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Abstract
Recent studies have revealed that tumor cells decrease their immunogenicity by 
epigenetically repressing the expression of highly immunogenic antigens to sur-
vive in immunocompetent hosts. We hypothesized that these epigenetically hid-
den “stealth” antigens should be favorable targets for cancer immunotherapy due to 
their high immunogenicity. To identify these stealth antigens, we treated human lung 
cell line A549 with DNA methyltransferase inhibitor 5-aza-2′-deoxycytidine (5Aza) 
and its prodrug guadecitabine for 3 d in vitro and screened it using cDNA microar-
ray analysis. We found that the gene encoding sperm equatorial segment protein 1 
(SPESP1) was re-expressed in cell lines including solid tumors and leukemias treated 
with 5Aza, although SPESP1 was not detected in untreated tumor cell lines. Using 
normal human tissue cDNA panels, we demonstrated that SPESP1 was not detected 
in normal human tissue except for testis and placenta. Moreover, we found using 
immunohistochemistry SPESP1 re-expression in xenografts in BALB/c-nu/nu mice 
that received 5Aza treatment. To assess the antigenicity of SPESP1, we stimulated 
human CD4+ T-cells with a SPESP1-derived peptide designed using a computer al-
gorithm. After repetitive stimulation, SPESP1-specific helper T-cells were obtained; 
these cells produced interferon-γ against HLA-matched tumor cell lines treated with 
5Aza. We also detected SPESP1 expression in freshly collected tumor cells derived 
from patients with acute myeloid leukemia or lung cancer. In conclusion, SPESP1 can 
be classified as a stealth antigen, a molecule encoded by a gene that is epigenetically 
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1  | INTRODUC TION

The marked efficacy of ICIs in patients with cancer has proven that the 
immune system can control tumor progression through activation of 
tumor-reactive T-cells in the host.1,2 In addition, ICI therapy has revealed 
that the immunosuppressive tumor microenvironment allows tumor 
cells to grow even in immunocompetent hosts, in which tumor-reactive 
T-cells circulate systemically. These findings indicate that relief from im-
munosuppressive conditions in T-cells is necessary for effective induc-
tion of tumor-specific immune responses leading to tumor eradication.

CT antigens are known to constitute a family of highly immuno-
genic tumor antigens; CT antigens are widely expressed in various 
tumors, but their expression is restricted to testis and/or placenta in 
normal tissues.3 Therefore, CT antigens are considered good candidate 
targets for cancer immunotherapy. Indeed, immune responses against 
CT antigens have been observed in cancer patients; for instance, NY-
ESO-1 was identified as a spontaneous immune target in a variety of 
cancer patients,4,5 and KK-LC-1 was identified as a predominant target 
in a patient with cervical carcinoma who experienced complete cancer 
regression after adoptive transfer of tumor-infiltrating lymphocytes.6 
Given their high immunogenicity and restricted expression in normal 
somatic tissues, some T-cell epitope peptides have been identified 
from various CT antigens and subsequently used in clinical trials for 
cancer immunotherapy; however, such peptides have led to the de-
sired outcomes in only a minority of patients.7-10

One of the difficulties in cancer treatment is that tumor cells ac-
quire resistance to treatment to which cells have been subjected. 
Although chemotherapy and radiotherapy can control tumor growth 
at first exposure, tumor cells eventually develop resistance to these 
treatments, resulting in tumor progression.11-13 In addition, several 
reports have indicated that immunotherapy, including ICI and chime-
ric antigen receptor-T-cell therapy, also leads to treatment-resistant 
tumors through a variety of mechanisms, including loss of surface 
expression of MHC class I, loss-of-function mutations in genes en-
coding IFN-γ pathway-related proteins, and loss of expression of 
neoantigens and targeted antigens.14-16 One mechanism of antigen 
loss in tumor cells was revealed using a transgenic mouse model in 
which expression of a highly immunogenic antigen was silenced by 
methylation of the promoter region of a gene encoding an antigen; 
expression of the antigen was restored by treatment with a DNA 
methyltransferase inhibitor.17 In addition, expression of highly im-
munogenic neoantigens is transcriptionally repressed in recurrent 
tumors of patients with glioma.18 These observations suggested that 
usefully immunogenic antigens for cancer immunotherapy are likely 
to be found in DNA-demethylated tumors.

In the present study, we propose the existence of a new type 
of tumor antigen, which we called “stealth antigens,” that are highly 
immunogenic but whose expression is silenced by epigenetic mod-
ification of the encoding gene in tumor cells. Specifically, we exam-
ined whether such stealth antigens are suitable targets for cancer 
immunotherapy. We identified sperm equatorial segment protein 1 
(SPESP1) as a stealth antigen using our criteria, and demonstrated 
that this protein and the corresponding transcript showed little or 
no expression in untreated tumor cell lines, but are expressed in 
cell lines following treatment with DNA methyltransferase inhibitor 
5-aza-2′-deoxycytidine (5Aza). SPESP1 transcription was detected 
not only in various cell lines but also in freshly isolated cancer cells 
from clinical samples subjected to treatment with 5Aza; and ex-
pression of SPESP1 was restricted to testis and placenta in normal 
tissues. Moreover, 5Aza-treated tumor cells were recognized by 
SPESP1-specific human CD4+ helper T-cells, suggesting that SPESP1 
is a highly immunogenic stealth antigen. Collectively, our findings 
may provide a new therapeutic target for cancer immunotherapy 
with improved efficacy.

2  | MATERIAL S AND METHODS

2.1 | Cell lines and mice

Human tumor cell lines A549 (lung adeno carcinoma), 
HSC4 (HLA-DR1/4; tongue squamous cell carcinoma), Lu65 
(HLA-DR4/15; lung large cell carcinoma cell line), and EBC1 
(lung squamous cell carcinoma) were obtained from the RIKEN 
BioResource Center (Tsukuba, Ibaraki, Japan). HT29 (colorectal 
adenocarcinoma) and WiDr (colorectal adenocarcinoma) were pur-
chased from the American Type Culture Collection (ATCC). L-cells 
(mouse fibroblasts expressing transfected genes encoding HLA 
class II molecules) were obtained from Dr. R. Karr (Karr Pharma) 
and Dr. T. Sasazuki (Kyushu University). AML cell lines NOMO-
1, and KG-1, and CML cell line MEG-01 were acquired from the 
Japanese Collection of Research Bioresources Cell Bank. CML cell 
lines KT-1 and KU812 were the kind gifts of Dr. Yasukawa (Ehime 
University, Ehime, Japan). Cell lines were maintained in RPMI-1640 
medium (Nacalai Tesque) or DMEM (Nacalai Tesque) supplemented 
with 10% fetal bovine serum (Biowest, #S1650), penicillin (100 U/
mL), streptomycin (100 μg/mL), and anti-mycoplasma drug MC-210 
(KAC Co., Ltd.; 0.5 μg/mL) as suppliers recommended. No authen-
tication assays were performed for any of the cell lines. BALB/c-
nu/nu mice (female, 8-10 wk old at the study start) were purchased 
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from Charles River Laboratories Japan, and maintained and han-
dled in accordance with protocols approved by the Asahikawa 
Medical University Institutional Animal Care and Use Committee.

To assess the expression of genes encoding stealth antigens 
in tumor cell lines treated with DNA methyltransferase inhibitors, 
tumor cell lines were treated with a DNA methyltransferase inhibitor, 
5Aza (Sigma-Aldrich) or guadecitabine SGI-110 (AdooQ Bioscience), 
at 10 μmol/L for 3 d. Cells were then collected and total RNA was 
purified using an RNeasy Mini Kit (Qiagen) in accordance with the 
manufacturer's instructions. Total RNA was reverse-transcribed to 
cDNA using a PrimeScript 1st strand cDNA Synthesis Kit (TaKaRa 
Bio) in accordance with the manufacturer's protocol. Microarray 
analysis was performed using a 3D-gene array (Toray); probing and 
processing were performed as suggested by the manufacturer. For 
assessment of SPESP1 expression in normal human tissues, we used 
Human MTC panels I and II (Clontech). These samples were am-
plified using a LightCycler 480 Probes Master (Roche Diagnostics) 
and TaqMan probes purchased from Applied Biosystems as follows: 
SPESP1 (Hs00377364_m1) and Glyceraldehyde-3-phosphate dehy-
drogenase (GAPDH, Hs02758991_g1); Gapdh, a housekeeping gene, 
was used as an internal control. mRNA expression was measured 
by quantitative real-time PCR (qPCR) using the LightCycler 480 
System and Software (Roche Diagnostics); relative expression of 
each mRNA was calculated using the ΔΔCt method.

2.2 | Assessing re-expression of SPESP1 by 
5Aza treatment of xenograft tumor tissues from 
immunodeficient mice

WiDr and EBC1 cell lines were injected intradermally into BALB/c-
nu/nu mice. Tumor-bearing mice were injected intraperitoneally 
with 5Aza (1.6 mg/kg), formulated in PBS, on days 5, 10, 15, and 
20. PBS was injected as a control. On day 25, mice were anes-
thetized in a chamber by isoflurane narcosis (>5%) and then eu-
thanized by cervical dislocation. Tumor tissues were collected and 
homogenized using a BioMasher II disposable homogenizer (Nippi. 
Inc) for preparation of RNA. For immunohistochemistry (IHC), 
tumor tissues were fixed in 4% paraformaldehyde, and 2-μm-thick 
sections were generated from formalin-fixed, paraffin-embedded 
tissue blocks. Rabbit anti-SPESP1 polyclonal antibody (1:1000; 
HPA051040, ATLAS) was used for detection of SPESP1. Images 
were acquired and analyzed using a BZ-X700 fluorescence micro-
scope with BZ-H3 software (KEYENCE).

2.3 | Evaluating re-expression of SPESP1 by 5Aza 
treatment in freshly collected AML and lung cancer cells

Fresh AML and lung cancer samples were obtained from bone mar-
row of a patient newly diagnosed with AML and from pleural fluid of 
a patient with lung cancer, respectively. Each sample was incubated in 
the presence or absence of 10 μmol/L 5Aza. At 3 d later, samples were 

collected for RNA preparation and gene expression analysis for SPESP1. 
The institutional ethics committee approved this study, and written in-
formed consent was obtained from all patients who provided samples.

2.4 | Addressing antigenicity of SPESP1 in vitro

The complete culture medium for all procedures consisted of AIM-V 
medium (Invitrogen, Carlsbad, CA) supplemented with 3% human male 
AB serum (Innovative Research). All blood materials were acquired 
after informed consent was appropriately obtained. SPESP1-derived 
peptide SPESP131-49 (QNLNHYIQVLENLVRSVPS) was selected from 
the entire amino acid sequence of SPESP1 using computer-based al-
gorithms developed by Southwood et al19; the peptide then was com-
mercially synthesized (GenScript). The procedure for the induction of 
peptide-specific CD4+ helper T-cell lymphocytes (HTLs) has been de-
scribed in detail previously.20 PBMCs were acquired from healthy hu-
mans using Ficoll-Conray centrifugation. Next, CD14+ monocytes were 
purified from PBMCs using CD14 MACS microbeads (Miltenyi Biotec) 
and differentiated into dendritic cells (DCs) after 7  d of culture with 
granulocyte-macrophage colony-stimulating factor (GM-CSF) (50  ng/
mL) and interleukin (IL)-4 (1000 IU/mL) at 37°C in an incubator with 5% 
CO2. SPESP1 peptide-pulsed DCs (3 μg/mL for 3 h at room tempera-
ture) were cocultured with autologous CD4+ T-cells (isolated using CD4 
MACS microbeads; Miltenyi Biotech) in 96-well flat-bottomed culture 
plates. At 7 d after peptide stimulation, CD4+ T-cells were restimulated 
in individual microcultures with SPESP1 peptide-pulsed γ-irradiated au-
tologous PBMCs (3 μg/mL); 2 d later, recombinant human IL-2 (10 IU/
mL) was added. After 2 cycles of restimulation, T-cells exhibited a sig-
nificant response, indicated by cytokine release in response to SPESP1 
peptide-pulsed irradiated autologous PBMCs. T-cells were expanded in 
24-well plates by weekly restimulation with cognate peptides and ir-
radiated autologous PBMCs (3 μg/mL). For evaluating peptide-specific 
reactions, HTLs (1-1.5 × 105) were cocultured with autologous PBMCs 
(1.5  ×  105), HLA-DR-expressing L-cells (3  ×  104), tumor cell lines 
(3 × 104), or DCs (5 × 103). Tumor cell lines were pretreated with 500 U/
mL IFN-γ and 10  μM of 5Aza for 72  h to upregulate the expression 
of HLA-DR and SPESP1, respectively; all reagents then were removed 
before further assays. To determine antigen specificity and HLA-DR re-
striction, anti-HLA-DR monoclonal antibody (mAb) L243 (IgG2a, pre-
pared from supernatants of hybridoma HB-55, which was obtained 
from the ATCC) and anti-HLA class I mAb W6/32 (IgG2a; ATCC) were 
added to the culture at 10 μg/mL during incubation. Culture superna-
tants were collected for evaluation of IFN-γ and granzyme B production 
using ELISA kits (BD Pharmingen and MABTECH, respectively).

2.5 | Statistical analysis

Data were analyzed by unpaired Student t test, one-way ANOVA 
with the Holm post hoc test, or unpaired t test. All tests were run 
as two-tailed analyses. P-values < .05 were considered statistically 
significant.
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3  | RESULTS

3.1 | Identification of a re-expressed tumor antigen 
SPESP1 in 5Aza-treated tumor cell lines

Based on cancer immunoediting theory, tumor cells (including tumor 
cell lines) derived from established tumors are supposed to lack an-
tigenic molecules, excluding mutation-associated antigens and neo-
antigens acquired in the late phase of tumor development.21 One 
mechanism whereby tumor cells hide these antigenic molecules, as 
reported by DuPage et al, consists of epigenetic silencing of genes en-
coding highly antigenic molecules; methylation of the promoter region 
results in decreased expression of the corresponding gene.17 Therefore, 
we hypothesized that exposure to a DNA methyltransferase inhibitor 
would reveal hidden antigenic molecules in tumor cells by allowing re-
expression of genes encoding highly antigenic molecules; such mol-
ecules are expected to be favorable targets for antitumor immunity. 
To test this hypothesis, we cultured the A549 human lung cancer cell 
line in the presence or absence of a DNA methyltransferase inhibi-
tor (5-aza-2-deoxycytidine; 5Aza) for 3 d and screened 25 000 genes 
in both cultures using cDNA microarray analysis (Figure  1A). Based 
on our above criteria, we defined sperm equatorial segment protein-1 
(SPESP1), a gene known to be uniquely expressed in human sperm,22,23 
as a gene that is re-expressed following 5Aza treatment; we confirmed 
the re-expression of SPESP1 in 5Aza-treated A549 cells using qPCR 
(Figure 1B). SPESP1 expression was not detected in any normal human 
tissues, with the exception of testis and placenta, as assessed using 
multiple tissue cDNA panels (Figure 1C). We obtained similar results 
from interrogation of the Human Protein Atlas database (https://
www.prote​inatl​as.org/searc​h/SPESP1; data not shown). These results 
suggested that SPESP1 may be a candidate stealth tumor antigen, 
although this protein also belongs to the CT antigen family. We next 
assessed whether SPESP1 is generally re-expressed in various human 
tumor cell lines following 5Aza treatment. Specifically, we treated 
HT29, WiDr, HSC4, EBC1, and Lu65 cell lines with 5Aza (10 μmol/L) 
for 3 d, and then used qPCR to assess expression levels of SPESP1. We 
found that SPESP1 was re-expressed in all 5 of the tested tumor cell 
lines following exposure to 5Aza (Figure 1D). DNA methyltransferase 
inhibitors are used clinically in patients with hematologic malignancies 
including myelodysplastic syndromes and leukemia.24 We therefore 
tested if SPESP1 also was re-expressed in human AML (NOMO-1 and 
KG-1) and CML (MEG-01, KT-1, and KU812) cell lines when those lines 
were treated with 5Aza. Consistent with our findings in solid tumor 
cell lines, AML and CML cell lines exhibited SPESP1 re-expression fol-
lowing exposure to either of the DNA methyltransferase inhibitors 
(Figure 1E). Because its prodrug guadecitabine SGI-110 is also evalu-
ated in clinical settings,25 we also addressed whether it re-expresses 
SPESP1 in the tumor cell lines as well as 5Aza. As well as 5Aza, SGI-110 
induced re-expression of SPESP1 in the solid tumor and leukemia cell 
lines (Figure 1F,G). Exposure to a chemotherapy drug, gemcitabine did 
not induce re-expression of SPESP1 in the tumor cell lines tested (data 
not shown). These results suggested that SPESP1 may be a general 
target antigen for patients with cancer.

3.2 | Re-expression of SPESP1 following in vivo 
treatment with 5Aza

To address whether SPESP1 is re-expressed by 5Aza in tumor tissues 
in vivo, we used a human cell line xenograft model. BALB/c-nu/nu 
mice were transplanted intradermally with EBC1 or WiDr cell lines 
and then treated intraperitoneally with PBS or 5Aza (1.6 mg/kg) on 
days 5, 10, 15, and 20 after tumor implantation. At 5 d after the final 
PBS or 5Aza treatment, tumor tissue was collected from each animal 
and analyzed for SPESP1 transcript accumulation (Figure 2A). Gene 
expression of SPESP1 was detected in tumors of mice implanted with 
either EBC1 or WiDr and treated with 5Aza, but not in tumors of 
implanted mice treated with PBS (Figure 2B). Furthermore, SPESP1 
protein expression was confirmed by IHC analysis in tumor tissues 
obtained from 5Aza-treated mice (Figure  2C), demonstrating that 
both the SPESP1 gene and protein are re-expressed in tumor cells in 
vivo following 5Aza treatment.

3.3 | An immunogenic epitope in SPESP1 for 
activating CD4+ T-helper cells

To validate the antigenicity of the SPESP1 protein, we used 
computer-based algorithms to identify a SPESP131-49 peptide 
(QNLNHYIQVLENLVRSVPS) as a candidate CD4+ T-helper peptide. 
CD4+ T-cells were purified from PBMCs of healthy donors and stim-
ulated with SPESP131-49 peptide in the presence of autologous DCs. 
We obtained 3 HTL lines specific for SPESP1 peptide and showed that 
these HTL lines produced IFN-γ in response to SPESP131-49 peptide-
pulsed autologous PBMCs in an HLA-DR-restricted manner (Figure 3A-
C). Furthermore, when these HTL lines were cocultured with mouse 
fibroblasts transfected with HLA-DR allele gene (L-cells), we found that 
one line (SP1) responded to L-DR4, while other lines (SP2 and SP3) re-
sponded to L-DR53 cells (Figure 3D-F). To address whether the epitope 
recognized by SPESP1-specific HTL lines was naturally presented to 
HLA class II on the surface of tumor cell lines treated with 5Aza, we co-
cultured SPESP1-specific HTL lines with HLA-DR-matched tumor cell 
lines treated with or without 5Aza. As expected, DR4-restricted HTL 
line SP1 enhanced the production of IFN-γ and granzyme B when co-
cultured with 5Aza-treated HLA-DR4-positive tumor cell lines (HT29, 
WiDr, and HSC4, but not EBC1), suggesting that SPESP1 does indeed 
serve as an immunologic target (Figure 3G,H).

3.4 | Re-expression of SPESP1 in freshly isolated 
human tumors

It was important to validate whether SPESP1 was re-expressed in clini-
cal samples exposed to 5Aza; this point would be critical to applying 
SPESP1-targeting cancer immunotherapy in clinical settings in the fu-
ture. Therefore, we treated freshly isolated tumor cells from patients 
with AML and lung cancer with 5Aza in vitro; as we showed above for 
tumor cell lines, SPESP1 was re-expressed in fresh tumor cells following 

https://www.proteinatlas.org/search/SPESP1
https://www.proteinatlas.org/search/SPESP1
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5Aza exposure (Figure 4A,B). These results suggested that SPESP1 is 
a potential target stealth antigen suitable for cancer immunotherapy.

4  | DISCUSSION

In the present work we showed that SPESP1 is a highly immunogenic 
tumor antigen. We further demonstrated that the gene encoding 

this molecule is epigenetically silenced in tumor cell lines and fresh 
tumor cells but is re-expressed following treatment with 5Aza. 
Together, these results validated the potential for development of 
cancer immunotherapy targeting stealth antigens such as SPESP1. 
However, multiple issues will need to be assessed before stealth 
antigen-targeting cancer immunotherapy can be tested in a clinical 
study. Notably, we will need to evaluate the antitumor efficacy of 
stealth antigen-targeting immunotherapy in in vivo mouse models. 

F I G U R E  1   Identification of SPESP1 as a gene encoding a stealth antigen candidate. A, Schema of defining re-expressed genes in a 
5Aza-treated tumor cell line. A tumor cell line was treated with or without 10 μmol/L 5Aza for 3 d, and total RNA was prepared for use as 
a probe against a cDNA microarray. B, Expression levels of SPESP1 in the A549 cell line treated with/without 5Aza was evaluated by qPCR. 
C, Expression levels of SPESP1 in normal human tissues were evaluated by qPCR. D, Solid tumor cell lines HT29, WiDr, HSC4, EBC1, and 
Lu65 and (E) AML cell lines NOMO-1 and KG-1 and CML cell lines MEG-01, KT-1, and KU812 were treated with/without 10 μmol/L 5Aza 
for 3 d. F, Solid tumor cell lines and (G) AML and CML cell lines were also treated with/without 10 μmol/L SGI-110 for 3 d. Expression levels 
of SPESP1 were evaluated by qPCR. Statistical significance was determined using a two-tailed unpaired t test. ND, not detected, *P < .05, 
**P < .01, ***P < .001, ****P < .0001. Error bar indicates SD. Experiments were performed with at least 3 biological replicates and are 
representative of at least 2 independent experiments

(A)

(B) (C)

(D) (E)

(F) (G)



2710  |     KOSAKA et al.

Mouse experiments will depend on 2 preceding steps. First is to 
identify mouse stealth antigens using mouse tumor cell lines and 
their syngeneic mouse T-cell epitopes; second is to establish a mouse 
therapy model for evaluating the efficacy of mouse stealth antigen-
based cancer immunotherapy. Indeed, we have already identified 
several candidate mouse stealth antigens and are exploring epitope 
peptides of these antigens for use in establishing a mouse model of 
stealth antigen-targeting cancer immunotherapy (data not shown). 
We also noted that ICI therapy presumably will be needed for imple-
mentation of a successful cancer vaccine therapy targeting stealth 
antigens, given that cancer vaccine therapy alone does not provide 
desirable effects in the absence of ICI therapy.26,27

We have, in the current study, identified SPESP1 as re-expressed 
tumor antigen in all tumor cells tested after treatment with 5Aza, 
suggesting that SPESP1 may constitute a new target for cancer im-
munotherapy. SPESP1 has been known to be rarely detected in some 
tumors including liver, carcinoid, skin, and lymphoma based on the 
Human Protein Atlas database (https://www.prote​inatl​as.org/searc​
h/SPESP1). However, the expression frequency of SPESP1 is too 
low to target for cancer immunotherapy without treatment with hy-
pomethylating agents. Although this work proposes only SPESP1 as 
a human stealth antigen, we have identified other candidate stealth 
antigens in human and are evaluating their utility as targets of cancer 

immunotherapy (data not shown). These results, in both human and 
mouse, suggest that stealth antigens could be subcategorized as 
members of a new tumor antigen family, just as carcinoembryonic 
antigens have been. Given the costs associated with drug develop-
ment, it will be important to know whether a given stealth antigen is 
shared among multiple tumor tissues or limited to individual tumors; 
the use of stealth antigens for personalized medicine would increase 
the cost of this modality. If suitable stealth antigens depend on the 
individual (for instance, due to various HLA types), we will have to 
define several stealth antigens and validate which is available as a 
shared antigen among multiple patients. We, in this study, identified 
the immunogenic SPESP1 peptide for activating HTLs because they, 
especially Th1 cells, play a critical role for promoting and maintaining 
acquired immune responses. Recently, Kreiter S et al demonstrated 
in several mouse tumor models that most tumor neoantigens were 
recognized by CD4+ T-cells and vaccination with such helper epi-
topes promoted antitumor immune responses.28 Because it was dif-
ficult for us to control tumor growth by targeting just a single antigen 
due to their heterogeneity, we have to activate immune responses 
against not only the target antigen but also endogenously released 
tumor antigens from dying tumor cells. From this viewpoint, acti-
vating Th1 cells would be needed in the tumor-bearing host. This 
is why our strategy prefers to activate HTLs by vaccination with a 

F I G U R E  2   Re-expression of SPESP1 in xeno-transplanted tumor cell lines in vivo. A, Schema of 5Aza treatment in BALB/c-nu/nu mice 
inoculated with human tumor cell lines WiDr and EBC1. Each tumor cell line was implanted intradermally into mice, which then were treated 
intraperitoneally with 5Aza (1.6 mg/kg) on days 7, 8, and 9 after implantation. Tumor tissue was collected for analysis of SPESP1 gene and 
protein expression on day 10 post-implantation. B, Expression levels of SPESP1 in tumor tissues of WiDr and EBC1 in mice treated with/
without 5Aza were evaluated by qPCR. Error bar indicates SD. C, Immunohistochemistry for SPESP1 was performed. Scale bars, 200 μm. 
Data are representative of at least 2 independent experiments

(A)

(B)

(C)

https://www.proteinatlas.org/search/SPESP1
https://www.proteinatlas.org/search/SPESP1
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helper epitope peptide. Although we have not assessed whether 
SPESP131-49 peptide includes killer T-cell epitopes, the SPESP1 pep-
tide would have the potential to activate CD8+ killer T-cells because 
it is a 19-mer long peptide. This remains to be addressed.

To target stealth antigens such as SPESP1, the combinational use of 
a hypomethylating agent is required. Although hypomethylating agents 

are likely to cause myelosuppression, Griffiths EA et al demonstrated that 
vaccination in combination with 5Aza induced target antigen-specific T-
cell responses in a phase I study.29 Therefore, the undesirable impact of 
the hypomethylating agent on immune cells could be controlled.

Tumor immune escape is achieved by silencing not only 
genes encoding highly immunogenic tumor antigens but also by 

F I G U R E  3   Assessing antigenicity of SPESP1. Helper T-cell lymphocyte (HTL) responses against SPESP131-49 peptide 
(QNLNHYIQVLENLVRSVPS) were assessed by evaluating levels of IFN-γ or granzyme B produced by HTLs. A, HLA restrictions of 3 HTL 
lines specific for SPESP1 (SP1, SP2, and SP3) were evaluated using anti-HLA-DR mAb L243 and anti-HLA class I mAb W6/32 (negative 
control). B, Each HTL line was cocultured with SPESP1 peptide-pulsed L-cells expressing the HLA-DR4, DR9, or DR53 allele. C, D, HLA-DR4-
restricted HTL line SP1 was cocultured with a DR4-positive tumor cell line (HT29, WiDr, or HSC4) or with a DR4-negative tumor cell line 
(EBC1) that had been pretreated with/without 5Aza (10 μmol/L) for 3 d. Supernatants were collected after 24 h and analyzed by ELISA for 
production of IFN-γ (C) or granzyme B (D). Two independent experiments were performed with similar results. Statistical significance levels 
were determined with a two-tailed unpaired t test. ns, not significant, *P < .05; **P < .01; ****P < .0001. Bars and error bars indicate mean 
and SD, respectively

(A)

(B)

(C) (D)



2712  |     KOSAKA et al.

changes (through DNA methylation) in the expression of loci en-
coding other immune-related molecules. For instance, Kitajima 
et al30 observed that hyperactivation of DNMT1 (DNA (cytosine-5)-
methyltransferase 1) and EZH2 (enhancer of zeste homolog 2) in KL 
cells suppressed the expression of STING (stimulator of interferon 
genes), a protein that induces expression of type I IFNs, which in 
turn activates the immune system's ability to recognize cyclic nucleic 
acids such as cGAMP (cyclic guanosine monophosphate-adenosine 
monophosphate).31,32 Therefore, loss of STING would favor tumor 
survival. In other work, Peng et al33 reported that expression of 
chemokine-encoding genes CXCL9 and CXCL10 was silenced by 
methylation of their promoter regions in tumor tissues. Frequent 
DNA methylation would require both DNMT1 activation and abun-
dantly available S-adenosyl-methionine (SAM), which is a substrate 
for DNMT1. Because SAM is synthesized in the methionine cycle 
of one-carbon metabolism, ectopic DNA methylation in tumor 
cells should be affected by cellular metabolism. Given reports of 
silencing of genes encoding highly immunogenic tumor antigens in 
tumor cells,17,18 inflammation by antigen-specific immune responses 
could trigger DNA methylation by boosting one-carbon metabo-
lism in tumor tissues. Therefore, studies clarifying the relationship 
between tumor-specific immune responses and tumor metabolism 
are expected to be valuable for the development of new cancer 
immunotherapies.

In conclusion, we propose a new era of cancer immunology, in 
which the strategy of cancer immunotherapy is based on the rela-
tionship between immune escape and silencing of genes encoding 
highly immunogenic tumor antigens. In the present work, we identi-
fied immunogenic tumor antigen SPESP1, which is hidden in tumor 
cells but re-expressed in tumor cells treated with a DNA methyl-
transferase inhibitor. SPESP1 may serve as a favorable target for 
cancer immunotherapy.
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