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an MHC class II binding peptide from the  tumor protein 
p53, which possesses an acetylated lysine at position 
120 (p53110-124/AcK120) that is effective in eliciting CD4+ 
T cell responses specific for the acetylated peptide. Most 
importantly, the acetylated peptide-reactive CD4 HTLs 
recognized the corresponding naturally processed post-
translational modified epitope presented by either den-
dritic cells loaded with tumor cell lysates or directly on 
tumors expressing p53 and the restricting MHC class II 
molecules. Treatment of tumor cells with a histone dea-
cetylase inhibitor augmented their recognition by the 
p53110-124/AcK120-reactive CD4+ T cells. These findings 
prove that the epitope p53110-124/AcK120 is immunogenic for 
anti-tumor responses and is likely to be useful for cancer 
immunotherapy.

Keywords  CD4 T cell · p53 · Posttranslational 
modification · Acetylated lysine · Epitope · Immunotherapy

Introduction

Posttranslational modifications are the outcome of modu-
lated enzymatic action and are critical for regulating cell 
metabolism and gene expression. Conventional posttransla-
tional protein modifications can be amino acid alterations 
including acetylation, phosphorylation, methylation, gly-
cosylation and ubiquitination. The mode of modification 
can be controlled by malignant transformation, inflamma-
tion, infection and cell death [1–4]. Presentation of pep-
tides containing posttranslational modifications by MHC 
molecules may induce tumor-reactive T cells and could be 
a useful strategy for developing cancer immunotherapy. 
Recently, MHC class I and class II-restricted tumor-associ-
ated phosphopeptides that function as T cell epitopes have 
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been described, indicating that posttranslationally modu-
lated peptides may provide a new class of targets for tumor 
immunotherapy [5–9].

The acetylation of lysine residues in non-nuclear pro-
teins and histones plays a key function in transcriptional 
regulation and cellular metabolism processes [10–12]. 
Lysine acetylation is regulated by acetyltransferases and 
histone deacetylases (HDACs) and can be enhanced by 
HDAC inhibitors. Most importantly, lysine acetylation 
determines the function of various tumor-associated pro-
teins including p53, c-myc and survivin [13–17], and there-
fore, targeting protein acetylation constitutes a promising 
strategy for cancer treatment.

Because many tumors overexpress p53, wild-type (wt) 
sequence peptide epitopes derived from this tumor suppres-
sor protein have been considered as attractive candidates 
for broadly applicable cancer vaccines designed to induce 
tumor-reactive CD8 and CD4 T cell responses. In the case 
of CD4 T helper cells, so far one T cell epitope, wt p53110–

124 has been described as being restricted by HLA-DR4 
[18]. Coincidentally, the lysine at position 120 (K120) in 
this peptide is one of the residues of p53 that can be acety-
lated [17]. Therefore, it is possible that some CD4 HTLs 
may specifically recognize the acetylated version of this 
peptide (p53110–124/AcK120) providing that the acetylation 
does not eliminate the capability of the peptide to bind to 
MHC class II. Herein, we demonstrate that peptide p53110-

124/AcK120 was able to generate acetylated peptide-specific, 
tumor-reactive CD4+ T cell responses and that exposing the 
tumor cells to HDAC inhibitors enhanced these responses. 
These results indicate that the development of T cell-based 
immunotherapy for cancer could be improved by the use 
of tumor-associated acetylated peptides arising from post-
translational protein modification.

Materials and methods

Cell lines

L cells mouse fibroblasts expressing transfected HLA class 
II molecules were obtained from Dr. R. Karr (Karr Pharma, 
St. Louis, MO) and Dr. T. Sasazuki (International Medical 
Center of Japan, Tokyo, Japan). The human colon adeno-
carcinoma cell lines, WiDr and HT29 were obtained from 
the American Type Culture Collection (ATCC, Manassas, 
VA). WiDr and HT29 accumulate mutant p53 (R273H) 
molecules. PC3 human prostate cancer cell was purchased 
from ATCC. The human hypopharyngeal squamous cell 
carcinoma (SCC) cell line, HPC-92Y was kindly provided 
by Dr. Synsuke Yanoma (Yokohama Tsurugamine Hospital, 
Yokohama, Japan). HLA typing was performed serologi-
cally using HLA tissue-typing trays (One Lambda, CA).

Synthetic peptides

Synthetic peptides were purchased from Hokkaido Sys-
tem Science (Sapporo, Japan). The wt p53110–124 (RLGFL-
HSGTAKSVTC) and p53110-12/AcK120 (referred simply as 
p53AcK120) peptides were used throughout this work. Teta-
nus toxoid (TT830–843; QYIKANSKFIGITE) peptide was 
used as a universal epitope–peptide control that can bind to 
multiple HLA class II molecules [19].

In vitro stimulation of antigen‑specific CD4+ helper T cells 
with synthetic peptides

The method utilized for the generation of p53-reactive 
CD4+ T cell lines using peptide-induced lymphocytes from 
fresh peripheral blood derived from healthy individuals 
was described previously [20]. In brief, CD4 T cells were 
initially activated with peptide-pulsed autologous den-
dritic cells (DCs) and subsequent repeated stimulation with 
γ-irradiated autologous peripheral blood mononuclear cells 
(PBMCs) and peptide. Furthermore, CD4 T cell clones 
were obtained by limiting dilution to examine the responses 
against antigens. All blood materials were acquired after 
the appropriate informed consent.

Measurement of antigen‑specific responses with CD4+  
T cell clones

Assessment of CD4 T cell responses to various antigens 
was performed as previously described [21]. To augment 
acetylation of p53 in tumor cells, the tumor cells were 
treated with 400 nM HDAC inhibitor, trichostatin A (TSA, 
Sigma) during the last 18 h of IFN-γ treatment.

Western blot analyses

TSA-treated and untreated tumor cells were lysed in LDS 
sample buffer (Invitrogen), and the lysates were submitted 
to electrophoresis in NuPAGE bis–Tris SDS-PAGE gels 
(Invitrogen). Antibodies used to detect specific expres-
sion were: mouse anti-human p53 mAb (DO-1) (1:1,000 
in blocker; Santa Cruz, CA), mouse anti-human acetylated 
p53 Lys120 mAb (10E5) (1:1,000 in blocker, Abnova, Tai-
wan) and mouse anti-β-actin (C4) (Santa Cruz Biotechnol-
ogy, Santa Cruz, CA).

Measurement of peptide‑specific responses in cancer 
patients

Peripheral blood lymphocytes were separated from fresh 
heparinized blood by gradient centrifugation and cultured 
with peptides in 96-well plates as described [21]. Lym-
phokine production (IFN-γ) by PBMCs obtained from head 
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and neck squamous cell carcinoma (HNSCC) and breast 
cancer patients was evaluated by ELISA (BD). The institu-
tional ethics committee gave approval of the study protocol 
(approval number #1571).

Results

In vitro induction of p53AcK120‑specific CD4+ T cell 
responses

The non-mutated peptide wt p53110–124 was previously 
reported as a naturally processed epitope recognized by 
human CD4+ helper T cells via HLA-DR4 allele [18]. By 
chance, the lysine residue at position 120 (K120) is an acet-
ylation site in the p53 DNA binding domain. If such acety-
lation does not prevent the peptide to bind to MHC class II 
molecules, we predicted that it could be feasible to gener-
ate CD4 T cells specific for the acetylated version of this 
peptide. Thus, we examined this possibility using an in vitro 
immunization procedure. Purified CD4+ T cells obtained 
from two healthy donors (donor 1: HLA-DR4, DR9, DR53 

and donor 2: HLA-DR4, DR15, DR53) were repeatedly 
stimulated in vitro with the acetylated version of the peptide 
(from hereinafter referred to as p53AcK120) or non-acetylated 
wt p53110–124 peptides that were pulsed onto autologous 
DCs. After 2–3 rounds of stimulation, the CD4 microcul-
tures were tested for their production of IFN-γ upon stim-
ulation with peptide-loaded autologous PBMCs. Positive 
microcultures exhibiting at least a threefold increase in 
cytokine production to peptide stimulation compared to the 
absence of peptide were expanded, and T cell clones were 
isolated. As shown in Fig. 1a, p53AcK120 was able to elicit 
acetylated peptide-specific T cell responses (clone H4 from 
donor 1 and clones S10 and S17 from donor 2). The T cells 
responded to the acetylated peptide in a concentration-
dependent manner (Fig.  1a, left panel) and did not cross-
react with the non-acetylated p53110–124 peptide (Fig.  1a, 
right panel). Simultaneously, additional CD4 T cell clones 
were established using the non-acetylated p53110–124 pep-
tide (clone H1 from donor 1 and S8 from donor 2). These 
T cell clones were unable to react with p53AcK120 even at 
high antigen concentrations (Fig. 1b, left panel), while they 
responded well to the non-acetylated peptide (Fig. 1b, right 

Fig. 1   Induction of CD4 T cell responses using non-acetylated wt 
p53110–124 and the peptide carrying acetylated lysine residue at posi-
tion 120 (p53AcK120). a CD4 T cell clones elicited by acetylated 
peptide p53AcK120 (clone S10, S17 and H4) were assessed for their 
capability to recognize autologous PBMC as APCs in the presence of 
various concentration of acetylated peptide p53AcK120 (left) and non-

acetylated wt p53110–124 (right), respectively. B Results with CD4 T 
cell clones obtained with induction of non-acetylated wt p53110–124 
(clone H1 and S8) and their responses against acetylated peptide 
p53AcK120 (left) and non-acetylated wt p53110–124 (right) were deter-
mined, respectively
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panel). These results demonstrate that CD4+ T lymphocytes 
capable of distinguishing the acetylated and non-acetylated 
K120 can be effectively generated.

MHC class II restriction analysis of peptide  
p53AcK120 ‑reactive CD4+ T cells

To define which HLA class II molecule presented the acet-
ylated and non-acetylated p53 peptides to the CD4+ T cell 
clones, we used anti-HLA mAbs to inhibit T cell response 
to peptide-pulsed autologous PBMCs and a panel of mouse 
fibroblasts (L cells) transfected with individual HLA-DR 
as APCs. As shown in Fig.  2a, b, the antigen response 
of all CD4+ T cell clones was substantially repressed by 
anti-HLA-DR mAb L243 but not by mAbs to HLA class I 

(W6/32), indicating that both acetylated and non-acetylated 
p53 peptides were presented to the CD4+ T cell clones by 
MHC class II molecules. Furthermore, these results imply 
that all clones recognized their peptide in the context of 
HLA-DR because the L243 mAb is specific for HLA-DR 
and does not recognize the other MHC class II molecules 
(HLA-DQ, HLA-DP).

When L-cell transfectants were used as APCs, the results 
indicated that the p53AcK120-reactive CD4+ T cell clone 
S17 recognized peptide in the context of HLA-DR4 while 
clones S10 and H4 were restricted by HLA-DR53 (Fig. 2c, 
left panel). In the case of the non-acetylated p53110–124-re-
active CD4+ T cell clones, the restriction elements of 
clone S8 and H1 were HLA-DR4 and HLA-DR53, respec-
tively (Fig. 2c, right panel). Thus, both the acetylated and 

Fig. 2   MHC restriction analysis of p53-reactive CD4+ T cell clones. 
a Peptide-induced T cell responses from p53AcK120-reactive CD4+ T 
cell clones and (b) wt p53110–124-reactive CD4+ T cell clones were 
evaluated by antibody blocking using anti-DR mAb L243 or anti-
HLA class I mAb W6/32 (negative control) using autologous PBMCs 

as APCs. c CD4 T cell responses of the p53AcK120-reactive (left) and 
non-acetylated wt p53110–124-reactive (right) clones were also evalu-
ated using L-cell transfected with individual HLA-DR genes as APCs 
to determine the restricting HLA class II alleles
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non-acetylated p53110–124 peptides behave as promiscuous 
epitopes since they can be presented to CD4+ T lympho-
cytes by plural HLA class II molecules.

Peptide p53AcK120 and non‑acetylated wt p53110–124‑reactive 
CD4+ T cell clones recognize naturally processed antigen 
on MHC class II molecules of tumor cells

Next, we assessed the capacity of the CD4+ T cell clones 
to react with tumor cells expressing p53 and HLA-DR. 
Colon carcinoma cell lines, WiDr (HLA-DR4, HLA-DR7, 
HLA-DR53) and HT29 (HLA-DR4, HLA-DR7, HLA-
DR53), PC3 prostate tumor cell line (HLA-DR7, HLA-
DR13, HLA-DR53) and SCC cell line HPC92Y (HLA-
DR4, HLA-DR9, HLA-DR53), were used as APCs after 
treatment with IFN-γ (to enhance expression of HLA-DR, 
data not shown). Prior to performing the tumor recogni-
tion assays, the expression levels of p53 and acetylated 
p53 at K120 were examined by Western blots. As shown 
in Fig. 3a, expression of total p53 protein and p53-AcK120 

was observed in WiDr and HT29 but not in PC3 and 
HPC92Y, indicating that the WiDr and HT29 cells could be 
used as relevant APCs and that the PC3 and HPC92Y cells 
could serve as negative controls in the CD4 T cell recogni-
tion assays. The results presented in Fig. 3b, c indicate that 
all p53AcK120 and p53110–124-specific CD4+ T cell clones 
could recognize antigen directly on the matched DR+, 
p53+ WiDr and HT29 cells but not on the matched DR+, 
p53-negative PC3 and HPC92Y cells (negative controls). 
Moreover, the reactivity against tumor cells was abrogated 
by blocking anti-HLA-DR mAb, illustrating that anti-tumor 
T cell responses was mediated through interaction of T cell 
receptors with the HLA-DR molecules on the tumor cells.

Having found that p53AcK120-reactive CD4+ T cell clones 
could recognize naturally processed antigen on MHC class 
II molecules of p53 expressing tumor cells, we studied 
whether the T cell recognition could be enhanced by increas-
ing the levels of acetylated p53. The acetylation of K120 was 
enhanced by treatment with the inhibitor of histone deacet-
ylase TSA, but this treatment did not significantly alter the 

A

B

C

Fig. 3   Assessment of naturally processed p53 antigen expressed in 
tumor cells by acetylated or non-acetylated wt p53110–124-reactive 
CD4+ T cell clones. a Expression of total p53 protein and p53 car-
rying acetylated K120 in tumor cells was examined by Western 
blot analysis. p53 protein and actin protein were detected in 53 and 
42 kDa, respectively. b p53AcK120-reactive CD4+ T cell clones, S17, 

S10 and H4 and (C) wt p53110–124-reactive CD4+ T cell clones, S8 
and H1 were tested for their capacity to recognize antigen directly 
on HLA-DR4+/DR53+/p53+ tumor cells (HT29, WiDr), DR4+/p53− 
HPC92Y cells or DR53+/p53− PC3 tumor cells. L243 anti-HLA-DR 
monoclonal antibody was used to attenuate T cell response to tumor 
cells
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total p53 levels and did not induce p53 expression in PC3 
and HPC92Y (Fig.  4a). As predicted, higher responses of 
the p53AcK120-reactive CD4+ T cell clones, S17, S10 and H4 
were observed toward the TSA-treated tumor cells as com-
pared to the untreated cells (Fig.  4b). As it would be pre-
dicted, in the case of the non-acetylated wt p53110–124-reac-
tive CD4 T cell clones S8 and H1, the responses were not 
affected by treatment of tumor cells with TSA (Fig.  4c). 
Overall, these results indicate that both the acetylated and 
non-acetylated p53 T cell epitopes are endogenously natu-
rally processed through the MHC class II antigen processing 
machinery and can be directly presented to CD4 T cells by 
MHC class II molecules on tumor cells.

Recognition of naturally processed acetylated p53 epitope 
antigen presented by autologous DCs

Professional APCs such as DCs are able to capture and pro-
cess antigens derived from dead tumor cells and present 

them to CD4 helper and CD8 cytotoxic T cells. Thus, we 
evaluated whether DCs pulsed with p53 + tumor cell lysates 
(WiDr, HT29) and present the acetylated p53 epitope–pep-
tide to antigen-specific CD4+ T cell clones. The results show 
that p53AcK120-specific CD4+ T cell clones S17, S10 and H4 
and the non-acetylated wt p53110–124-specific CD4+ T cell 
clone H1 were capable of recognizing antigen prepared 
from p53 expressing colon carcinoma cell lysates (WiDr, 
HT29) but not reacting with unpulsed DCs or DCs pulsed 
with p53-negative PC3 cell lysate (Fig. 5). We also observed 
that the acetylated peptide-specific CD4 T cell responses 
to the tumor lysates could be substantially enhanced by the 
use of lysates from TSA-treated tumors. The enhancement 
by adding TSA-treated tumor lysates appears to be antigen-
specific because no effects are observed in the same experi-
ments using non-acetylated wt p53110–124-specific CD4+ T 
cell clone (H1). These results indicate that acetylated p53 
epitope arises from a consequence of antigen processing 
through exogenous/endosomal pathway in the APCs.

A

B

C

Fig. 4   Increase in acetylated peptide-specific CD4 T cell responses 
against tumor cells by up-regulation of K120 acetylation in p53 pro-
tein. a HDAC inhibitor TSA increases expression of acetylated p53 
protein. Expression of total p53 protein and p53 carrying acetylated 
K120 in the presence or absence of TSA was examined by Western 

blot analysis. b p53AcK120-reactive CD4+ T cell clones, S17, S10 and 
H4 and (c) non-acetylated wt p53110–124-reactive CD4+ T cell clones, 
S8 and H1 were examined for their capacity to recognize antigen 
directly on tumor cells after treatment with TSA
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Recognition of acetylated p53 peptide‑epitope by PBMCs 
from cancer patients

Determining the presence of peripheral blood lymphocytes 
specific for p53 peptides in the PBMCs of cancer patients 
could be important for evaluating the potential use of these 
peptides as cancer vaccines. To examine the responses of 
CD4 T cells from cancer patients to acetylated peptide, 
we stimulated PBMCs from five breast cancer and two 
HNSCC patients with the peptides in short-term cultures. 
Because available volumes of blood from these patients 
were very small, we were unable to produce T cell lines or 
clones to perform more detailed studies or HLA restriction 
analyses. Tetanus toxoid peptide, TT830–843, was used as a 
positive control since this peptide usually generates robust 
CD4 T cell responses in the vast majority of people regard-
less of their HLA-DR alleles. Seven days after the second 
p53 peptide stimulation, production of IFN-γ from micro-
culture supernatants was measured. In most instances, sub-
stantial T cell responses to both wild-type and acetylated 
p53 peptides were observed in the breast and HNSCC 
patients, while healthy volunteers did not react with the 
p53 peptides (Fig. 6). Moreover, these responses were sup-
pressed by anti-HLA-DR mAb indicating that CD4 T cell 
responses were mediated via T cell receptor and HLA-DR 
molecule complex.

Discussion

Here, we have presented evidence of the existence of CD4 
T cells capable of distinguishing a posttranslational modi-
fied residue, acetyl lysine in the p53 tumor suppressor 
protein. Posttranslational modified MHC-associated pep-
tides through glycosylation, citrullination, cysteinylation, 
phosphorylation and acetylation have been described in 
the literature [22, 23]. However, the previous studies differ 
from our study because they mostly focus on CD8 T cell 
epitopes and although some T cell peptide–epitopes bear-
ing N-terminal protein acetylation have been described 
[24, 25], to our best knowledge, this is the first example of 
tumor-reactive CD4+ T cells specific for peptide–epitope 
bearing acetylated lysine residue. Since deregulation 
of protein lysine acetylation is a characteristic of tumor 
metabolism [1], identifying MHC-bound lysine-acetylated 
self-peptides associated with malignant transformation 
could be of great value. What could be the advantage in 
utilizing posttranslational modified peptides to generate T 
cell therapy for cancer? One could speculate that the modi-
fied peptides may have the ability to elicit T cell responses 

Fig. 5   Non-acetylated wt p53110–124 and p53AcK120-reactive CD4+ T 
cells react with naturally processed exogenous antigen presented by 
autologous DCs. a The non-acetylated wt p53110–124-reactive CD4+ 
T cell clone H1 and (b–d) p53AcK120-reactive CD4+ T cell clones, 
S17, S10 and H4 were able to recognize the P53+ colon carcinoma 
cell lysates (WiDr, HT29) but not p53-negative PC3 lysate presented 
by autologous DCs. In addition, the responses of these CD4+ T cell 
clones to naturally processed antigen derived from TSA-treated tumor 
cell lysates were examined
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of higher specificity than native peptides because peptides 
bearing posttranslational modifications would be less fre-
quently found. Furthermore, if the posttranslational modi-
fied proteins are not present in the thymus and modifica-
tions occur after thymic development, posttranslational 
modifications raise the possibility of the formation of a new 
class epitopes, which would be less susceptible to immune 
tolerance.

p53 is a short-lived protein and is retained at low lev-
els under normal physiological conditions [26]. However, 
high levels of p53 can be induced by posttranslational 
modifications in response to myriad types of stress. The 

most commonly reported posttranslational modifications 
of p53 include phosphorylation of serine/threonine and 
acetylation of lysine residues. The occurrence of highly 
mutated p53 in many different tumor types indicates the 
importance of p53 in cancer development [27]. Mutant p53 
proteins generally exhibit striking acetylation and phos-
phorylation at sites that are well known to lead wild-type 
p53 into steady state, and so could accelerate the accu-
mulation of dysfunctional mutant p53 in nucleus, where 
it can behave as an oncogene [28–32]. In general, HDAC 
inhibitors induce accumulation of hyperacetylated nucleo-
some core histones and can increase acetylation of lysine 

Fig. 6   Assessment of T cell responses to the non-acetylated wt 
p53110–124 and acetylated p53AcK120 epitopes in cancer patients. 
PBMCs from five breast cancer patients (BC#1-#5), two HNSCC 

patients (HNSCC#1, #2) and two healthy donors (HD#1, #2) were 
stimulated with peptides, and T cell responses were measured as 
described in “Materials and methods”
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residues in p53 and therefore would augment the recog-
nition of acetylated lysine-specific CD4+ T cells (Figs. 4 
and 5). In addition, HDAC inhibitors have been introduced 
as potential treatments for cancer such as hematological 
malignancies [33, 34]. HDAC inhibitors have also been 
reported to augment the immune responses by enhancing 
expression of MHC molecules and costimulatory mol-
ecules [35–37]. However, the expression of MHC class II 
molecules on the tumor cells used in our experiments was 
not enhanced by HDAC inhibitor (TSA) treatment (data 
not presented). Therefore, we conclude that the acetyla-
tion of p53 by the HDAC inhibitor was responsible for 
increasing T cell responses in our studies. Accordingly, 
our results underline the possibility of the combined use of 
HDAC inhibitors and immunotherapy using epitope–pep-
tides bearing acetylated lysine. It should be noted that both 
the Wi-DR and HT29 tumor cell lines used in the present 
studies have mutant p53 genes resulting in accumulation 
of mutant p53 protein, which could affect the overall lev-
els of the p53AcK120 epitope expressed by the tumor cells. 
At present, we do not know whether tumors expressing wt 
p53-treated or not with HDAC inhibitors would be recog-
nized by p53AcK120-reactive CD4 T cells.

In this study, we selected peptide p53110–124 carrying 
acetylated K120 to elicit CD4 T helper responses because 
the non-acetylated peptide was previously described as 
an HLA-DR4-restricted helper T cell epitope [18]. Sev-
eral additional acetylated lysine residues in p53 have been 
described (K164, K320, K373 and K382 [17]), which if 
capable of binding to MHC, could also function as T cell 
epitopes. It has been previously demonstrated that p53-
derived peptide, p53153–166 was efficient in stimulating CD4 
T cell responses in the context of HLA-DP5 [38]. There-
fore, the possibility that epitope p53153–166 bearing AcK164 
may stimulate CD4+ T cells for the acetylated form of the 
peptide could be evaluated.

In the present study, we described that the p53110–

124/AcK120 epitope was presented by HLA-DR4 molecules, 
which we identified serologically using tissue-typing trays. 
However, it is known that the DR4 serotype consists of 
several allelic variants (e.g., DRB1*0401, DRB1*0405, 
DRB1*0414, etc.), and the distribution of these subtypes 
varies with ethnicity. Moreover, it may be that the allelic 
variant specificity influences the peptide binding capacity 
to the HLA class II molecules. Hence, further investigation 
is needed to define the precise HLA-DR4 subtypes capable 
of presenting the p53110–124/AcK120 epitope.
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