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ABSTRACT
Tumor immune escape has been a major problem for developing effective immunotherapy. The human
leukocyte antigen G (HLA-G) is a non-classical MHC class I molecule whose primary function is to protect
the fetus from the mother’s immune system. While HLA-G is hardly found in normal adult tissues, various
tumor cells are known to express it, aiding their escape from the immune system. Thus, HLA-G is an
attractive immunotherapy target. CD4C helper T lymphocytes (HTLs) play an important role in the immune
reaction against tumors by assisting in the generation and persistence of CD8C cytotoxic T lymphocytes
(CTLs) or by displaying direct antitumor effects. We report here that HLA-G expression in breast cancer
significantly correlates with a poor prognosis. Also, we describe that the MHC class II-binding peptide HLA-
G26–40 was effective in eliciting tumor-reactive CD4C T cell responses. Furthermore, treatment with the
DNA methyltransferase inhibitor 5-aza-20-deoxycytidine increased HLA-G expression in tumors and
subsequently enhanced recognition by HLA-G26–40-specific HTLs. These findings predict that a
combination immunotherapy targeting HLA-G together with a DNA methyltransferase inhibitor could be
useful against some cancers.

Abbreviations: APCs, antigen-presenting cells; 5-AZA, 5-aza-20-deoxycytidine; b2-m, b2-microglobulin; CTLs, CD8C

cytotoxic T lymphocytes; DCs, dendritic cells; ER, estrogen receptor; E:T, effector-to-target; FBS, fetal bovine serum;
FITC, fluorescein isothiocyanate; HLA-G, human leukocyte antigen G; HTLs, CD4C helper T lymphocytes; IFNg , inter-
feron-g ; KIR2DL4, killer immunoglobulin-like receptor; LDH, lactate dehydrogenase; MHC-II, MHC class II; NK cells,
natural killer cells; PBMCs, peripheral blood mononuclear cells; PR, progesterone receptor; TAAs, tumor-associated
antigens.
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Introduction

While natural killer (NK) cells and CD8C cytotoxic T lympho-
cytes (CTLs) are driving effectors in antitumor immune
responses, CD4C helper T lymphocytes (HTLs) and dendritic
cells (DCs) are critical in supporting these effectors. However,
tumor cells readily escape from immune surveillance through
various mechanisms. Immune-checkpoint inhibitors have been
developed and approved to target immunosuppressive path-
ways, and have shown clinical efficacy against several malig-
nancies.1-3 However, relies on existing immune responses and
thus, many patients fail to benefit. Thus, it is anticipated that
generating immune responses, for example, using therapeutic
vaccines targeting tumor-associated antigens (TAAs), will
enhance the effectiveness of checkpoint inhibitor therapy.

Human leukocyte antigen G (HLA-G) is a non-classical MHC
class I molecule that plays an important tolerogenic function.
HLA-G is hardly expressed in normal adult tissues, with the

exception of the placenta, where it protects the fetus from the
maternal immune system.4,5 Some tumors such as melanoma,
head and neck, lung, urogenital, gastrointestinal and breast cancers
express HLA-G,6-11 inhibiting effector immune functions via killer
immunoglobulin-like receptor (KIR2DL4) and immunoglobulin-
like transcripts, ILT2 and ILT4.12-14 Indeed, HLA-G tumor expres-
sion is associated with poor prognosis for some malignancies.15-17

Epigenetic factors such as DNA methylation are involved in the
regulation of HLA-G expression and demethylating agents such as
5-aza-20-deoxycytidine (5-AZA) can enhance HLA-G expression
in leukemias.18,19 Because of its immune-suppressive activity and
its tissue-restricted expression, it is possible that HLA-G could
function as a TAA for developing T cell-based immunotherapy.
Here, we report that HLA-G specific, MHC class II (MHC-II)-
restricted, tumor-reactive CD4C HTL responses can be generated
in both healthy donors and cancer patients. Furthermore, treat-
ment of tumor cells with both 5-AZA and interferon-g (IFNg)
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augmented HLA-G and MHC-II expression in tumor cells,
enhancing recognition by HTLs. These findings suggest that T cell-
based immunotherapy targeting TAAs that function as immuno-
suppressive molecules such as HLA-G in combination with
demethylation agents could be implemented as a novel strategy for
cancer immunotherapy.

Results

HLA-G expression correlates with poor prognosis in breast
cancer

We first examined whether HLA-G expression in breast cancer
correlates with prognosis. We evaluated HLA-G expression in
breast cancer tissue samples from 102 patients by immunohis-
tochemistry, where each section was assessed blindly by three path-
ologists and classified into four types according to immunostaining
intensity (¡, no staining;C, weak staining;CC, moderate staining
and CCC, strong staining). Examples are shown in Fig. 1A–D.
The results of the initial evaluation were six patients,¡; 58 patients,
C; 32 patients,CC and six patients,CCC. For further analysis, the
patients were grouped into HLA-Glow (¡ andC) with 64 patients,
and HLA-Ghigh (CC and CCC) with 38 patients. A significant
correlation was found between HLA-G expression and both estro-
gen receptor (ER) and progesterone receptor (PR) expression
(Table 1). On the other hand, no correlation was observed between
HLA-G expression with other factors such as menopause, nuclear
grade, tumor vascular invasion, tumor size, lymph node metastasis
and pathological stage. Within the follow-up period, there were six
cancer-related deaths: one (1.6%) in the HLA-Glow group and five
(13.2%) in the HLA-Ghigh group (Fig. 1E). In addition, three
patients (4.7%) relapsed in the HLA-Glow group, while six patients
(15.8%) relapsed in the HLA-Ghigh group (Fig. 1F). Statistical anal-
ysis (Kaplan–Meier) showed that both overall and relapse-free sur-
vival rates of HLA-Glow patients were significantly higher than
HLA-Ghigh patients. These results suggest that HLA-G could be a

potential immune therapy target, if it were to function as a TAA, in
patients with progressive cancer. Thus, we evaluated the existence
of T cell epitopes in the HLA-G protein capable of stimulating
tumor-reactive HTL responses.

In vitro induction of HLA-G-specific CD4C T cell responses

For these experiments, we identified two potential HTL epito-
pes from HLA-G, HLA-G6–20 (PRTLFLLLSGALTLT) and
HLA-G26–40 (SHSMRYFSAAVSRPG), based on high MHC-II
binding scores using a comprehensive computer-based

Figure 1. Expression of HLA-G in breast cancer correlates with outcome. Examples of immunostaining intensity: (A) no staining; (B) weak staining; (C) moderate staining
and (D) strong staining used for establishing classification of the level of expression. (E, F) The Kaplan–Meier graphs was used to estimate the correlation of HLA-G expres-
sion with overall survival and relapse-free survival. Log-rank tests were used to assess significance (p values).

Table 1. The association of HLA-G expression with clinicopathological status was
analyzed by Chi-squared tests.

HLA-G

Clinicopathological parameters Low N D 64 High N D 38 p value

Age (32–83) 56 § 11 55 § 11
Menopausal status pre 26 14 0.7

post 38 24
Nuclear grade 1 27 10 0.25

2 34 25
3 3 3

Lymphatic duct invasion (ly) ¡ 46 24 9.36
C 18 14

Vascular invasion (v) ¡ 42 31 0.08
C 22 7

Pathological T T1 52 28 0.14
T2 9 10
T3 3 0

Lymph node metastasis ¡ 46 22 0.14
C 18 16

Pathological Stage I 41 18 0.2
II 19 18
III 4 2

ER ¡ 6 11 0.01
C 58 27

PR ¡ 12 16 0.01
C 52 22

HER2 ¡ 56 30 0.25
C 8 8
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algorithms to three common HLA-DR alleles (DRB1�0101,
DRB1�0401, DRB1�0701).20 However, we were only able to
study the HLA-G26–40 peptide because HLA-G6–20 was not suf-
ficiently soluble to be used in cell culture experiments. To gen-
erate HLA-G26–40-specific HTLs, purified CD4C T cells from
four healthy volunteers were repeatedly stimulated with HLA-
G26–40 pulsed onto autologous DCs as described in Materials
and Methods. T cell clones from each donor were isolated and
were first evaluated for their ability to respond to various anti-
gen concentrations. The results shown in Fig. 2A demonstrate
that HLA-G26–40 induced IFNg production in all four HTL
clones in a dose-dependent manner and that concentrations as
low as 1 mg/mL were sufficient to generate a significant cyto-
kine response.

MHC-II restriction analysis of HLA-G26–40 peptide-specific
HTLs

Next, we determined the HLA class II molecules presenting
HLA-G26–40 to the four CD4C T cell clones. We first evaluated
the capacity of anti-HLA-DR mAbs (or anti-class I mAbs, as
negative control) to inhibit T cell responses to peptide-pulsed

autologous PBMCs. The L243 antibody is specific for HLA-DR
and does not react with other human MHC-II molecules
(HLA-DP or -DQ), facilitating this process. As shown in
Fig. 2B, the antigen response of all four CD4C T cell clones was
markedly blocked by the anti-HLA-DR mAb L243, but not by
anti-HLA class I mAbs W6/32, indicating that HLA-G26–40 was
presented in the context of HLA-DR. Subsequently, a panel of
mouse fibroblasts (L-cells) transfected with individual HLA-
DR were used as antigen-presenting cells (APCs) to facilitate
the identification of the specific DR allele. The results showed
that T cell clones G1, G2 and G3 recognized the peptide in the
context of HLA-DR53, and that clone G4 used HLA-DR15
(Fig. 2C). The sequence of the HLA-G26–40 is highly homolo-
gous to sequences found in the classical HLA class I molecules
(Table S1) and because classical HLA class I molecules are
ubiquitously expressed in normal tissues, we evaluated the pos-
sible cross-reactivity of the four T cell clones. None of the
HLA-G26–40-specific CD4C T cells responded to the homolo-
gous peptides derived from classical HLA class I molecules
(Fig. S1). These results indicate that T cell responses induced to
the HLA-G26–40 epitope would be specific and likely not cause
detrimental autoimmunity by reacting with classical HLA class
I molecules.

Figure 2. Induction of HLA-G26–40-specific CD4
C T cell responses. (A) CD4C T cell clones (G1; HLA-DR4/DR9/DR53, G2; HLA-DR4/DR9/DR53, G3; HLA-DR9/DR53 and G4;

HLA-DR1/DR15) were tested for their capability to respond to various concentrations of HLA-G26–40 peptide using autologous PBMCs as APCs. (B) Inhibition of HLA-G26–40-
specific CD4C T cell responses by anti-HLA-DR mAb L243 but not by anti-HLA class I mAb W6/32 (negative control) (�p < 0.05, Student’s t test). (C) CD4C T cell clones
were evaluated using L-cells transfected with individual HLA-DR genes as APCs to determine the restricting HLA class II alleles (�p < 0.05, Student’s t test). Supernatants
were collected after 48 h of incubation and analyzed by ELISA for IFNg production (�p < 0.05, one-way ANOVA with the Holm post-hoc test). Bars and error bars indicate
the mean and SD, respectively. Experiments were performed in duplicate. (�p < 0.05, Student’s t test). Bars and error bars indicate the mean and SD, respectively. Experi-
ments were performed in duplicate.
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HLA-G tumor expression is enhanced by IFNg and DNA
methyltransferase inhibitors

HLA-G can be expressed in a variety of malignancies.6-11 To deter-
mine whether the HLA-G26–40 reactive T cell clones that we gener-
ated were capable of recognizing tumor cell, we first evaluated
HLA-G expression in some available tumor cell lines (SAS, Calu-1,
WiDr, HT29, Lu65, MCF-7, HSC-4 and Jurkat). As shown using
Western blot analyses, SAS and Lu65 showed constitutive expres-
sion of HLA-G (Fig. 3), and Calu-1,WiDr, HT29,MCF7 expressed
HLA-G after treatment with IFNg. Furthermore, treatment with
5-AZA and IFNg enhanced the expression of HLA-G in SAS,
Calu-1, WiDr, HT-29 andMCF-7. It should be noted that we were
unable to detect cell surface expression of HLA-G protein in all
these tumor cell lines by fluorescence flow cytometry using a com-
mercially available antibody (data not shown). It is possible that
levels of HLA-G on the tumor cells were below the limits of detec-
tion by this antibody. To examine why HLA-G was not expressed
on the cell surface after IFNg and 5-AZA treatment, we assessed
the expression of b2-microglobulin (b2-m) on tumor cells. As
shown in Fig. S2, the expression of b2-m was slightly augmented
by IFNg and 5-AZA treatment in some tumor cell lines (MCF7,
Calu-1 and SAS) in the same manner as HLA class I but not with
HLA-G suggesting that b2-m is not involved in the regulation of
HLA-G cell surface expression by this treatment. Also, we observed
that the production of soluble HLA-G was not increased by IFNg
and 5-AZA in all tumor cells except HT29 cells (Fig. S3). Notwith-
standing these results, cell surface expression or secretion ofmature
HLA-G protein does not need to be a requirement for CD4C T cells

to recognize a processed peptide such as HLA-G26–40 when pre-
sented in the context of HLA-DR.

HLA-G26–40-reactive CD4
C T cells recognize naturally

processed antigen on HLA-DR molecules of tumor cells

It is important to determine whether peptide-induced CD4C T
cells can recognize antigens that are naturally processed and
expressed as peptides complex to surface MHC-II molecules.
To assess the capacity of the HLA-G26–40-specific CD4

C T cell
clones to directly react with tumor cells expressing HLA-G and
surface MHC-II, the following tumor lines were used as APCs
(after IFNg and 5-AZA treatment): SAS (tongue carcinoma,
HLA-DR9/15/53), WiDr (colorectal adenocarcinoma, HLA-
DR4/7/53), Calu-1 (non-small cell lung carcinoma, HLA-DR7/
14/53), HT29 (colorectal adenocarcinoma, HLA-DR4/7/53),
Lu65 (lung giant cell carcinoma, HLA-DR4/15/53), MCF7
(breast cancer, HLA-DR3/15) and Jurkat (T cell leukemia,
HLA-DR negative, negative control). The expression of HLA-
DR on tumor cells was induced with IFNg (except for Lu65
cells, which constitutively expressed HLA-DR) and treatment
with 5-AZA did not influence the expression level of HLA-DR
on the tumor cell surface (data not shown).

With the above information in hand, we proceeded to evalu-
ate the reactivity of the four HLA-G26–40 reactive T cell clones
against HLA-DR and HLA-G expressing tumor cells. As shown
in Fig. 4A, the HLA-G-specific CD4C T cell clones directly rec-
ognized the HLA-DR subtype-matched tumor cells expressing
HLA-G when the cell lines were treated with IFNg (Lu65, did
not have to be treated with IFNg, to be recognized by the
CD4C T cell clones). The T cell response against the tumor cells
was effectively inhibited by anti-HLA-DR mAb, indicating that
HLA-G26–40 was presented in the context of HLA-DR. Treat-
ment with 5-AZA increased the T cell responses to the HLA-
G-expressing tumors except for Lu65 (Fig. 4B). These results
indicate that 5-AZA can act as an adjuvant to increase HLA-G
expression and enhance HLA-G-specific CD4C T cell reactivity.

Recognition of naturally processed exogenous HLA-G as
presented by DCs

Professional APCs such as DCs are able to capture and process
antigens from dead tumor cells and present them as peptide/
MHC-II complexes to CD4C T cells. Thus, we evaluated
whether DCs could present the HLA-G26–40 peptide epitope to
the CD4C T cell clones, after pulsing the DCs with IFNg/5-
AZA-treated HLA-G-expressing tumor cell lysates. (Jurkat cell
lysate was used as a negative control). As shown in Fig. 4C, all
T cell clones responded to DCs pulsed with the HLA-G-
expressing tumor cell lysates indicating that the HLA-G was
processed by the exogenous MHC-II pathway. In addition, the
T cell reactivity was significantly increased when IFNg/5-AZA-
treated tumor cell lysates were used to pulse the DCs and this
reactivity was blocked by anti-HLA-DR mAb.

HLA-G26–40-specific CD4
C T cells exhibit cytotoxic activity

Having observed that the CD4C T cell clones could directly rec-
ognize HLA-G-positive tumor cells, we evaluated whether these

Figure 3. Evaluation of HLA-G expression in tumor cell lines after treatment with
IFNg and 5-AZA. HLA-G expression in the tumor cell lines was evaluated by West-
ern blotting. These tumor cell lines were treated with or without IFNg alone or in
combination with 5-AZA for 72 h before tested.
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T cells displayed any cytotoxic activity against the tumor cell
lines. As shown in Fig. 5, all the T cells were able to efficiently
kill the tumor cell lines that were treated with IFNg alone, and
more effectively when the tumor cells were treated with both
IFNg and 5-AZA. The clone G3 did not show any cytotoxic
activity against tumor cell lines (data not shown).

T cell responses to HLA-G26–40 in cancer patients

It would be important to determine whether HLA-G26–40-reac-
tive lymphocytes are present in cancer patients to assess the
potential use of this peptide as a cancer vaccine. To measure
the responses of CD4C T cells from cancer patients to HLA-
G26–40, we stimulated PBMCs from 10 cancer patients (seven
breast cancer patients and three lung cancer patients) with pep-
tide in short-term cultures. We were unable to produce T cell
lines or clones for subsequent more detailed studies or HLA
restriction analyses because the limitations of obtaining suffi-
cient blood. A tetanus toxoid peptide (TT830–843) was used as a
positive control since this peptide generates robust CD4C T cell
responses in the majority of people regardless of their HLA-DR
alleles. Seven days after the second peptide stimulation, IFNg
production was measured in the culture supernatants. Substan-
tial T cell responses to the HLA-G26–40 peptide were observed
in the breast and lung cancer patients (Fig. 6) and these
responses were inhibited by anti-HLA-DR mAb, indicating

that peptide recognition by the T cells is mediated by HLA-DR
molecules.

Discussion

Here, we report that the non-classical MHC class I molecule,
HLA-G can function as a TAA for MHC-II-restricted T cells.
Specifically, we have identified the novel T cell epitope HLA-
G26–40, which elicits effective antitumor CD4C T cell responses
against HLA-G-positive tumors. Although emphasis has been
put on CD8C CTLs for tumor immunotherapy because of their
direct cytotoxicity against tumor cells, CD4C T cells also play
an important role in antitumor immunity. For example, not
only has it been reported that CD4C T cells have cytotoxic
activity in addition to their helper functions for NK cells and
CTLs, but in some instances, they can be more efficient in elim-
inating tumors than CD8C T cells regardless of whether the
tumors express MHC-II.21 In the current study, HLA-G26–40-
specific CD4C T cells showed cytotoxic activity against HLA-
G-positive tumor cells, suggesting that CD4C T cell-based
immunotherapy has a strong therapeutic potential. Further-
more, HLA-G-specific CD8C T cells against renal cell carci-
noma have been described, 22 reinforcing the notion that HLA-
G is a valid immunological target for cancer immunotherapy.

Breast cancer patients with high HLA-G expression levels
had a poorer prognosis and higher recurrence rates as

Figure 4. HLA-G26–40-specific CD4
C T cell clones directly react with tumor cells. (A) Several tumor cell lines were tested for their ability to be recognized by the HLA-G26–

40-specific CD4
C T cell clones and these responses were suppressed by anti-HLA-DR mAb (�p < 0.05, one-way ANOVA with the Holm post-hoc test compared among the

same tumor cell lines). (B) The HLA-G26–40-specific CD4
C T cell responses to tumor cells were enhanced by the upregulation of HLA-G molecules after treatment with 5-

AZA (�p < 0.05, Student’s t test). (C) The HLA-G26–40-specific CD4
C T cells reacted with naturally processed exogenous antigens presented by autologous DCs. Superna-

tants were collected after 48 h of incubation and analyzed by ELISA for IFNg production (�p < 0.05, one-way ANOVA with the Holm post-hoc test compared among the
same tumor cell lysate used). Bars and error bars indicate the mean and SD, respectively. Experiments were performed in duplicate.
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compared to those with low HLA-G expression (Figs. 1E–F);
these results agree with those previously reported.23 However,
de Kruijf et al. published that HLA-G expression had no signifi-
cant prognosis correlation in breast cancer.17 This discrepancy
could be due to differences in the classification method of
HLA-G expression. In our study, we classified HLA-G expres-
sion into two groups according to expression intensity, while
de Kruijf et al. classified the patients as either being positive or
negative for HLA-G expression. Owing to our classification
method, we also found that the HLA-G expression intensity
had an inverse association with the expression of ER and PR
(Table 1). Because ER/PR-negative breast cancer patients have
a poorer prognosis when compared to ER- and/or PR-positive
breast cancer patients,24 HLA-G may be a suitable target for

the subgroup of breast cancer patients with poor prognosis. It
should be noted that, because HLA-G is one of the fetal
immune defense mechanisms during pregnancy, HLA-G-tar-
geted immunotherapy would not be used in pregnant patients.
Also, HLA-G peptide vaccine would not be suitable for autoim-
mune patients because it could aggravate their disease in
instances where HLA-G is expressed.25

Homologous sequences very similar to HLA-G26–40 were found
on the classical MHC-I HLA-A, -B and -C molecules (Table S1).
Nevertheless, the HLA-G26–40-specific CD4

C T cells did not cross-
react with these analogous peptides. This suggests that the unique
residues in HLA-G26–40 (two alanines at position 34 and 35) may
play an important role in binding to MHC-II or as T cell receptor
contact residues. Whichever the cause is for the lack of cross-

Figure 6. PBMCs from three lung cancer patients (Pt01, Pt02 and Pt03) and seven breast cancer patients (Pt04 to Pt10) were stimulated with HLA-G26–40 peptide and re-
stimulated with the peptide on day 7. The supernatant of each culture was collected on day 14 and analyzed by ELISA for IFNg production. Bars and error bars indicate
the mean and SD, respectively. Experiments were performed in duplicate. (�p < 0.05, Student’s t test). Bars and error bars indicate the mean and SD, respectively. Experi-
ments were performed in duplicate.

Figure 5. HLA-G26–40-specific CD4
C T cell clones were evaluated for their cytotoxicity against HLA-G-expressing tumor cells. The cytotoxic activity of the T cell clones (G1,

G2 and G4) against HLA-DR-matched HLA-G-positive tumor cells was assessed. The HLA-G26–40-specific CD4
C T cell clones effectively lysed the tumor cells treated with

IFNg and 5-AZA. Supernatants were collected after 6 h of incubation and analyzed using a colorimetric CytoTox 96 assay. (�p < 0.05, one-way ANOVA with the Holm
post-hoc test compared at the same E:T ratio among the same target).
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reactivity, our results and the restricted expression of HLA-G indi-
cate that T cell responses to HLA-G26–40 would not results in wide-
spread autoimmunity when used in the clinical setting. Moreover,
we found a substantial amount of IFNg production from patient
PBMCs by HLA-G25–33 peptide stimulation suggesting that this
peptide can potentially induce Th1 rather than regulatory T cells.
However, recent studies show that the polarization of CD4C T cell
is independent of the peptide sequence26 and thus the combinato-
rial use of Th1-skewed adjuvants will be important for a peptide
vaccine to polarize CD4C T cells into Th1 cells instead of T regula-
tory cells.

In recent years, immune-checkpoint inhibitors have gained
attention in the field of oncology and immunology because of
their remarkable clinical effects, which are achieved by blocking
tumor immune escape function. Several studies indicate that
the immune system can eliminate tumors when immune sup-
pression is removed.1-3,27,28 HLA-G is another inhibitory mole-
cule utilized by tumor cells to protect themselves against host’s
immune system. Although the exact mechanism of HLA-G-
associated immune tolerance has not yet been elucidated, some
studies point to various possibilities. For example, HLA-G
downregulates the effector function of NK cells, CTLs and
CD4C T cells through its interaction with the KIR2DL4 and
ILT2 receptors.29-35 Interestingly, in some circumstances, DCs
express HLA-G after they acquire a regulatory function by
interacting with tumor-derived MUC1.36,37 From this perspec-
tive, it is possible that an HLA-G26–40 vaccine could target regu-
latory DCs in addition to HLA-G expressing tumors.

Previous studies have revealed that the regulation of HLA-G
gene activity involves epigeneticmechanisms such as histone acety-
lation or DNA demethylation38,39 and that 5-AZA treatment
enhances HLA-G expression at both the mRNA and protein lev-
els.19 In accordance with these reports, we showed here that 5-AZA
treatment of tumor cell lines increased HLA-G protein expression
and subsequently enhanced HLA-G26–40-specific T cell responses.
Interestingly, 5-AZA treatment did not upregulate the expression
levels of HLA-G on the tumor cell surface, indicating that the pro-
duction of the HLA-G26–40 peptide epitope via antigen processing
does not require protein cell surface expression. Because intracellu-
lar antigens can be processed as CD4C epitopes in endosomal com-
partments40 or by cytoplasmic proteases,41 it is not that all
surprising that tumor cells solely expressed intracellular HLA-G
protein were capable of processing and presenting the HLA-G-
derived CD4C epitope on their surface MHC class II molecules
(Figs. 4, 5). In addition, our data indicates that 5-AZA treatment
does not enhance the immune inhibitory activity of tumor cells.
Because the surface expression of HLA-G is required to express the
suppressive activity by binding to its receptor such as LT2 and
KIR2DL4 on effector cells, our HLA-G-reactive CD4C responses
appeared not to be affected by the inhibitory properties of HLA-G
molecules, whose expression was not induced on the cell surface by
5-AZA treatment. The exact mechanism inhibiting the transport
of HLA-G to cell membrane remains unclear. The expression of
b2-m, which is a necessary component to formmatureMHC com-
plex on the cell surface, was slightly augmented by IFNg and 5AZA
treatment in some tumor cells in accordance with HLA-class I
expression but not with HLA-G (Fig. S2), suggesting that lack of
b2-m was not the reason for the decrease of cell surface expression
of HLA-G. Because tapasin is a prerequisite for cell surface

expression of HLA-G42 and we previously showed that tapasin is
downregulated in many tumors,43 it is probable that lack of tapasin
expression is preventing the migration of HLA-G to the cell mem-
brane. In support of our findings, Odunsi et al. demonstrated in
the clinical setting that treatment with 5-AZA and the NY-ESO-1
vaccine efficiently increased immune responses against this TAA
in the majority of their patients.44 In view of this, we believe that 5-
AZA could be used in vivo to enhance HLA-G-based
immunotherapy.

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 (Kyushu University, Fukuoka,
Japan). The tumor cell lines WiDr and HT29 (human colon
adenocarcinoma), Calu-1 (human lung squamous cell carci-
noma), MCF7 (human breast cancer), SAS (human tongue
squamous cell carcinoma) and Jurkat (HLA-DR-negative T cell
lymphoma) were obtained from the American Type Culture
Collection (ATCC, Manassas, VA). The human lung large cell
carcinoma cell line Lu65 and the human tongue SCC cell line
HSC-4 were supplied by the RIKEN Bio-Resource Center (Tsu-
kuba, Japan). All cells were cultured in RPMI-1640 medium
(Nacalai Tesque, #30264–85) supplemented with 10% fetal
bovine serum (FBS) (Biowest, #S1650), penicillin (100 U/mL)
and streptomycin (100 mg/mL) at 37�C in a 5% CO2 incubator.
All cell lines were meticulously cultured and used up within 6
mo. No authentication assay was performed since we obtained
all cell lines from reputable sources.

Synthetic peptides

Potential HLA-DR-restricted CD4C T cell epitopes were
selected from the amino acid sequence of HLA-G using com-
puter-based algorithms developed by Southwood et al.20 for
peptide/MHC binding of three common HLA-DR alleles
(DRB1�0101, DRB1�0401 and DRB1�0701). The predicted pep-
tide epitopes were synthesized by solid-phase organic chemistry
and purified by high-performance liquid chromatography
(HPLC). The purity (>80%) and identity of the peptides were
assessed by HPLC and mass spectrometry, respectively. The
synthetic peptides HLA-G6–20 (PRTLFLLLSGALTLT) and
HLA-G26–40 (SHSMRYFSAAVSRPG) were used throughout
this study. In addition, peptides analogous to HLA-G26–40, i.e.,
HLA-A26–40 (SHSMRYFYTSVSRPG), HLA-B26–40 (SHSMRY
FHTSVSRPG) and HLA-C26–40 (SHSMRYFSTSVSRPG), were
also synthesized (Table S1). Tetanus toxoid (TT830–843; QYI-
KANSKFIGITE) peptide was used as a universal epitope-pep-
tide control that can bind to multiple HLA class II molecules.45

In vitro stimulation of antigen-specific CD4C helper T cells
with synthetic peptides

The method utilized for the generation of HLA-G-specific
CD4C T cell lines using peptide-induced lymphocytes from
fresh peripheral blood derived from healthy individuals was
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described previously.46 In short, CD4C T cells were firstly acti-
vated with peptide-pulsed autologous DCs and stimulated
repeatedly with g-irradiated autologous peripheral blood
mononuclear cells (PBMCs) and peptides. Furthermore, CD4C

T cell clones were obtained by limiting dilution to examine the
responses against antigens. All blood materials were acquired
after informed consent was obtained. After 2–3 rounds of stim-
ulation, the microcultures were tested for IFNg production
upon stimulation with HLA-G26–40 peptides. Positive microcul-
tures exhibiting at least a threefold increase in IFNg production
after peptide stimulation when compared to the non-stimulated
ones were subsequently expanded, and the T cell clones were
isolated. As such, we were able to induce HLA-G26–40-specific
CD4C T cell clones using the PBMCs of four healthy donors.

Cell-mediated cytotoxicity assay

The cytotoxic activity of CD4C T cell clones was measured by a
colorimetric CytoTox 96 assay (Promega, #G1780). This system
quantifies the lactate dehydrogenase (LDH) that is released
from the target cells. T cells were mixed with 2 £ 104 target
cells at different effector-to-target (E:T) ratios in 96-well
round-bottomed plates. After 6 h of incubation at 37�C, 50 mL
of supernatant was collected from each well to measure the
LDH content.

Assessment of HLA-G expression in tumor cells

The tumor cell lines were treated with or without 10 mM 5-
AZA (Sigma, #A3656) and 500 IU/mL IFNg (Peprotech, #300–
02) or with IFNg alone for 72 h before assessment of HLA-G
expression by Western blotting. The tumor cell lines were lysed
in LDS sample buffer (Invitrogen, #NP0008) and the lysates
were submitted to electrophoresis in NuPAGE bi-Tris SDS-
PAGE gels (Invitrogen, #NP0322PK2). The antibodies used to
detect the expression of specific proteins were mouse anti-
human HLA-G mAb (4H84) (1:1,000 in blocker; Abcam,
#ab025455) and anti-b-actin (C4) (1:2,000; Santa Cruz Biotech-
nology, #sc-47778). HLA-G, HLA-A,B,C and b2m expression
on the tumor cell surface was evaluated by flow cytometry
using anti-HLA-G mAb (MEM-G/9) conjugated with fluores-
cein isothiocyanate (FITC) (Enzo Life Sciences, # ALX-805-
700F-C10), anti-HLA-A, B, C mAb (W6/32) conjugated with
allophycocyanin (BioLegend, #311409) and anti- b2m mAb
(2M2) conjugated with phycoerythrin (BioLegend, #316305),
respectively. Soluble HLA-G was measured in the tumor super-
natants, which were collected after 72 h of incubation with or
without IFNg (500IY/mλ) and 5-AZA (10 mM), using sHLA-G
ELISA kit following the manufacture’s instruction (Enzo Life
Sciences, # ALX-850-309-KI01).

Measurement of antigen-specific responses with CD4C T
cell clones

Assessment of CD4C T cell responses to various antigens was per-
formed as described previously.47 To augment HLA-G expression
in tumor cells, the tumor cells were treated with 5-AZA and IFNg
as described above. The expression of HLA-DR molecules on the
tumor cell surface was evaluated by flow cytometry using anti-

HLA-DR mAb conjugated with FITC (BD PharMingen, #55581).
Tumor cell lysates were prepared by freeze-thawing 1£ 108 tumor
cells three times, and were resuspended in 1 mL of serum-free
AIM-V medium. The tumor cell lysates were used as antigens at 5
£ 105 cell equivalents per mL. Culture supernatants were collected
after 48 h of incubation for measuring IFNg production by the
CD4C T cells using ELISA kits (BD PharMingen, #555142). To
demonstrate antigen-specificity and HLA-DR restriction, CD4C T
cell responses were blocked by adding anti-HLA-DR mAb L243
(IgG2a prepared from the supernatants of the hybridoma HB-55
obtained from the ATCC) or anti-HLA-A/B/C mAb W6/32
(IgG2a; ATCC) at 10 mg/mL throughout the 48 h incubation
period.

Immunohistochemistry

Immunohistochemistry was performed using the EnvisionTM

HRP System (Dako, #K5361) as described previously.48 Forma-
lin-fixed sections were obtained from breast cancer patients.
Samples were boiled in pH 9.0 EDTA buffer to retrieve antigens
and endogenous peroxidase activity was inhibited according to
the manufacturer’s instructions. The sections were then incu-
bated with mouse anti-human HLA-G mAb (clone 4H84;
Abcam, #ab025455)) at a dilution of 1:50 overnight at 4�C, fol-
lowed by incubation with an HRP-conjugated secondary anti-
body and substrate. The institutional ethics committee
approved this study (approval numbers 14029 and 15131), and
written informed consent was obtained from all patients who
provided tissue samples.

Measurement of peptide-specific responses in cancer
patients

Peripheral blood lymphocytes were separated from fresh hepa-
rinized blood by gradient centrifugation and cultured with pep-
tides in 96-well plates as described previously.47 The
production level of IFNg by PBMCs derived from patients with
breast or lung cancer was evaluated by ELISA (BD PharMin-
gen, #555142). The institutional ethics committee approved
this study protocol (approval number 14029).

Statistical analysis

Kaplan–Meier analysis for survival curves was performed with
GraphPad Prism 5 and p values were examined with a long-
rank Mantel-Cox test. The other data were analyzed by the Stu-
dent’s t test or one-way ANOVA with the Holm post-hoc test
and p < 0.05 was used to indicate statistical significance.
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