acids
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Fig. 2   Expression of PL2L60 in cancer cell lines. a mRNA detected 
by RT-PCR. PCR products were tested by electrophoresis on 1.5 % 
agarose gel with ethidium bromide staining. GAPDH was used as 
positive control. b protein was analyzed by Western blot. Each lane 
contains 30 μg protein extract from the cancer cells. β-actin was used 
as positive control
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Fig. 3   ELISPOT assay to measure IFN-γ release by CTLs induced 
from PBMCs of healthy donors. PBMCs from healthy donors were 
separated and stimulated with synthetic peptides and IL-2 in RPMI 
1640 supplemented with 10 % FCS for 21 days. Then, these PBMCs 
were collected, and ELISPOT assay was performed to determine the 
IFN-γ production by these cells. CTLs induced by PBS and irrelevant 
peptide HBcAg18–27 were taken as negative controls. To each donor, 
the experiment was repeated twice
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cytotoxicity assay was performed. MCF-7 cells (HLA-
A2+, PL2L60+) were used as positive targets, while 
HT-29 (HLA-A2−, PL2L60+) and EC-9706 (HLA-A2+, 
PL2L60−) cells as negative targets. In the preliminary 
experiment, two analogs, P281_1CF and P281_1F, but 
not others could widely induce potent CTL responses in 
HLA-A2+ healthy donors, so they were chosen for fur-
ther investigation. As shown in Fig. 4, the CTLs induced 
by these two analogs, especially P281_1CF, could lyze 
MCF-7 cells, but not HT-29 and EC-9706 cells. The 
anti-HLA-A2 mAb BB7.2 could totally block the cyto-
toxic activity of the CTLs (induced by P281_1CF and 
P281_1F) on MCF-7 cells. The results indicated that the 
two modified analogs, P281_1CF and P281_1F, could 
induce potent CTL responses in HLA-A2-restricted and 
antigen-specific manners. The CTLs induced by them in 
PBMCs could recognize the endogenously processed and 
presented epitope to the surface of cancer cells. Similar 
results were observed in the additional CFSE assay to 
confirm the specific lysis of the CTLs induced by these 
two analogs (Fig. S1). The analog P281_1CF showed 
more potent activity.

Cross‑recognition of P281 and its analogs by specific CTLs

To further verify whether the specific CTLs could recog-
nize the native peptide P281 and its analogs, we exam-
ined the cytolytic activity of CTLs induced by P281_1CF 
or P281_1F. As shown in Fig.  5, the CTLs induced by 
P281_1CF could lyze T2 cells loaded with both native 
peptide P281 and analog P281_1CF. Similar results were 
observed to the CTLs induced by P281_1F. The results 
indicated that the modification of the native peptide might 
not alter the antigenic specificity and confirmed that the 
CTLs induced by the analogs P281_1CF and P281_1F 
could recognize and kill target cells that presenting the 
native peptide.

Cytotoxic and IFN‑γ release activities of peptide‑specific 
CTLs induced from HLA‑A2.1/Kb transgenic mice

To investigate whether the peptides could induce spe-
cific CTLs in vivo, HLA-A2.1/Kb transgenic mice were 
immunized with P281_1CF and P281_1F emulsified in 
IFA in the presence of HBV core 128 T helper epitope. 
After immunization three times, spleen lymphocytes were 
pooled and re-stimulated in vitro with the related pep-
tides, respectively. Then, IFN-γ ELISA and LDH release 
assays were carried out to test the cytotoxic activity of the 
CTLs induced by P281, P281_1CF, and P281_1F, respec-
tively. P281-loaded T2 cells, MCF-7 cells, or MCF-7 cells 
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Fig. 4   The cytotoxic activity of the CTLs induced by P281 and its 
analogs P281_1CF and P281_1F from human PBMCs. PBMCs from 
healthy HLA-A2+ donors were stimulated with peptides (10 μg/ml) 
for three times. After 5 days of the final stimulation, the stimulated 
PBMCs were used as effector cells to detect their cytotoxic activity 
against tumor cells in a LDH release assay. a MCF-7 (HLA-A2+, 
PL2L60+) as target cells. Anti-HLA-A2 mAb BB7.2 was used to 
block the HLA-A2 molecules on MCF-7 cells. b HT-29 (HLA-A2−, 
PL2L60+) as target cells. c EC-9706 (HLA-A2+, PL2L60−) as target 
cells. CTLs induced by PBS and irrelevant peptide HBcAg18–27 were 
taken as negative controls. ***P < 0.001 represented the significances 
versus HBc18–27 group. ▲P < 0.05, ▲▲P < 0.01, and ▲▲▲P < 0.001 
represented the significances versus P281 group, respectively. Data 
were represented as mean ± SD (n = 3)
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blocked by anti-HLA-A2 mAb were used as target cells, 
and the effector/target ratios were 20:1, 40:1, and 80:1. The 
results showed that when the targets were MCF-7 cells and 
P281-loaded T2 cells, the peptide-specific CTLs induced 
by P281_1CF and P281_1F showed more potent cytotoxic 
activity than that of P281 (Fig. 6). In addition, the results 
from the ELISA assay also showed that the two analogs, 
especially P281_1CF, could produce more IFN-γ than that 
of P281 (Fig. 7).

Combined with the results both in vitro and in vivo, 
substitution of position 1 with aromatic amino acids could 
enhance the binding ability and immunogenicity of the 
native peptide P281. The analog with the unnatural amino 
acid 4-Cl-Phe showed the most potent activity.

Stability in human serum

To investigate if the introduction of unnatural amino acids 
enhanced the stability of the analogs, their stability in 
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Fig. 5   Recognition of native peptide P281 by CTLs induced by 
two analogs. CTLs induced by P281_1CF (a) or P281_1F (b) 
from human PBMCs were tested for their capacity to lyze T2 cells 
loaded with or without each peptide. **P < 0.01, and ***P < 0.001 
represented the significances versus HBc18–27 group, respectively. 
▲▲▲P  <  0.001 represented the significances versus P281 group. 
Data were represented as mean ± SD (n = 3)
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Fig. 6   Specific lysis of cancer cell lines by the CTLs generated 
from immunized HLA-A2.1⁄ Kb transgenic mice. The HLA-A2.1⁄Kb 
transgenic mice were immunized with peptide P281, P281_1CF, or 
P281_1F emulsified in IFA in the presence of 100 μg of the HBV-
core128 T helper epitope on days 0, 5, and 10. Group of mice received 
IFA containing PBS or T helper peptide was used as negative control. 
About 11 days after the first immunization, the animals were killed, 
and the splenocytes were re-stimulated in vitro for an additional 
6 days with 10 μg/ml peptide and 10 units/ml rmIL-2. LDH cytotox-
icity assay was used to evaluate the lysis of a MCF-7 cells (HLA-
A2+, PL2L60+), b T2 cells pulsed with P281, and c MCF-7 cells 
on which surface the HLA-A2 molecules were blocked with anti-
HLA-A2 mAb. ***P  <  0.001 represented the significances versus 
Th group. ▲▲▲P < 0.001 represented the significances versus P281 
group. Data were represented as mean ± SD (n = 5)
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human serum was tested. As shown in Fig. 8, each peptide 
with unnatural amino acid was more stable than the native 
one. P281_1CF showed the most potent ability against the 
degradation of the human serum.

Application of this strategy to other epitopes

To investigate whether this modification strategy can be 
performed to other epitopes, additional experiment was 
done. Two putative native epitopes, MAGE-3_P271 (FLW-
GPRALV) and gp100_P154 (KTWGQYWQV), were cho-
sen as candidates. LDH release assay was carried out to test 
the cytotoxic activity of the CTLs induced by the related 
peptides. As shown in Fig. S2, the introduction of 4-Cl-Phe 
could enhance the immune response of the two native pep-
tides. The results indicated that introduction of the unnatu-
ral aromatic amino acid 4-Cl-Phe to substitute the position 
1 of the CTL epitope could be a general strategy to enhance 
the immune response of the native peptide.

Discussion

T cell epitopes play an important role in the cellular immu-
nity against cancer. Immunizing cancer patients with syn-
thetic epitopes and vaccines has been elaborated since the 
identification of a defined tumor-specific CTL epitope [34]. 
Numerous clinical trials have been conducted with prom-
ising results. The effectiveness of T cell-mediated cancer 
immunotherapy depends on both an optimal immunostimu-
latory strategy and the selection of the T cell epitopes in 
promising tumor antigens [1]. The identification of T cell 
epitopes is important not only to the development of new 
vaccine, but also to help us understanding the antigen pro-
cessing [35, 36].

However, several problems to the native epitope are 
still unsolved, such as low immunogenicity and rapid 

proteolytic degradation in vivo. Design of peptidomimet-
ics through chemical alteration of epitope structure could 
be helpful to improve immunogenicity and stability [37]. 
During the modification of native epitope, it was essen-
tial to maintain the basic hydrogen bonding properties of 
peptide/MHC and peptide/TCR. This would help the CTLs 
induced by the modified epitope to maintain the antigen 
specificity to recognize the native peptide presented by the 
cancer cells. Therefore, it is important for us to find a strat-
egy to modify native peptide slightly and efficiently.

Ruppert et  al. [14] determined the HLA-A2.1 binding 
motif with a leucine (L) or methione (M) at position 2 and 
a leucine (L), valine (V), or isoleucine (I) at position 9. 
To a 9-mer epitope, the positions 2 and 9 are considered 
as the anchor residues, which contribute most to the bind-
ing to the MHC molecule. Tourdot et al. [15] reported that 
the substitution of position 1 by a tyrosine was a general 
strategy to enhance immunogenicity of HLA-A2-restricted 
epitopes. Considering that most of the peptides composed 
of natural amino acids could be easily degraded from the 
terminal residues, we tried to introduce a series of unnat-
ural aromatic amino acids to modify the native epitope. 
Then, we tested if these modifications could improve the 
binding activity and maintain the immune property of the 
native epitope.

Our results showed that P281 and their analogs are 
the high-affinity peptide, with potent binding affinity and 
stability to HLA-A*0201 molecule. Subsequent IFN-
γ release and LDH release assays by using PBMCs from 
HLA-A2+ healthy donors and spleen lymphocytes from 
immunized mice showed that the analog P281_1CF could 
induce the most potent T cell response. The CTLs induced 
by P281_1CF could specifically lyze the cancer cells in 
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antigen-specific and HLA-A2-restricted manners. The sub-
stitution of the native peptide P281 with a 4-Cl-Phe in posi-
tion 1 could prolong its half-life in human serum, which 
might be one of the reasons why this analog showed the 
more potent activity than that of the tyrosine-substituted 
analog. In addition, we discovered that the strategy we pre-
sented here could also be performed to the modification of 
native CTL epitopes from other tumor antigens.

In conclusion, we firstly identified a potential CTL 
epitope from the promising tumor antigen PL2L60 and 
proposed a novel modification strategy by substituting 
the position 1 of the native peptide by unnatural aromatic 
amino acids. Our results indicated that the substitution of 
the residue in position 1 by 4-Cl-Phe could maintain the 
antigen specificity and enhance the binding affinity, stabil-
ity, and immunogenicity of the native CTL epitope. This 
strategy could be used as a general method to improve the 
activity of the native epitope. The novel epitopes reported 
here could serve as good candidates to develop peptide vac-
cines against PL2L60-positive cancers.
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