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Background

Recently, the number of patients with colorectal cancer
is increasing. Colorectal cancer is the third most com-
mon cancer and the fourth most frequent cause of can-
cer death worldwide [1]. In Japan, colorectal cancer is
the third leading cause of cancer-related death.

The prognosis is related to many histopathological and
clinical parameters, with the most important prognostic
factor affecting survival for patients undergoing curative
operation being the presence or absence of regional
lymph node involvement [2]. Therefore, it is generally
recommended that patients with stage III colorectal can-
cer, which includes regional lymph node metastases,
should undergo adjuvant chemotherapy. However, con-
troversy still exists regarding the necessity of adjuvant
chemotherapy for node-negative patients with stage II
disease [3]. The QUASAR trial demonstrated that adju-
vant chemotherapy with fluorouracil/leucovorin (FU/LV)
could improve survival of patients with stage II colorec-
tal cancer, although the absolute improvements were
small [4]. Pooled analysis (IMPACT B2) of randomized
trials comparing groups with adjuvant chemotherapy
receiving FU/LV and those with surgery alone demon-
strated that there was no significant difference in event-
free and overall survival [5]. Meanwhile, O’Connor et al.
reported that no 5-year survival benefit from adjuvant
chemotherapy was observed for patients with stage II
disease, although a benefit was observed for those with
stage I disease [6]. In the present situation, adjuvant
chemotherapy is conducted for patients categorized into
a high-risk group among those with stage II disease on
the basis of various histopathological or clinical parame-
ters such as poorly differentiated histology, lymphovas-
cular invasion, perineural invasion, T4 tumor stage,
bowel obstruction or perforation, and an elevated pre-
operative plasma level of carcinoembryonic antigen
(CEA) {7]. These parameters are indicated in some
guidelines such as the National Comprehensive Cancer
Network (NCCN), European Society for Medical
Oncology (ESMO), etc. (8], although they are not based
on conclusive evidence.

The immune system discriminates between self and
nonself, targeting, for example, cancer cells. However,
cancer cells can escape from the immune system and
grow, metastasize, and finally cause death. One mechan-
ism of the immune escape by cancer development is the
downregulation of human lymphocyte antigen (HLA)
class I molecules, which are cancer antigen-presenting
molecules for cytotoxic T lymphocytes (CTLs) [9-12].
The immune state is of great importance in the progno-
sis of cancer patients. Therefore, we focused on the
HLA class I expression level in cancer cells to investigate
its prognostic value in patients with colorectal cancer.
Since most anti-HLA class I antibodies recognize the
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allele-specific native structure of HLA class I molecules,
these antibodies have been unable to react with dena-
tured HLA class I molecules in formalin-fixed paraffin-
embedded tissue sections. However, we created a novel
monoclonal pan-HLA class I antibody, EMR8-5, suitable
for the immunostaining of formalin-fixed tissue speci-
mens [13]. Therefore, we are now able to retrospectively
investigate HLA class I expression levels in cancer speci-
mens that were surgically resected and stored for a long
time.

In this study, we investigated the prognostic value of
HLA class I expression in patients with stage II colorec-
tal cancer.

Methods

Patients

The study was approved by the Clinical Institutional
Ethical Review Board of the Medical Institute of
Bioregulation, Sapporo Medical University, Japan. We
reviewed the clinical pathology archives of 97 consecu-
tive patients with stage II (TNM classification [UICC])
colorectal cancer (61 men and 36 women; age range:
31-83 years) who underwent curative operation, defined
as the removal of all of the tumoral masses, the absence
of microscopic residual tumors, histology-negative resec-
tion margins, and lymphadenectomy extended beyond
the involved nodes at the postoperative pathologic
examination, at the Sapporo Medical University
Hospital, Sapporo, Japan, from February 1994 to January
2005. Written informed consent was obtained from each
patient according to the guidelines of the Declaration of
Helsinki. Fifty-six patients with poorly differentiated
histology or positive lymphovascular invasion had adju-
vant chemotherapy. These patients were randomly
assigned to receive 5-FU plus daily divided dose cisplatin
(5-FU, 320 mg/m? daily for 21 days; CDDP, 3.5 mg/m?>
daily for 21 days) followed by oral 5-FU (200 mg/body
daily for 2 years) or oral 5-FU therapy (200 mg/body
daily for 2 years) exclusively as randomized trial [14]. No
patients with rectal cancer had radiotherapy. Patients
whose medical reports were incomplete were excluded.
The median follow-up time was 54 months. Patients’
characteristics were assessed by tumor stage (stage IIA,
stage IIB, and stage IIC), age, gender, tumor size, tumor
location, histological type, and lymphovascular invasion.

Antibody

The monoclonal anti-pan-HLA class I antibody EMR8-5
was established at our laboratory [13]. This mouse mAb
(currently commercially available from Hokudo Co.,
Ltd., Japan) reacts with extracellular domains of HLA-
A*2402, A*0101, A*1101, A*0201, A*0207, B*(0702,
B*0801, B*1501, B*3501, B*4001, B*4002, B*4006,
B*4403, Cw*0102, Cw*0801, Cw*1202, and Cw*1502 [15]
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and shows strong reactivity in Western blots and con-
ventional light microscopic analysis of formalin-fixed,
paraffin-embedded sections.

Immunohistochemistry

Immunohistochemical staining with the antibody was
performed on formalin-fixed, paraffin-embedded tissues
after steam heat-induced epitope retrieval. Subsequent
incubations with a secondary biotinylated antibody,
avidin-conjugated peroxidase complex, and chromogen
were carried out on a Ventana NexES (Ventana Medical
Systems, Inc.,, Tucson, AZ) [16]. Slides were then coun-
terstained with hematoxylin, rinsed, dehydrated through
graded alcohols into nonaqueous solution, and cover-
slipped with mounting media. Positive reactivity to
EMRS8-5 was confirmed by staining of vascular endothe-
lial cells and lymphocytes in sections of tumor speci-
mens [15].

Evaluation of HLA class | expression

The cancer cell membrane immunoreactivity level for
HLA class I expressed by EMR8-5 was classified into
three categories (positive, dull, and negative). Positive
was defined as complete and heterogeneous membrane
staining in more than 80% of the tumor cells (Figure 1a).
Dull was defined as faint, incomplete, and heterogeneous
membrane staining in 20% ~80% of the tumor cells
(Figure 1b). Negative was defined as membrane staining
in less than 20% of the tumor cells (Figure 1c). All speci-
mens were reviewed independently using light micros-
copy in at least five areas at x 200 magnification by two
investigators who were blinded to the clinicopathological
data (TT and YI).

Statistical analysis
We investigated the relationships between HLA class I
expression levels and the other parameters (age, gender,
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tumor location, tumor size, depth, histological type, tym-
phovascular invasion, budding, number of lymph nodes
analyzed after surgery (<12), HLA class I expression
level, and adjuvant chemotherapy) and clinical outcome
(disease-free survival: DFS). Some of these parameters
(depth, histological type, lymphovascular invasion, bud-
ding, number of lymph nodes analyzed after surgery
(<12)) were recommended as potential prognostic fac-
tors for curatively resected colorectal cancer by ESMO
guidelines [8] or NCCN Guidelines Version 2 (2014).
Statistical analysis was performed using SPSS Statistics
17.0. Deviation between the HLA class I expression level
and clinicopathological parameters was evaluated with
the Pearson x* test. Survival analysis was assessed by the
Kaplan-Meier method, and the differences between sur-
vival curves were analyzed using the log-rank test. To
evaluate the correlations between the survival rate and
clinicopathological parameters, univariate and multivari-
ate regression analyses according to the Cox propor-
tional hazards regression model were used. A P value
<0.05 was considered to indicate statistical significance.

Results

HLA class | expression level and patient characteristics in
patients with stage I colorectal cancer
Immunohistochemical study of HLA class I in cancer
cells revealed the following. There were 51 cases (53%)
that were positive, which was defined as complete and
heterogeneous membrane staining in more than 80% of
the tumor cells, as well as 40 (41%) that were dull, which
was defined as faint, incomplete, and heterogeneous
membrane staining in 20% ~ 80% of the tumor cells, and
six (6%) that were negative, which was defined as mem-
brane staining in less than 20% of the tumor cells. In this
study, the cases were divided into two groups, those that
were “positive” (1 =51) and those that were “dull and
negative” (1 =46). The relationships between HLA class

and (c) negative.
-

Figure 1 Representative picture of immunostaining with the antibody EMR8-5. The cancer cell membrane immunoreactivity level for HLA
class I, which was expressed by EMR8-5, was classified into three categories (positive, dull, and negative). Positive was defined as complete and
heterogeneous membrane staining in more than 80% of the tumor cells. Dull was defined as faint, incomplete, and heterogeneous mermbrane
staining in 20% ~ 80% of the tumor cells. Negative was defined as membrane staining in less than 20% of the tumor cells. {a) Positive, (b) dull,
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I expression level and patients’ characteristics, i.e., tumor
stage (stage IIA, stage IIB, and stage IIC), age, gender,
tumor size, tumor location, histological type, and lym-
phovascular invasion, were assessed. The HLA class I
expression level had no significant correlation with other
clinicopathological parameters, except for gender
(Table 1).

Prognostic factors in patients with stage II colorectal
cancer

Univariate analysis related to DFS revealed that the
tumor location (P=0.01) and HLA class I expression
level (P=0.02) might be significant prognostic factors
among age, gender, tumor location, tumor size, depth,
histological type, lymphovascular invasion, budding,
number of lymph nodes analyzed, HLA class I expres-
sion level, and adjuvant chemotherapy. It also suggested
that venous invasion might be a prognostic factor
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(P =0.05). Moreover, multivariate analysis revealed
that tumor location, HLA expression level, and venous
invasion were significant independent prognostic factors
(P < 0.05) (Table 2).

HLA class | expression and 5-year DFS

Univariate and multivariate analyses revealed that the
HLA class I expression level might be a useful prognos-
tic factor related to DFS. Therefore, survival analysis was
conducted using the Kaplan-Meier method. The 5-year
DFS rates in the HLA class I positive group and in the
dull and negative (dull/negative) group were 89% and
70%, respectively (P = 0.01) (Figure 2).

HLA class | expression and adjuvant chemotherapy

Fifty-six stage II colorectal cancer patients with poorly
differentiated histology or positive lymphovascular inva-
sion had adjuvant chemotherapy. For patients with this

Table 1 HLA class | expression levels and characteristics of the patients (stage Il colorectal cancer)

Positive Dull and negative Total P
(n =51; 53%) (n=46; 47%) (n=97) value
Stage 054
Stage lIA 46 (90) 42 (91) 88
Stage IIB 2@ 0(0) 2
Stage IIC 3(6) 4 (9) 7
Age (years) 0.1
Mean +SD 64+97 60+123
Range 42~80 31~83
Gender—no. of patients (%) 003
Male 27 (53%) 34 (74%) 61
Female 24 (47%) 12 (26%) 36
Diameter of primary tumor (mm)—no. (%) 087
30 11 (22%) 12 (26%) 23
31-50 21 (41%) 17 37%) 38
251 19 (37%) 17 (37%) 36
Location—no. of patients (%) 084
Right 16 (31%) 13 (28%) 29
Left 15 (30%) 16 (35%) 31
Rectum 20 (39%) 17 (37%) 37
Histological type—no. (%) 023
Well/mod 48 (94%) 40 (87%) 88
Por/muc 3 (6%) 6 (13%) 9
Lymphatic invasion—no. of patients (%) 055
Negative 45 (88%) 40 (87%) 85
Positive 6 (12%) 6 (13%) 12
Venous invasion—no. of patients (%) 033
Negative 44 (86%) 42 (91%) 86
Positive 7 (14%) 4 (9%) 1

— 197 —



wayama et al. World Journal of Surgical Oncology (2015) 13:36 Page 5 of 7
Table 2 Univariate and multivariate analyses related to disease-free survival in 97 colorectal cancer patients
Va"ables S T e e

Hazard ratio P value Hazard ratio P value
Age 098 (0.94-1.02) 0.38
Gender (F) 142 (0.50-4.04) 051
Tumor location (colon vs rectum) 423 (1.49-1201) 001 411 (142-1191) 0.009
Tumor size (S5 cm) 064 (0.24-1.73) 038
Tumor invasion (S) 0.52 (0.12-2.28) 039
Differentiation (por or muc) 1.50 (0.20-11.35) 0.70
Lymphatic invasion (ly0, 1 vs ly2, 3) 1.10 (0.25-4.83) 0390
Venous invasion (v0, 1 vs v2, 3) 3.10 (1.00-9.56) 0.05 3.85 (1.15-12.92) 0.03
Budding 0.52 (0.19-141) 0.20
Number of lymph nodes analyzed (<12) 132 (0.51-343) 0.57
HLA expression level (dull or negative) 3.86 (1.26-11.85) 002 536 (1.68-17.11) 0.005
Adjuvant chemotherapy (no) 0.82 (0.30-2.22) 0.70
chemotherapy, the 5-year DFS rates of those with HLA  Discussion

class I positive expression and those with dull/negative
expression were compared. The 5-year DFS rates in the
HLA class I positive group and in the dull/negative
group were 84% and 68%, respectively (Figure 3). The 5-
year DFS in patients with HLA dull/negative expression
was lower than that of those with HLA positive expres-
sion, although there was no significant difference (P = 0.10).
On the other hand, no patient with HLA class I positive
expression without chemotherapy relapsed, whereas
29% of those with HLA dull/negative expression re-
lapsed. For those without adjuvant chemotherapy, there
was a significant difference in 5-year DFS between pa-
tients with HLA class I positive expression and dull/
negative expression (P = 0.03) (Figure 4).
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Figure 2 Five-year disease-free survival curves of stage i
colorectal cancer patients. The 5-year DFS rates in the HLA class |
positive group (black circle) and in the dull and negative group
(white circle) were 89% and 70%, respectively. Patients with HLA class
| positive expression had a significantly higher DFS rate than that of
those with HLA class | dull and negative expression (P =0.01).

Prognostic factors are useful for determination of the
therapeutic strategy and follow-up examination after
curative operation in cancer treatment. There are vari-
ous reports of clinical and pathological prognostic fac-
tors. However, there are few immunological prognostic
factors. The immunological state of the host can influ-
ence the prognosis for cancer patients as well as the fea-
tures of the cancer.

HLA class I molecules have a central role in the anti-
cancer immune system, especially as cancer antigen-
presenting molecules for CTLs [13]. CTLs can recognize
antigenic peptides presented on the cell surface by HLA

10

84%

£ os

=

E oo 68%
'E 0.6

£ o

H

2

&

2 04

g

= P=0.10 (Log Rank)
£ 02

v ~——@— positive (n=33)

wesiee dull and negative (n=23)
0.0

0 6 12 18 24 30 36 42 48 54 60

months

Figure 3 Five-year disease-free survival curves of patients with
adjuvant chemotherapy. The 5-year DFS rates of patients with HLA
class | positive expression (black circle) and with dull and negative
expression (white circle) were compared. The 5-year DFS in patients
with HLA dull and negative expression was decreased more than
that of those with HLA positive expression, although there was no

significant difference (P=0.10).
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Figure 4 Five-year disease-free survival curves of patients
without adjuvant chemotherapy. No patient with HLA class |
positive expression (black circle) relapsed. Twenty-nine percent of
patients with HLA dull and negative expression (white circle)
relapsed. For patients without adjuvant chemotherapy, there was a
significant difference in the 5-year DFS between patients with HLA
class | positive expression and those with dull and negative
expression (P = 0.03).

class I molecules and kill target cells such as cancer
cells. However, cancer cells can escape from the immune
system by downregulation of HLA class I molecules, se-
cretion of immunosuppressive cytokines, and infiltration
of immunosuppressive cells [9-13]. One mechanism of
recurrence after curative operation might be immune es-
cape by micrometastatic cancer cells. Therefore, we fo-
cused on HLA class I molecules, key molecules in the
immune system, to investigate the possibility of new im-
munological prognostic factors. This investigation was
enabled through the use of the novel monoclonal pan-
HLA class I antibody EMR8-5 [13], which is suitable for
the immunostaining of surgically resected, formalin-
fixed tissue specimens stored for a long time.

In this study, we investigated the HLA class I expres-
sion level and the prognoses of stage II colorectal cancer
patients who underwent curative operation. In patients
with stage II cancer, there was a significant difference in
5-year DFS between HLA class I positive patients and
dull/negative patients (P = 0.01). Patients with HLA class
I positive expression had a higher 5-year overall survival
(OS) rate than those with HLA class I dull/negative ex-
pression, although there was no significant difference
(P =0.29) (data not shown). In addition, univariate and
multivariate analyses revealed that the HLA class I ex-
pression level might be a significant independent prog-
nostic factor. These data suggested that the HLA class I
expression level might be a useful prognostic factor,
particularly as a predictive factor for relapse, in stage II
colorectal cancer. The reason why there was no signifi-
cant difference in OS for stage II colorectal cancer
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patients is speculated to be that the beneficial treat-
ments after recurrence might have more influence on
OS than the immunological state in the living body such
as the HLA class I expression level.

We have also reported that the HLA class I expression
level might be a prognostic factor for other cancers such
as osteosarcoma, clear cell renal cell carcinoma, and
bladder cancer [15-19]. Tsukahara et al. reported that
patients with osteosarcoma highly expressing HLA class
I had significantly better OS and DFS than those with
HLA class I-negative osteosarcoma [15]. Thus, there
might be a difference in the impact of the HLA class I
expression level on OS or DFS depending on the cancer.
Although most reports, including our study, suggested
that downregulation of HLA class I expression level was
associated with a poor prognosis, Madjd Z et al. re-
ported that total loss of HLA class I was an independent
indicator of good prognosis in breast cancer [20]. They
considered that the loss of HLA class I might make the
tumors more susceptible to natural killer (NK) killing
and result in a better prognostic outcome. It is due to
the presence of HLA class I allele-specific killer cell in-
hibitory receptors (KIRs) on the surface of NK cells.
Thus, in the absence of HLA class I expression, this
KIRs-mediated inhibitory signaling is lost, resulting in
the activation of NK cytolytic effector functions [21]. NK
cell-mediated cytotoxicity is regulated by a delicate bal-
ance between activating and inhibitory signals. So, the
prognostic influence brought by the HLA class I expres-
sion level might depend on the various cancer immune
circumstances.

Surgery alone has relatively favorable results in colo-
rectal cancer patients with stage II disease; hence, any
advantage conferred by adjuvant chemotherapy after the
curative operation is likely to be small. However, in real
life in Japan, approximately 13% of patients with stage II
colorectal cancer are found to have recurrence. The sev-
enth edition of the American Joint Committee on Cancer
(AJCC) Staging Manual divides stage II into three groups:
stage IIA (T3NO), stage IIB (T4aNO), and stage IIC
(T4bNO). There is a report that the prognoses for the stage
IIB and IIC subgroups are worse than those of some stage
1II patients [22]. Therefore, stage II patients could be di-
vided into high- and low-risk populations. We should se-
lect high-risk stage II patients and give adjuvant
chemotherapy to prevent recurrence by micrometas-
tases only to those patients who can obtain a significant
benefit from it. The NCCN Guidelines Version 2 (2014)
recommended the following risk factors for recurrence:
number of lymph nodes analyzed after surgery (<12),
poorly differentiated histology, lymphatic/vascular inva-
sion, bowel obstruction, perineural invasion, localized
perforation, and close, indeterminate, or positive mar-
gins. The ESMO consensus guideline recommended

— 199 —



lwayama et al. World Journal of Surgical Oncology (2015) 13:36

the following factors: lymph node sampling <12, poorly
differentiated tumor, vascular or lymphatic or perineu-
ral invasion, T4 stage, and clinical presentation with in-
testinal occlusion or perforation [8]. In this study,
patients with poorly differentiated tumors or moderate
and severe lymphovascular invasion were considered to
be high-risk stage II patients and underwent adjuvant
chemotherapy. We investigated the 5-year DFS in stage
II patients with and without adjuvant chemotherapy,
respectively. Patients with HLA class I positive expres-
sion had a higher DFS rate than those with HLA class I
dull/negative expression under both settings. In
addition, for low-risk patients without chemotherapy,
all patients with HLA class I positive expression did
not relapse, although 29% of those with HLA class I
dull/negative expression relapsed. These data might
make certain of the prognostic value of HLA class I ex-
pression for relapse.

Conclusions

The HLA class I expression level might be a very sensi-
tive prognostic factor in colorectal cancer patients with
stage II disease.
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gg{:{:{f frame (MmSVN2B), was used to immunize HLA-A-2402/K"-transgenic (HLA24P-Tg) mice. Subcutaneous
Polyl:C administration of MmSVN2B or xenogeneic human survivin (control HsSNV2B) to HLA24P-Tg mice failed
CD4 epitope to induce an immune response without co-administration of an RNA adjuvant polyl:C, which was required

for effector induction in vivo. Although HLA-A-2402/KP presented the survivin-2B peptide in C57BL/6
mice, 2B-specific tetramer assays showed that no CD8* T CTLs specific to survivin-2B proliferated above
the detection limit in immunized mice, even with polyl:C treatment. However, the CD4* T cell response,
as monitored by IFN-y, was significantly increased in mice given polyl:C+ MmSVN2B. The Th1 response
and antibody production were enhanced in the mice with polyl:C. The CD4 epitope responsible for effec-
tor function was not Hs/MmSNV;3.27, a nonconserved region between human and mouse survivin, but
region 53-67, which was identical between human and mouse survivin. These results suggest that acti-
vated, self-reactive CD4" helper T cells proliferate in MmSVN2B + polyl:C immunization and contribute
to Th1 polarization followed by antibody production, but hardly participate in CTL induction.

© 2014 Elsevier GmbH. All rights reserved.

Peptide vaccine
Th1 response
Interferon-y
Tumor immunity

Introduction

Dendritic cells (DCs) present exogenous antigens (Ags) to cells
in the major histocompatibility complex (MHC) class I-restricted
Ag-presentation pathway and cause the proliferation of CD8* T
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cells specific to the extrinsic Ag. When tumor cells have solu-
ble and insoluble exogenous Ags, MHC class I Ag presentation is
mainly transporter associated with antigen processing (TAP)- and
proteasome-dependent, suggesting the pathway is partly shared
with the pathway for endogenous Ag presentation. The delivery of
exogenous Ag by DCs to the pathway for MHC class I-restricted Ag
presentation is called cross-presentation (Bevan 1976).

Polyl:C is a double-stranded RNA analog that activates RNA-
sensing pattern-recognition receptor pathways (Matsumoto and
Seya 2008; Seya and Matsumoto 2009). Polyl:Cis an efficient trigger
of cross-presentation, and facilitates cross-priming of CD8* T cells
in the presence of Ag. Tumor-associated antigens (TAAs) usually
expressed in low levels are thought to need support from pattern-
recognition receptor activation to induce TAA-specific cytotoxic T
lymphocytes (CTLs) (Seya et al. 2013).
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Many TAAs have been identified and tested for tolerability to
patients and for ability to suppress tumor progression. Peptide
vaccine immunotherapy against cancer has been studied clinically
(Rosenberg et al. 2004). Survivin (SVN) is a TAA that generates
CTLs in cancer patients (Schmiitz et al. 2000; Andersen et al. 2001).
Human survivin (HsSVN) is a 16.5kDa cytoplasmic protein that
inhibits caspase 3 and 7 in cells stimulated to undergo apoptosis
(Altieri 2001). SVN is a member of the inhibitor of apoptosis pro-
tein family associated with fetal development. Therefore, except
for testis, thymus and placenta, normal tissues express little SVN
(Ambrosini et al. 1997; Altieri 2001). SVN is required in early
thymocyte development from CD4/CD8-double-negative cells to
CD4/CD8-double-positive lymphocytes (Okada et al. 2004). SVN
is expressed in a wide variety of malignant cells (Altieri 2001;
Fukuda and Pelus 2006). There are several splicing variants includ-
ing a variant HsSVN2B with a cryptic epitope for MHC class I in
humans. An HsSVN2B peptide (AYACNTSTL: 80-88) is an HLA-
A*2402-restricted peptide recognized by CD8+ CTLs (Hirchashi
et al. 2002). Some cancer cells have higher mRNA levels of the
HsSVN splice variant 2B, but whether this splice variant functions
in tumorigenesis is unknown (Li 2005).

Several trials have studied the SVN2B peptide in cancer patients
(Tsuruma et al. 2008; Honma et al. 2009; Kameshima et al. 2013).
Although CTLs specific for SVN were detected in peripheral blood
mononuclear cells of most cancer patients, as determined by HLA-
A*2402/SVN2B tetramer assays, no substantial therapeutic effect
on cancer is seen in most clinical studies. A phase I clinical study
found that vaccination with SVN2B peptide combined with IFN-o
had significant therapeutic benefits in advanced pancreatic cancer
patients, in spite of IFN~-mediated side effects. Thus, an IFN-inducing
adjuvant, that simultaneously up-regulates Ag-presentation and
[FN-inducible genes, might more efficiently contribute to the clin-
ical benefits of SVN for cancer patients.

Polyl:C is an analog of virus double-stranded RNA with IFN-
inducing adjuvant properties. To test the effect of polyl:C on
survivin-derived CTLs, we used a mouse model expressing human
HLA-A24 that presents the SVN2B peptide (Gotoh et al. 2002).
Mice have no splice counterpart for HsSSVN2B and therefore mouse
survivin (MmSVN) lacks the 2B portion of HsSVN, although the
mouse ortholog is 84% homologous to HsSVN (Kobayashi et al.
1999). When BALB/c mice are injected intraperitoneally with
HsSVN2B+RNA adjuvant, high levels of CD4* T cells are induced
in splenic T cells, as determined by IFN-y, TNF-¢, and IL-2 produc-
tion, as well as development of lytic MHC class Il-restricted T cells
and memory (Charalambous et al. 2006).

The N-terminal sequence of HsSVN, which includes amino
acids 13-27 (FLKDHRISTFKNWPF), differs from that of MmSVN
(YLKNYRIATFKNWPF) (Charalambous et al. 2006). Therefore, high
frequencies of self-reactive CD4* T cells specific for a tumori-
genic protein might be elicited in mice with xenogeneic HsSVN.
However, self-reactive CD4* T cells can be induced toward syn-
geneic or nonmutated CD4 epitopes in cancer patients (Topalian
et al. 1996; Osen et al. 2010). To test the possibility that sub-
derived self-CD4 epitopes participate in CD8* CTL proliferation,
we made a chimeric survivin protein (MmSVN2B), where the
human 2B exon sequence was embedded into MmSVN. We
immunized HLA-A-2402/KP-transgenic (HLA24P-Tg) B6 mice with
MmSVNZ2B. The results indicated that the CD8* CTL response to
a self-tumor Ag (2B peptide) was barely enhanced by treatment
of HLA24P-Tg mice with MmSVN2B in the presence of polyl:C.
However, CD4* T cell immune responses to the CD4 epitope of
MmSVN2B and HsSVN2B were significantly enhanced in HLA24P-
Tg mice with SVN2B proteins + polyl:C. The CD4 epitopes were not
the N-terminal HsSVNy3.57 and MmSVNy3_37 sequences, but the
Hs/MmSVNs3_67 (DLAQCFFCFKELEGW) sequence, which is identi-
calin HsSVN2B and MmSVN2B and thus a nonmutated CD4 epitope.

Polyl:Cwasrequired for proliferation of self-reactive CD4* Th1 cells
that recognized the syngeneic epitope. We discuss how RNA adju-
vant might induce CD4* Th1 cells and act in the antitumor immune
response.

Materials and methods
Bioinformatics analysis

Ensembl databases (http://asia.ensembl.org/index.hitml!) were
used to investigate human and mouse SVN genomic struc-
ture. Primate and rodent short interspersed nuclear elements
(SINEs) were predicted using the Repeat Masker program
(http:/fwww.repeatmasker.org/). Results from databases were
confirmed by comparison to previous reports (Mahotka et al. 1999).

Expression analysis

Total RNA was extracted from tissues from C57BL/6 mice
and murine cell lines using RNeasy Mini Kits (Qiagen) follow-
ing the manufacturer's instructions. RT-PCR used High Capacity
cDNA Reverse Transcription Kits (Applied Biosystems) according
to the manufacturer's instructions. Primer pairs were designed
to span separate exons to avoid amplifying other genomic
DNA. Primers were 5'-ACTACCGCATCGCCACCT-3' (forward) and
5 -GCTTGTTGTTGGTCTCCTTTG-3 (reverse) for detection of the
murine SVN gene (MmSVN) and 5-TGTAACCAACTGGGACGATAT-
3 (forward) and 5-CTTTTCACGGTTGGCCTTAG-3' (reverse) for
murine Gapdh. PCR conditions for mSVN were 94°C 3 min; 35 cycles
of 94°C 305, 65°C 305, 72°C for 30s; and 7 min 72 °C. Gapdh PCR
conditions were 94°C 3 min; 30 cycles of 94°C 30s, 65°C 30, and
72°C30s; and 7min at 72°C.

Antigens

The HsSVN2B-coding sequence was amplified using primers
5'-CGGGATCCATGGGTGCCCCGACG-3' (underline: BamHI site)
and 5-GGAATTCTCAATCCATGGCAGC-3/(underline: EcoRI site).
To construct the mSVN 2B gene (MmSVN2B), we used two-
step PCR to make a chimeric gene of the mSVN gene and the
human 2B exon (Fig. 2). In the first PCR, two fragments con-
taining exon 1-2 and exon 3-4 were amplified using primers
5/-CCGCTCGAGATGGGAGCTCCGGCGCT-3' (underline: Xhol site)
and 5-ACCGTGCCCGGCCCAATCGGGTTGTCA-3' (italics: 5-end
of exon 2B of the HsSVN2B gene) for exon 1 and exon 2 and
5'-GGGCGGATCACGAGAGAGGAGCATAGAAAGCA-3 (italics: 3'-end
of exon 2B) and 5'-CGGGATCCTTAGGCAGCCAGCTGCTCAAT-
3’ (underline: BamHI site) for exon 3 and exon 4.
The exon 2B fragment was amplified using primers
5'-CGATGACAACCCGATTGGGCCGGGCACGG-3’ (italics:
3-end of exon 1 and exon 2 of MmSVN) and 5-
TITCTATGCTCCTCTCTCGTGATCCGCCC-3' (italics: 5'-end of exon 3
and exon 4 of MmSVN). In the second PCR, the three templates
from the first PCR were mixed in equal amounts and amplified
using primers 5-CCGCTCGAGATGGGAGCTCCGGCGCT-3" (under-
line: Xhol site) and 5-CGGGATCCTTAGGCAGCCAGCTGCTCAAT-3/
(underline: BamHI site). The pCold vector Il (TaKaRa) and SVN
fragments were restriction digested and ligated overnight with
T4 ligase (Promega) at 4°C. Ligation mixtures were transformed
into competent Escherichia coli strain BL21 (DE3) cells. After
preculturing for 2 h at 37 °C, cells were cooled on ice. Recombinant
protein expression was induced with isopropyl-1-thio-f3-D-
galactopyranoside at a final concentration of 1mM and cultured
for 24h at 16°C. N-His-tagged survivin proteins were purified
using a Profinia protein purification system (Biorad). Buffer of
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purified SVN proteins was sequentially exchanged with PBS con-
taining 2 M urea. To rule out lipopolysaccharide contamination, we
treated survivin proteins with 200 wg/ml of polymixin B (Sigma)
for 30min at 37°C before use. OVA (ovalbumin) (Sigma) was
similarly treated with polymixin B as an Ag.

Mice

C57BL/6 (H-2b) mice were from Clea Japan (Tokyo). HLA24b-
Tg was from SLC Japan (Gotoh et al. 2002). Mice were maintained
in the Hokkaido University Animal Facility (Sapporo, Japan) in spe-
cific pathogen-free conditions. All experiments used mice that were
8-12 weeks old at the time of first procedure. All mice were used
according to the guidelines of the institutional animal care and
use committee of Hokkaido University, which approved this study
(ID number: 08-0243, “Analysis of immune modulation by toll-like
receptors”).

Reagents, antibodies and cells

Polyl:C and OVA333.339 peptide (ISQAVHAAHAEINEAGR) were
from Sigma. OVAss7_264 peptide (SIINFEKL: SL8), OVA (H2Kb-
SL8), HLA-A*2402 survivin-2B and HIV tetramer were from
MBL. SVN2B peptide (AYACNTSTL) and HLA-A*2402/2B peptide-
restricted human T cell clones (Idenoue et al. 2005) were
kindly provided by Dr. Noriyuki Sato (Department of Pathol-
ogy, School of Medicine, Sapporo Medical University). Human
and murine-specific helper peptides (Charalambous et al. 2006)
MmSVN;3_27 (YLKNYRIATFKNWPF) and Hs SVNy3_7 (FLKDHRIST-
FKNWPF) and the common helper peptide Hs/Mm SVNs3_g7
(DLAQCFFCFKELEGW), were synthesized by Biologica Co. Ltd
(Nagoya). Peptide purity was >95%. To eliminate lipopolysaccharide
contamination, all peptides were treated with 200 p.g/ml polymixin
B (Sigma) for 30 min at 37°C before use (Nishiguchi et al. 2001).
Anti-CD3&(145-2C11), anti-CD8« (53-6.7) and anti-IFNvy (XMG1.2)
antibodys (Abs) were from BioLegend. Anti-CD4 Ab (L3T4) was
from eBiosciences and ViaProbe was from BD Biosciences. Dendritic
cells were prepared from spleens of mice as described previously
(Azuma et al., 2012).

Antigen-specific T cell expansion in vivo

HLA24P Tg mice (Gotoh et al. 2002 ) were subcutaneously immu-
nized with 100 pg of each antigen and 100 p.g poly I:C once a week
for 4 weeks. After 7 days from the last immunization, spleens were
extracted, homogenized and stained with FITC-CD8x and PE-OVA
(Azuma et al. 2012) or PE-SVN2B tetramer for detecting antigen-
specific CD8* T cells(Tsuruma et al. 2008). For intracellular cytokine
detection, splenocytes were cultured with 100 nM SL8 or survivin
2B peptide for 6 h with 10 pg/ml brefeldin A (Sigma-Aldrich) added
in the last 4h. For intracellular cytokine detection of antigen-
specific CD4* T cells, splenocytes were cultured with 100nM
OVA3;3.339 peptide or SVN helper peptide for 6h with 10 pg/ml
brefeldin A (Sigma-Aldrich) added in the last 5 h. Cells were stained
with PE-anti-CD8a/FITC-anti-CD3¢ for CD8* T cells or PE-anti-
CD4/FITC-anti-CD3e for CD4* T cells. After cell-surface staining,
cells were fixed and permeabilized with Cytofix/Cytoperm (BD Bio-
sciences) according to the manufacturer’s instruction. Fixed and
permeabilized cells were stained with APC-anti-IFN-v. Stained cells
were analyzed with FACSCalibur (BD Biosciences) and Flow]o soft-
ware (Tree Star) (Azuma et al. 2012).

ELISA

Sera were coliected from immunized mice once a week for
4 weeks and 96-well plates were coated with 10 ug/ml OVA,

MmSVN2B and HsSVN2B in ELISA/ELISPOT coating buffer (eBio-
science) and incubated overnight at 4°C. ELISA diluent solution
(eBioscience ) was used for blocking and antibody dilution. PBS with
0.05% Tween 20 was used for washes. Anti-OVA or anti-SVN in
sera was assessed by ELISA using antiserum for IgG2a/b and IgG1
diluted 1000-fold and 10,000-fold and incubated for 2 h at room
temperature. After washing, isotype IgGs were detected using goat
anti-mouse total IgG, IgG1, or IgG2a conjugated to HRP (South-
ern Biotechnology Associates). After washing, plates were stained
with 1XTMB ELISA substrate solution (eBioscience) and reactions
stopped with 2 N H,S04 before measuring absorbance.

Statistical analyses

For comparison of two groups, P-values were calculated with a
Student’s t-test. For comparison of multiple groups, P-values were
calculated with one-way analysis of variance (ANOVA) with Bon-
ferroni's test. Error bars are SD or SEM between samples.

Results
Origin of human SVN exon 2B

The HsSVN gene has four conserved and two cryptic exons
(Mahotka et al. 1999). The authentic HsSVN gene encode 142 amino
acids in exons 1-4. On the other hand, the HsSVN2B product is 165
amino acids encoded by exons 1, 2, 2B, 3 and 4. Exon 2B is hid-
den within intron 2, which is spliced into mature HsSVN2B mRNA
in-frame between exons 2 and 3 (Mahotka et al. 1999). Exon 2B
is followed by the GT-AG role and expressed in many tumor cells
and tumor cell lines, suggesting that splicing predominantly occurs
in malignantly transformed cells (Mahotka et al. 2002). According
to the Ensembl database, HsSVN intron 2 had two Alu sequences
(Fig. 1A), and exon 2B resulted from the second Alu. In contrast, the
MmSVN gene had four exons separated by three introns with no Alu
sequence in intron 2; instead, MmSVN had several SINE sequences
characteristic of rodents in infron 2 (Fig. 1A). Although the exon
sequences were conserved in human and mouse SVNs, two intron
sequences diverged between human and mouse (Fig. 1A). These
results suggested that integration of exon 2B was evolutionarily
new and formed after an Alu insertion. Although the SVN gene is
conserved in yeast and humans, exon 2B was established after the
divergence of human and mouse.

We used RT-PCR to investigate transcripts resulting from splic-
ing other exons around exon 2 into the MmSVN mRNA. Results of
mRNAs from mouse organs and cell lines are in Fig. 2B. The results
suggested that no alternative exons around exon 2 in the MmSVN
gene. We detected a ~200 bp product in most organs and cell lines
tested (Fig. 2B), but this was not an MmSVN transcript.

Generation of a mmSVN2B construct

A SVN2B peptide derived from the HsSVN2B gene that con-
tained the exon 2B sequence was recognized by CTLs in cancer
patients (Hirohashi et al. 2002; Tsuruma et al. 2008; Honma et al.
2009) and a CTL clone was established from patients (Idenoue
et al. 2005). We artificially constructed an MmSVN2B with a xeno-
geneic human exon 2B inserted into the boundary between exon
2 and 3 of SVN (Fig. 2A and B). Prominent amino acid substitut-
ions between MmSVN2B and HsSVN2B were concentrated in the
N-terminal region encoded by exon 1 (Fig. 2B), and a CD4 epitope is
inthisregion (Li 2005; Mahotka et al. 2002). In an earlier paper, this
HsSVN;3.27 region, but not MmSVN,3_57, was an effective CD4 epi-
tope that promoted HsSVN;3.p7-specific CD4* T cell proliferation

— 203 —



J. Kasamatsu et al. / Immunobiology 220 (2015) 74-82 77

(A Al Alu

Intron 2w ] R 5 [T 3 Primate SINE
l—».__.w___“‘ e
Ha3VN locus [i =
L2 E—:j Bl ore

Eunn 28

1 ur

Thty

MmSVH locus [] E

e R
Intron 2 seemd T e T e T e 5 [T 30 Rudent SINE
B1 B2-4 B2-4 81 B1 B82-4
(B) Exeon i Exan2 Exon 3 Exot 4

MmaVN mRNA [ R A D e I
PCR Frimers —p- 315bp  <—

MmSVN

Gapdh

Nomal tissues Cell lines

Fig. 1. Genome structure and expression of human and murine SVN gene. (A) Comparison of human and murine survivin gene structure. Survivin gene structures were defined
by the Ensembl genome browser. Primate and rodent SINEs were predicted using Repeat Masker program:. Filled boxes, coding regions; open boxes, 5~ and 3’'-untranslated
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Fig. 3. Expansion of OVA and SVN-specific CD8* T cells. (A) HLA24b-Tg mice were immunized with 100 pg antigen and 100 pg poly 1:C once a week for 4 weeks. After 7
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and SVN2B-tetramer positive CD8* T cells shown in (A). (E, F) Average percentages of [FN~y producing CD8" T cells specifically in response to SL8 or SVN2B peptide in (B).

*p<0.01.

(Charalambous et al. 2006). His-tagged MmSVN2B and HsSVN2B
proteins were purified and used as Ags (Fig. 2C).

CD4* and CD8* T cells that react to MmSVN2B plus polyl:C

We examined the ability of MmSVN2B to induce IFN-y and
CD8* T cell proliferation by immunizing HLA24°-Tg mice with
MmSVN2B or HsSVN2B with or without polyl:C (Fig. 3). SVN2B-
specific CTLs were probed by SVN2B-tetramer (Fig. 3A) and IFN-y
staining (Fig. 3B). SVN2B-specific human CD8* T cells were detected
with SVN2B-tetramer (Fig. S1), which enabled us to search for
SVN2B-specific CTLs in HLA24P-Tg mice (Idenoue et al. 2005).
Expression of CD40 was up-regulated in CD8a* conventional DCs
to a similar extent with MmSVN2B or HsSVN2B (Fig. S2), consis-
tent with areport on CD40 that promotes cross-priming by Ahonen
et al. (J Exp Med, 2004). OVA and polyl:C were used as positive
controls (Fig. 3A, B left panels), and SL8 (SIINFEKL)-specific CTLs
were monitored with OVA tetramer (Azuma et al. 2012). Both OVA-
tetramer-positive and IFN-y-producing CD8* T cells were detected
in mice immunized with OVA and polyl:C (Fig. 3C, E). Without
polyl:C stimulation, only small number of OVA-tetramer-positive
cells were upregulated compared to controls (Azuma et al. 2012;
Azuma & Seya unpublished data).

When HLA24-Tg mice were immunized with MmSVN2B or
HsSVN2B without polyl:C, no significant induction of SVN2B-
tetramer-positive (Fig. 3D) or IFN-y-inducing cells was observed

(Fig. 3F). When polyl:C was included, only a small increase
in SVN2B-tetramer-positive cells was detected in mice given
MmSVN + polyl:C with no significant increase in IFN-y (Fig. 3F).
Mice receiving HsSVN+polyl:C (Fig. 3D) or polyl:C alone (not
shown) showed no significant increase in SVN2B-specific CD8*
T cells. Consistent with the lack of tetramer-positive CTL induc-
tion, MmSVN2B treatment failed to regress MmSVN2B-transfected
tumor cells implanted into HLA24"-Tg mice. In EG7 tumor-bearing
mice, administration of polyl:C alone (without Ag) induces tumor-
growth retardation due to the contribution of endogenous Ag
(Azuma et al. 2012), but in this case with tumor-unloaded mice
polyl:C exhibited no tumor-regressing activity (data not shown),
possibly due to the lack of Ag.

Next, we determined the amounts of CD4* T cells that reacted
with MmSVN2B. The positive control group received OVA Ag
and polyl:C (Fig. 4A, B). The negative control group received PBS
without Ag and polyl:C, but basal frequencies of IFN-y-producing
CD4* T cells were detected in this group even in the absence of
polyl:C or Ag (Fig. 4). When MmSVN2B or HsSVN2B only was used
to immunize mice, no significant response was seen in CD4* T cells
compared to PBS controls (Fig. 4A, C-E). When polyl:Cwasincluded,
IFN-y-producing CD4* T cells restimulated with Hs/MmSVNs3.¢7
peptide increased significantly in mice that received MmSVN and
HsSVN (Fig. 4C, D). The sequence of MmSVNs3_g7 was identical to
the sequence of HsSVNs3_g7 (Fig. 2B). However, we did not detect
a significant increase in IFN-y-producing CD4* T cells in mice
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Fig. 4. Expansion of OVA and SVN-specific CD4* T cells. (A) HLA24"-Tg mice were immunized with 100 pg each antigen and 100 pg poly I:C once a week for 4 weeks. After
7 days from the last immunization, splenacytes were cultured with 100 nM OVA;,3.339 peptide or SVN helper peptide for 6 h, and 10 pg/ml brefeldin A (Sigma-Aldrich) was
added in the last 5 h. After cell surface and intracellular staining, IFN~y production of CD4" T cells was measured by FACS. Average percentages of IFN~y-producing CD4* T
cells in response to (B) OVAs3.339 peptide; (C) Hs/Mm SVNs;3.¢7 peptide; (D) MmSVN;3.27 peptide; (E) HsSVNy3.27 peptide. *p<0.01, **p<0.05.

restimulated with MmSVN;3_,7 or HsSVN;3_27 peptide (Fig. 4D, E).
Differences in these two CD4 epitope sequences are in Fig. 2B.

Ab production by immunization with MmSVN2B with polyl:C

Activation of Th1 cells is essential for B cell antibody class
switching. Therefore, we examined production of SVN-specific Ab
in Tg mice that did or did not receive polyl:C. Serum was collected
from HLA24P-Tg mice immunized with different Ags and polyl:C.
OVA and polyl:C were the positive control and resulted in a sig-
nificant increase in OVA-specific IgG1, IgG2a and IgG2b by ELISA
(Fig. 5 left panels). When HLA24Y-Tg mice were immunized with
MmSVN2B or HsSVN2B without polyl:C, no significant produc-
tion of any isotypes was observed (Fig. 5 center and right panels).
When polyl:C was included, MmSVN2B or HsSVN2B-specific iso-
types increased significantly.

Discussion

We demonstrated that HLA24P-Tg mice induced
Hs/MmSVNs3_g7-specific CD4* T cells and SVN-specific Ab
followed by Th1 cell activation in response to injection of polyl:C
and MmSVN2B protein. This result was partly inconsistent with
a previous report (Charalambous et al. 2006) using Balb/c mice
and HsSVN conjugated to Dec205 mAb. That is, our study with
C57BL/6 mice and MmSVN2B did not detect significant increases

in MmSVNy3_27-specific CD4* T cells after subcutaneous injection
of MmSVN2B with polyl:C. Thus, the xenogeneic differences in
sequence between HsSVN and MmSVN did not always contribute
to generating effective CD4* T cells specific for a tumorigenic pro-
tein in C57BL/6 mice. The haplotype of the MHC class Il proteins
between Balb/c (having H-2d) and C57BL/6 mice (having H-2b) and
Dec205 mAb conjugation (Charalambous et al. 2006) might be the
reason for these different results. However, no CD8* CTLs against
the 2B peptide were detected even when using a specific tetramer
for detection of CD8* CTLs (Fig. S1). Hence, poly!l:C was required
for proliferation of seif-reactive CD4* Th1 cells that recognized the
syngeneic epitope without proliferation of SVN2B peptide-specific
CTLs.

OVA were used as positive controls (Fig. 3A, B left panels), and
SL8 (SIINFEKL)-specific CTLs were monitored with OVA tetramer
(Azuma et al. 2012). Here, T cell activation by polyl:C+ MmSVN2B
is a focus in this study. However, there is a lot-to-lot difference of T
cell-activating activity in polyl:C+OVA as in our present and previ-
ous studies (Azuma et al. 2012). This difference of T cell activation
may be attributable to the fact that polyl:C consists of a variety of
length of polyl chains and polyC chains with a lot-to-lot hetero-
geneity. In addition, the amounts of Ags in Azuma’s experiment are
higher than those in the present experiment (Azuma et al. 2012).
CD40 stimulation by specific Ab results in high enhancement of
cross-priming of CD8 T cells (Charalambous et al. 2006) and CD40
was up-regulated in CD8«* DCs by polyl:C treatment, but the CD40
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Fig. 5. Production of OVA and SVN-specific antibodies. Sera were collected from immunized mice at once a week for 4 weeks. Anti-OVA or anti-SVN in sera was assessed by

ELISA using antiserum for IgG2a/b and IgG1. *p<0.01, *p <0.05.

levels were also variable depending upon the polyl:C lots. Devel-
opment of a synthesizing method for defined length of RNA duplex
will settle the issue.

Two points are noted. First, polyl:C, an RNA adjuvant, induces
CD4* T cells in addition to the reported cases of CD8* T cells. The fac-
tors that participate in polyl:C-mediated CD4+ T cell proliferation
and the kind of CD4* T subsets that are predominantly induced by
polyl:C remain unknown. Polyl:C is primarily a potential activator
of the IFN-inducing pathways RIG-I/MDA5 and TLR3 (Matsumoto
& Seya 2008). These pathways allow host immune cells to pro-
duce type I/IIl [FNs and cytokines and are soluble effectors against
cancer. TLR3 preferentially induces cross-presentation in CD8c*
DC in response to dsRNA including polyl:C (Schulz et al.,, 2005;
Azumaet al.2012)and causes proliferation of CD8* T cellsincluding
cells that respond to TAAs via cross-priming (Azuma et al. 2012).
CD4* T cells that are likely evoked by polyl:C stimulation func-
tion in antitumor immunity since their helper function is usually
suppressed in tumor-bearing mice and can be relieved by innate
immune response (Lee et al. 2013). Stimulation with polyl:C+SVN
Ag might change a tumor-derived suppressive environment to an
environment suitable for primary activation and maintenance of

Ag-specific cytotoxic CD8* T cell responses (Ridge et al. 1998;
Janssen et al. 2003).

According to a recent report, however, adoptively transferred
CD4" T cells induce tumor rejection independently of CD8* T cells
(Corthay et al. 2005; Perez-Diez et al. 2007). This rejection is appar-
ently based on cytokines released from CD4* T cells (Corthay et al.
2005) and on interaction with CD4* T cells and other immune cells
such as macrophages (Mfs) and natural killer (NK) cells (Perez-
Diez et al. 2007). DCs stimulated with polyl:C also result in NK cell
activation after DC-NK cell-to-cell contact (Akazawa et al. 2007).
Mfs in tumors might be a direct target of dsRNA, which converts
tumor-supporting Mfs into tumoricidal Mfs (Shime et al. 2012). IL-
12p40 is preferentially produced via the TICAM-1/Batf3 pathway in
response to dsRNA (Azuma et al. 2013). Thus, a variety of cellular
effectors can be triggered as antitumor agents by administration of
dsRNA with TAA peptides or proteins. We found that CD4* T cells
with Th1 properties were effectors induced by polyl:C possibly act-
ing as an antitumor agent in SVN-responding tumor cells. Although
epitope sequence and hydrophobicity might affect Th1 polarization
in mice, CD4* T effectors are successfully induced in tumor-bearing
or tumor-implanted mice by stimulation with MmSVN2B + polyl:C.
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Hence, in vivo administration of an RNA adjuvant with Ag proteins
induce CD4* helper T cells secondary to class Il presentation in
DCs, together with induction of type I IFNs and cytokines. CD4*
T cells also facilitate Ab production caused by stimulation of B cell
development (Mak et al. 2003).

Notably, this is a specific feature of RNA adjuvants, since TLR2
agonist Pam2 lipopeptides such as Pam2CSK4 and MALP2s induce
antitumor CTLs with sufficient potential (Chuaet al. 2014) but fail to
induce DC-mediated antitumor NK cell activation (Yamazaki et al.
2011; Sawahata et al, 2011). CD4* T cells with regulatory modes
such as Tregs and Tr-1 cells and IL-10 were induced by Pam2 pep-
tide in the presence of Ag (Yamazaki et al. 2011). Nevertheless,
robust proliferation of antitumor CTL is induced by Pam2 lipopep-
tides (Chua et al. 2014). Thus, the mode of CD8* T cell proliferation
is differentially modulated between TLR2 and TLR3/MDAS5 agonists.

The other point is how self-Ag-reactive CD4* T cells that act as
Th1 effectors in SVN-based immunotherapy are generated. Prolif-
eration of self-reactive T cells is prevented in normal mice, so the
levels of self-reactive T cells are usually lower than the detection
limit of assays (Gebe et al. 2003). Self-reactive CD4* T cells might
be positively regulated by polyl:C in the presence of protein anti-
gen, since mice, when exposed to DNA/RNA, harbor autoimmune
diseases against the protein (Mills 2011). However, even with Ag
proteins, polyl:C induced minimal cross-priming of CD8* T cells in
our setting, as with previous reports (Charalambous et al. 2006). In
this and other studies, both syngeneic and xenogeneic CD4 epitopes
prime CD4* T cells, stimulating Ab production and Th1 polariza-
tion with antitumor activity, but with little association with CTL
induction (Charalambous et al. 2006). Our SVN results suggested
that self-responsive CD4 epitopes that are identical in sequence in
human and mouse SVN have a conserved function as a Th1 skewer,
albeit modest, in mice by stimulating DCs and Mfs to prime T and
B cells. In this context, however, a question remains to be settled
about why the insertion of the 2B sequence in MmSVN caused
induction of auto-reactive CD4* T cells secondary to the class II
presentation of the common SVN sequence (53-67) rather than the
reported uncommon 13-27 region.

Generally, the presence of Tregs and regulatory cytokines such
as IL-10 usually suppresses the function of self-reactive CD4* T
effectors, so an autoimmune response cannot be detected (Danke
et al. 2004; Quezada et al. 2010). In tumor-bearing mice, polyl:C
releases the restriction of T cell autoreactivity by Tregs to enhance
CD4* T function in a tumor microenvironment. Although the level
of Treg cells increases in MALP2s-stimulated tumor-bearing mice
(Yamazaki et al. 2011), the amount of Treg cells is not affected
by polyl:C injection (Chua et al. 2014). Signs of autoimmune dis-
eases have not yet been observed in mice that received intermittent
administration of polyl:C under our conditions. Further studies on
the function of regulatory factors in tumor-bearing mice after treat-
ment with various adjuvants are needed to determine the balance
between CD4* T effector functions and regulatory factors including
Tregs (Quezada et al. 2010; Corthay et al. 2005).

It has been reported that treatment of murine glioma with DCs
loading MmSVN long overlapping peptide covering CD4 and CD8
epitopes (DC therapy) conferred good prognosis on tumor-bearing
mice (Ciesielski et al., 2008). In previous trials on peptide vaccine
therapy, SVN2B peptide +IFN-« resulted in clinical improvements
and enhanced immunological responses of patients (Kameshima
et al. 2013). Treatment with SVN2B peptide alone did not result in
good prognosis or effective tumor regression in late stage patients
with cancer, however (Tsuruma et al. 2008; Honma et al. 2009).
These results suggest that both killer and helper T cells are required
for in vivo induction of tumor regression, as previously suggested
(Perez-Diez et al. 2007). NK cells, Mfs, and soluble and angio-
genetic factors might be involved in tumor rejection (Shime et al.
2012; Miiller-Hermelink et al., 2008; Coussens and Werb 2002) in

addition to Ag -+ polyl:C. According to the study with Ag and polyl:C,
aprotein or long peptide Ag containing CD4 epitopes, adjuvant RNA
and additional factors that disable immunoregulatory factors, are
required to effectively induce TAA-specific killer and helper T cell
proliferation and subsequent tumoricidal activity in future studies
(Casares et al. 2001). Ag peptides should be designed to present
both class I and class Il peptides on DCs to facilitate proliferation
of CD4* T cells and Ab production. Methods for inducing potential
CD8* CTLs against tumors still need to be considered.
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Cancer-Associated Oxidase ERO1-a Regulates the Expression
of MHC Class I Molecule via Oxidative Folding

Kazuharu Kukita,”" Yasuaki Tamura,* Tsutomu Tanaka,* Toshimitsu Kajiwara,*
Goro Kutomi,” Keita Saito,” Koichi Okuya,” Akari Takaya,* Takayuki Kanaseki,*
Tomohide Tsukahara,* Yoshihiko Hirohashi,* Toshihiko Torigoe,* Tomohisa Furuhata,’

Koichi Hirata,” and Noriyuki Sato*

ERO1-« is an oxidizing enzyme that exists in the endoplasmic reticulum and is induced under hypoxia. It reoxidizes the reduced
form of protein disulfide isomerase that has oxidized target proteins. We found that ERO1-« is overexpressed in a variety of tumor
types. MHC class I H chain (HC) has two disulfide bonds in the o2 and a3 domains. MHC class I HC folding is linked to the
assembly of MHC class I molecules because only fully disulfide-bonded class I HCs efficiently assemble with f,-microglobulin. In
this study, we show that ERO1-« associates with protein disulfide isomerase, calnexin, and immature MHC class I before being
incorporated into the TAP-1-associated peptide-loading complex. Importantly, ERO1-a regulates the redox state as well as cell
surface expression of MHC class I, leading to alteration of susceptibility by CD8* T cells. Similarly, the ERO1-« expression within
cancer cells was associated with the expression level of MHC class I in colon cancer tissues. Thus, the cancer-associated ERO1-o
regulates the expression of the MHC class I molecule via oxidative folding The Journal of Immunology, 2015, 194: 4988-4996.

s is widely known, a low-oxygen environment essentially
A presents in a solid tumor. Therefore, to improve the ef-

fect of cancer vaccine, it is very important to know how
the immune surveillance mechanism is controlled in such a low-
oxygen environment. However, it has been unclear whether tu-
mor cells exposed to hypoxia properly present tumor Ag in the
context of MHC class I molecules to CD8" T cells. The mature
MHC class I is composed of H chain (HC), B,-microglobulin
(B2m), and antigenic peptide. Early events in MHC class I as-
sembly involve interactions between MHC class I HC and cal-
nexin, the oxidoreductase ERp57, and B2m (1, 2). Calnexin binds
to newly synthesized free HC via a lectin interaction, facilitates
the folding of MHC class I HC, and prevents aggregation. MHC
class I HC has two disulfide bonds in the a2 and o3 domains. One
disulfide bond (Cys***~Cys*>) is formed in the hydrophobic core
of the a3 domain of MHC class I molecules. The other disulfide
bond (Cys'®'-Cys'®*) is part of the al—a2 peptide-binding do-
main that remains incompletely folded as long as the binding
groove is not stably occupied by a peptide (3). Fully oxidized HCs
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dissociate from calnexin and associate with B2m to form the
heterodimeric MHC class I peptide receptor, leading to the asso-
ciation with multiple endoplasmic reticulum (ER)-resident pro-
teins, including TAP, transmembrane glycoprotein tapasin, the
chaperone calreticulin, and ERpS7 (3). These proteins together
constitute the MHC class I peptide-loading complex (PLC),
a group of chaperones dedicated to the promotion of loading
peptides into the binding groove. The PLC retains and stabilizes
empty MHC class I molecules until a suitable peptide ligand is
bound. Thus, disulfide bond formation within MHC HC is pre-
requisite for the stable expression of MHC class 1. However, until
recently, the precise mechanism for this step had not been dem-
onstrated. Recently, Park and colleagues (4, 5) have demonstrated
that protein disulfide isomerase (PDI)-mediated redox regulation
plays a very important role in the oxidative folding as well as
optimal peptide selection of MHC class I molecules through
disulfide bond formation. Protein disulfide bond formation in the
ER of eukaryotic cells requires two essential proteins, ERO1-a
and PDI (6). ERO1-«a is a conserved glycoprotein that is associ-
ated with the ER membrane and introduces oxidizing equivalents
necessary for protein disulfide bond formation into the ER lumen
(7, 8). PDI serves as a principal catalyst of thiol-disulfide ex-
change in the lumen of the ER. Disulfide transfer to the substrate
protein by PDI will result in reduction of active sites of PDI,
which must be reoxidized to carry out further oxidation. It has
been shown that ERO1-a reoxidized reduced PDI (9). Recently,
we showed that ERO1-o0 was overexpressed in a variety of tumor
types, and its expression is further augmented under hypoxic
conditions (10), suggesting that cancer-associated ERO1-o. might
play a role in the oxidative folding of MHC class I molecules in
association with PDI in tumor cells and, more importantly, in
tumor cells under hypoxia. However, the role of EROl-a in the
oxidative folding of MHC class I molecules has not been clarified.
In this study, we show that ERO1-a does indeed participate in the
oxidative folding of HCs of MHC class I molecules in tumor cells.
ERO1-a facilitates oxidative folding of MHC class I molecules in
the early stage of folding and assembly of MHC class I through
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PDI reoxidation. In particular, hypoxia-induced ERO1l-a plays
a profound impact on the oxidative folding and expression of
MHC class I molecules.

Materials and Methods

Cell lines and cell culture

The colon cancer cell line SW480 (HLA-A*0201/2402) was cultured in
DMEM (Sigma-Aldrich, St. Louis, MO) supplemented with 10% FBS
(Invitrogen Life Technologies, Carlsbad, CA). SW480-ERO1-a, a stable
transfectant of SW480 cells with EROl-a ¢cDNA, and SW480-short
hairpin RNA (shRNA) ERO1-a, a stable knockdown cell line of SW480
cells with short hairpin RNA for EROl-a, were cultured in DMEM
supplemented with 10% FBS and 4 pg/ml puromycin (Sigma-Aldrich).
The human cancer cell lines MCF-7, MIAPaCa2, HCT15, HCT116, and
HT29 were purchased from American Type Culture Collection. For
preparing hypoxia samples, cells were incubated in 1% O, for indicated
periods.

Abs

The mouse mAb against ERO1-a was purchased from Abnova, and a rabbit
polyclonal Ab to ERO1-a was purchased from Novus. Anti B-actin was
from Sigma-Aldrich. The mouse mAb W6/32, which binds a conforma-
tional epitope carried by all HLA-A, -B, and -C HCs with $2m and mAb
against transferrin receptor (CD71) were purchased from Abcam. Anti-
HLA-A, -B, and -C mouse mAb EMRS.5, which recognizes both folded
and unfolded MHC class I HCs, was purchased from Hokudo (Sapporo,
Japan). Anti-HLA-A, -B, and -C mouse mAb HC-10, which recognizes
unfolded MHC class I HCs, was purchased from Nordic-MUbio (Susteren,
the Netherlands). Rabbit polyclonal Ab PDI, calnexin, and ERp57 were
purchased from Enzo Life Sciences. The mouse mAb 148.3 directed
against the C terminus of human TAP1 was a gift from Dr. Cresswell (Yale
University). Anti-B2m rabbit polyclonal Ab was purchased from Dako-
Cytomation. Anti-B2m mouse mAb BBMI, goat polyclonal Ab against
peroxiredoxin IV (PRDX 1V), quiescin sulfhydryl oxidase (QSOX), and
rabbit polyclonal Ab aginst vitamin K epoxide oxidoreductase (VKOR)
were purchased from Santa Cruz Biotechnology.

Constructs

A myc-tagged human EROI-a cDNA construct was generated by
PCR and inserted into the Nhel-Xhol site of the pIRESpurolll vec-
tor (Invitrogen Life Technologies). A c-myc tag was added to the
C-terminal end of EROl-a. Four unique 29-mer shRNA constructs
against EROl-a in the pRS vector and control shRNA vector were
purchased from OriGene (Rockville, MD). Western blotting showed
that only one of four shRNA constructs was effective to deplete ERO1-a in
SW480 cells. Therefore, we established three stable clones of ERO1-o—
depleted cells and confirmed that they showed quite similar results in the
MHC class I assembly.

Western blotting

Normal colon tissue extract was purchased from Santa Cruz Biotech-
nology (Dallas, TX). For blockade of free thiols, cells were pretreated
for 5 min with 10 mM methyl methanethiosulfonate (MMTS; Pierce,
Rockford, IL). Cells were lysed in 1% Nonidet P-40 in TBS buffer
containing 25 mM HEPES, 100 mM NaCl, 10 mM CaCl,, and 5 mM
MgCl, (pH 7.6) supplemented with a protease inhibitor and 5 mM
MMTS. Postnuclear supernatants were divided and heated for 5 min at
95°C in nonreducing or reducing SDS sample buffer, resolved by 10%
SDS-PAGE, and electrophoretically transferred to polyvinylidene di-
fluoride membranes (Immobilon-P; Millipore, Billerica, MA). The mem-
branes were incubated with blocking buffer (5% nonfat dry milk in
PBS), probed with primary and secondary Abs, and proteins were vi-
sualized using ECL detection system (Amersham Life Science, Arling-
ton Heights, IL).

Immunoprecipitation

Cells were lysed in 1% digitonin in TBS (50 mM Tris-HC, 150 mM NaCl
[pH 8.0]) supplemented with protease inhibitor. Postnuclear supematant was
precleared for 2 h with 3 ul normal mouse serum and 30 pl (50% slurry)
protein G-Sepharose beads (Amersham Pharmacia, Piscataway, NJ) and then
incubated with 3 pg appropriate Ab and 50 p.l protein G-Sepharose beads
(50% slurry) for 4 h. After precipitation, beads were washed five times with
1% Triton X-100 in TBS. Precipitated proteins were eluted by boiling in
Laemmli buffer and analyzed by Western blotting.
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Real-time RT-PCR

Multiple tissue cDNA panels were purchased from Clontech (Palo Alto,
CA). Total RNA was isolated from cultured cells by using Isogen reagent
(Nippon Gene, Tokyo, Japan). The cDNA mixture was synthesized from
1 pg total RNA by reverse transcription using SuperScript III and oli-
gonucleotide (deoxythymidine) primer (Invitrogen Life Technologies,
Gaithersburg, MD). Real-time PCR was performed to determine the expression
levels of ERO1-oc and B-actin. Expression values for each sample were nor-
malized to B-actin, and fold levels of the indicated genes represent the
mean (£ SEM) of replicate reactions. Primer sequences were as follows:
B-actin (ACTB), Hs0160665_g1; ERO1-o. (ERO1L), Hs00205880_m1; and
HLA-A, Hs01058806_g1 (Life Technologies). PCR cycles were performed
on the StepOne real-time PCR system (Life Technologies) with the fol-
lowing cycle conditions: 10 min at 95°C, 40 cycles of 15 s at 95°C and 1 min
at 60°C. The AACt method was used for data analysis.

Blue native-PAGE

First-dimensional blue native (BN)-PAGE and second-dimensional SDS-
PAGE were conducted according to instructions in the user’s manual of
NativePAGE Novex Bis-Tris gel system (Invitrogen Life Technologies)
with only the following modification. For preparation of samples, a total of
1 X 10° cells were lysed in 1 ml 1X NativePAGE sample buffer (50 mM
Bis-Tris buffer, 50 mM NaCl, 6 N HCI, 10% glycerol, and 0.0001%
Ponceau S [pH 7.2]) containing 1% digitonin.

DTT washout assays

For measuring the recovery of folded MHC class I (oxidized form) after
DTT treatment, cells were grown in 6-cm dishes and incubated for 10 min in
a medium containing 10 mM DTT at room temperature. The cell mono-
layers were then quickly washed twice with 2 ml PBS at room temperature
and, for oxidative recovery, covered again with DMEM. For the O s time
point, this incubation step was omitted. The oxidative reaction was stopped
by the removal of DMEM and addition of ice-cold PBS with 10 mM MMTS.
For visualization of the MHC class I redox states upon DTT washout,
nonreducing SDS-PAGE samples were prepared in the manner described
above. Samples were analyzed by Western blotting.

Acid strip assay

MHC class I-peptide complexes expressed on cell the surface can be eluted
with citrate acid treatment. For measuring the recovery of cell surface
expression of MHC class I after acid treatment, cells (~5 X 10%) were
grown in 6-cm dishes and incubated for 2 min in 2 ml citrate phosphate
buffer at pH 3.0 (0.131 M citric acid, 0.066 M Na,HPO4, 150 mM NaCl) at
room temperature. The cell monolayers were then quickly washed twice
with 2 ml appropriate medium (pH 7.4) and either reincubated in a fresh
medium or prepared for flow cytometry analysis.

Flow cytometric analysis

Cells were incubated with W6/32 or anti-CD71 Ab, coupled with FITC at
a saturation concentration for 30 min on ice, and then washed with PBS.
Samples were analyzed using a BD FACCalibur flow cytometry system
(Becton Dickinson, Mountain View, CA).

IFN-y assay for T cell response

SW480 cells were cocultured with a survivin (apoptosis-related gene
expressed in SW480 cells)-specific CTL clone (11) at an indicated E:T
ratio. After 24 h incubation, cocultured supernatants were collected and
IEN-y was measured by ELISA (R&D Systems, Minneapolis, MN).

Immunohistochemistry

Immunohistochemistry was conducted according to Institutional Review
Board guidelines for the use of human subjects in research. Formalin-fixed
paraffin-embedded sections of surgical specimens from colon cancer
patients (n = 85) were used in the immunohistochemistry. Reactivity of the
anti-HLA-A, -B, and -C mouse mAb EMR8.5 was determined by staining
the plasma membranes of tumor cells. Reactivity of the anti-ERO1-o0 mAb
was determined by perinuclear staining within tumor cells, indicating ER
localization. The expression status of MHC class I was graded semiquanti-
tatively according to the modified classification as described previously (12):
score 1 (positive cells < 20%), score 2 (20% = positive cells < 80%), and
score 3 (positive cells > 80%) (see Fig. 8B). Total populations of score 1 and
score 2 were included as the MHC I reduced group and score 3 was regarded
as the MHC class I-positive group. The expression status of EROl-a was
graded by our original classification: score 0 (positive cells 0%), score 1
(positive cells < 30%), score 2 (30% =< positive cells = 80%), score 3
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(positive cells > 80%) (sce Fig. 8A). In cases where there are apparent dot-
like stainings that indicate the abundant expression within ER, the scoring
number is one point up. Total populations of scores 0, 1, and 2 were included
as the EROI-a reduced group and score 3 was regarded as the EROI-a—
positive group. The relationship between MHC class I expression and ERO1-
« expression on tumor cells was analyzed using a Spearman rank correlation
coefficient and odds ratio. A p value <0.05 was considered statistically
significant.

Statistical analysis

All experiments except for the immunohistochemistry were independently
performed in triplicate. Results are given as means = SEM. Comparisons
between two groups were performed using a Student ¢ test, with a p value
<0.05 considered to be statistically significant.

Results
EROI-a expression in normal tissues and various types of
cancer cell lines

Expression of EROl-a was detected at modest levels in the
skeletal muscle, heart, liver, and pancreas by real-time RT-PCR
(Fig. 1A). In clear contrast, ERO1-a was expressed at high levels
in various types of cancer cell lines, including the human colon
cancer cell line SW480, breast cancer cell line MCF-7, and pan-
creatic cancer cell line MIAPaCa2 (Fig. 1A). To confirm these
observations, we examined protein levels of ERO1-a in normal
colon tissues and colon cancer cell lines (HCT15, HCT116, HT29,

>
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FIGURE 1. Expression of ERO1-« in normal tissues,
human cancer cell lines, and cancer tissues. (A) Rela- &
tive ERO!-a mRNA levels in normal tissues and cancer

cell lines. Real-time relative PCR (real-time PCR) was
performed to determine the expression levels of ERO1-a

and B-actin. Expression values for each sample were B
normalized to B-actin, and fold levels of the indicated

genes represent the mean (SEM) of replicate reac-

tions. Data from one of four independent experiments

are depicted. (B) Western blot analysis of normal colon

tissue and colon cancer cell lines. B-actin was used as

a loading control. (C) Immunohistochemistry of human

normal colon tissue (i) and colon cancer tissue (ii and

iii) using anti-ERO1-oc mAb. Tissue sections were de-
veloped using diaminobenzidine.

ERO1-a~-MEDIATED OXIDATIVE FOLDING OF MHC CLASS I

and SW480) by Western blotting. The normal colon tissue did not
express ERO1-a protein, whereas all of the cancer cell lines ex-
amined expressed EROl-a protein at high levels as shown by
Western blotting (Fig. 1B). In immunohistochemical analysis us-
ing an anti-ERO1-a mAb, we observed that normal colon tissues
revealed negative staining for EROl-a (Fig. 1Ci, Supplemental
Fig. 1A, 1B). In contrast, perinuclear expression of ERO1-a, in-
dicating ER localization, was found in colon cancer tissues (Fig.
pattern of ERO1-a within the cancer nests. It has been demon-
strated that hypoxic areas are frequently present within cancer
tissues. Because ERO1-« is induced under a hypoxia condition,
we assumed that cancer cells residing within hypoxic areas
showed augmented expression of ERO1-a.. Thus, heterogeneity of
ERO1-a expression seems to be attributed to oxygen and blood
supply. These results suggested that ERO1-a might play a role as
an oxidase within cancer cells and under some specific conditions
such as hypoxia, which is frequently observed within cancer tis-
sues. Therefore, we examined whether ERO1-a plays a role in the
oxidative folding of MHC class I molecules in cancer cells.

EROI-a regulates redox status of MHC class I HC via PDI
oxidation

To begin, we established a human colon cancer cell line SW480
with ERO1-a overexpression or knockdown. To monitor the
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disulfide status (oxidized form or reduced form) of ERO1-a, PDI,
and MHC class I HC, free thiols were modified with the thiol-
alkylating reagent MMTS, and the samples were divided and
denatured under a reducing or nonreducing condition so that we
could monitor the disulfide status of these proteins by mobility
shift. Western blot analysis revealed that the ERO1-a~PDI mixed
disulfides migrated with an apparent molecular mass of ~140 kDa
under a nonreducing condition (Fig. 2A). Interestingly, in cells
with EROl-a overexpression, almost all of the PDI formed
a complex with ERO1-a by a disulfide bond link. Moreover, the
oxidized form of MHC class I HC was increased compared with
that in WT cells. Knockdown of ERO1-a in SW480 cells de-
creased the complex of ERO1-o~PDI formed by mixed disulfide
bond formation, indicating that depletion of EROl-a decreased
the oxidized form of PDI (Fig. 2B). At the same time, the total
amount of MHC class I HC was decreased under a reducing
condition, and both oxidized and reduced forms of MHC class I
HC were also decreased under a nonreducing condition. These
findings suggested that depletion of EROI-a decreased disulfide
bond formation in MHC class I HC, making it an unfolded protein,
resulting in the degradation of unfolded MHC class I HC. Thus,
EROl-a clearly affects the redox status of PDI and oxidative
folding of MHC class I HC.

EROI-« regulates the oxidative folding of MHC class I HC

To assess the impact of ERO1-a on the disulfide bond formation of
MHC class I HC, we used a DTT washout assay. Cells were
treated with 10 mM DTT to retain the reduced form of MHC class
I HC until the initiation of the chase. In our assay, ~50% of total
MHC class I HCs were oxidized after 15 min chase in SW480
cells. We observed that appearance of oxidized MHC class I HCs
was faster in cells with ERO1-a overexpression than in WT or
ERO1-a knockdown cells (Fig. 3A, 3B). Oxidation of MHC class
1 HCs was observed after 3 min chase in ERO1-a—overexpressed
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cells. In contrast, MHC class I HC remained as the reduced form
after 3 min chase in EROl-a knockdown cells. To kinetically
assess the impact of ERO1-a on peptide loading, we examined the
acid strip assay. Cells were acid washed to denature surface MHC
class I-B2m dimers, and the rate of arrival of new molecules at the
cell surface was monitored by flow cytometry (Fig. 3C). Total
MHC class I recovery and rate of recovery were highest in cells
with ERO1-a overexpression. Thus, the expression of EROl-a is
likely to reflect the assembly efficiency of MHC class I molecules
in combination with their stability at the cell surface, which
generally correlates with the quality of the associated peptide
repertoire. This may be due to the fact that EROl-« increases
oxidized PDI, resulting in efficient optimal peptide selection by
PDI, as demonstrated by Park et al. (4).

EROI-a activity in MHC class I Ag presentation

To investigate the function of ERO1-a in MHC class I expression,
we used cells with transfected ERO1-oc and RNA interference for
knockdown of endogenous EROl-o.. As detected with the con-
formation-specific mAb W6/32, surface expression of fully folded
class I molecules was augmented up to 2.5-fold in EROl-a—over-
expressing SW480 cells compared with that in WT cells (Fig. 4A,
4E). In contrast, surface level of class I molecules was reduced to
60% in ERO1-a knockdown cells compared with that in WT cells
(Fig. 4B, 4F). Unexpectedly, depletion of ERO1-« did not affect the
surface expression of disulfide-bonded glycoprotein CD71, suggest-
ing that the ERO1-a—PDI pathway is not essential for the maturation
of CD71 glycoproteins in these cells (Fig. 4C, 4D, 4G, and 4H).

Role of EROI-a in CTL recognition

Effectiveness of the Ag processing machinery is ideally assessed
by sensitivity to CTL. We used HLA-A*2402-restricted T cell
clones recognizing peptides derived from the cancer Ag survivin
2B. SW480 cells with ERO1-a overexpression or depletion were
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FIGURE 2. Formation by EROl-« of a mixed disulfide linkage with PDI and effects of ERO1-« overexpression and depletion on the redox status of
MHC class I HC. (A) Redox status of ERO1-o, PDI, and MHC class I HC in SW480 cells, cells with EROI-a overexpression. Reduced form (R) and
oxidized form (O) of EROl-a, PDI, or MHC class I HC are indicated. Note that overexpression of ERO1-a increased ERO1-0-PDI complex as well as
oxidized MHC class I HC. (B) ERO1-a—depleted cells were examined by Western blotting under reducing or nonreducing conditions. Depletion of ERO1-a
decreased the ERO1-a—PDI complex and both oxidized and reduced forms of MHC class I HC. The black line indicates where parts of the image were
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FIGURE 3. EROIl-a regulates the oxidative folding of MHC class I HC.

(A) Recovery of folded MHC class I HC in SW480 WT cells and SW480 cells
with EROl-a overexpression or knockdown after DTT treatment. Cells were
treated with 10 mM DTT and chased for 0, 3, 9, and 15 min. Nonreducing
SDS-PAGE samples were prepared and immunoblotted with anti-MHC class I
mAb. (B) Plots show the percentage oxidized form (O) of all MHC class I
(reduced form [R] and oxidized form). (C) The impact of ERO1-a on peptide
Ioading onto MHC class I molecules. Cells were acid washed using citrate
phosphate buffer (pH 3.0) to denature surface MHC class I-32m dimers and
the rate of arrival of new molecules at the cell surface was monitored by flow
cytometry. Relative MHC class I cell surface expression was plotted as per-
centage of mean fluorescence intensity (MFI) after acid strip. *p < 0.05.

tested for recognition by the survivin 2B-specific CTL using an
IFN-vy production assay. IFN-y production was apparently aug-
mented when cells with EROl-o overexpression were used as
target cells (Fig. 41). In clear contrast, ERO1-a depletion inhibited
CTL activity. Thus, these findings indicated that EROl-a plays
a pivotal role in MHC class I Ag presentation,

e

Cell counts

i

FIGURE 4. EROI-a regulates cytotoxic T cell responses.
(A-H) Effect of EROI-o on cell surface expression of MHC
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EROI-« forms a complex with PDI, calnexin, and unfolded
MHC class I HC

We next examined at which stage ERO1-a is involved in MHC
class I assembly. To study the ERO1-a~involved process of MHC
class I assembly, we used an immunoprecipitation assay, followed
by Western blotting. We observed that ERO1-a associated with
MHC class I HC detected by EMR8.5 (recognized both unfolded
MHC class I HC and folded MHC class I HC) and HC-10 (rec-
ognized unfolded MHC class 1 HC), PD], and calnexin but not
with MHC class I detected by W6/32 mAb that recognizes the
folded MHC class I-B2m heterodimer, or mAb against B2m
(Fig. 5A). Likewise, immunoprecipitates made with mAb W6/32
did not include EROl-a, suggesting that folded MHC class I did
not interact with ERO1-a. Most importantly, TAP1 and ERO1-a
were not coimmunoprecipitated with each other, indicating that
ERO1-a is not a member of TAP-associated MHC class I PLC
(Fig. 5B). As shown in Fig. 2, Western blotting analysis under
nonreducing condition indicated that EROl-a was exclusively
associated with PDI via a disulfide bond link. In contrast, results
from immunoprecipitation experiments suggested that ERO1-«o
associated with unfolded MHC class I HC and calnexin via a non—
covalent bond. As Park et al. (4) have demonstrated that PDI
bound unfolded MHC class I HC via disulfide bond, these findings
indicated that EROl-a bound to PDI to reoxidize it, and then
oxidized PDI forms a disulfide bond within unfolded MHC class I
HC before reaching the TAP-associated PLC stage. From the
standpoint of electron transfer, we assumed that electron flow
from MHC class I HC to oxidized PDI and subsequently to ERO1-
a is a relay line for the ERO1-a—PDI oxidative folding pathway.

Molecular architecture of ERO1-a~associated MHC class 1
molecules

BN-PAGE has been used to analyze the molecular composition
of various multisubunit complexes, including B and T cell Ag
receptors and TAP-associated MHC class 1 PLC (13). Therefore,

class I molecules. SW480 cells with ERO1-a overexpression
(A and E) or depletion (B and F) were analyzed for surface
levels of MHC class I molecules. The expression of transferrin
receptor (CD71) was also compared (C, D, G, and H). Control
Ab staining, thin line and dotted line. The mean fluorescence
intensity (MFI) value obtained in WT SW480 cells or shRNA
control cells was set as 1, and the differences in MFI induced
by ERO1-a overexpression and knockdown were plotted. (I)
Ag presentation is impaired in cells with depletion of ERO1-«.
Survivin 2B-specific CTLs were cocultured with SW480 cells
or SW480 cells with ERO1-a overexpression or depletion at
a ratio of 5:1 or 2.5:1. IFN-y in the culture supernatant was |
measured using ELISA. Data from one of four independent
experiments are depicted. Mean values of triplicate are shown
(£SD). *p < 0.05, **p < 0.01.
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