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Survivin, a member of the inhibitor of apoptosis protein (IAP) fam-
ily, is abundantly expressed in most malignancies, but is hardly
detectable in normal adult tissues. Previously we have identified a
human leukocyte antigen (HLA)-A24-restricted antigenic peptide,
survivin-2B80-88 (AYACNTSTL), recognized by CD8" cytotoxic T
lymphocytes (CTL). Survivin-2B80-88-specific CTL were induced
efficiently from peripheral blood mononuclear cells (PBMC) of oral
cancer patients after stimulation with the peptide in vitro. We con-
ducted a phase | clinical study to evaluate the safety and the effi-
cacy of survivin-2B80-88 peptide vaccination in HLA-A24-positive
patients with advanced or recurrent oral cancer. The vaccines were
given subcutaneously or intratumorally six times at 14-day inter-
vals. Eleven patients were enrolled and 10 patients completed the
vaccination protocol. No adverse events were observed in any
patients. In two patients, the levels of serum squamous cell carci-
noma (SCC) antigen decreased transiently during the period of vac-
cination. Tumor regression that was compatible with a partial
response (PR) was noted in one patient. The remaining nine
patients experienced progressive disease (PD). Immunologically,
an increase of the peptide-specific CTL frequency was detected in
six of the eight patients evaluated by HLA-A24/peptide tetramer
analysis. The present clinical trial revealed that survivin-2B peptide
vaccination was safe and had therapeutic potential for oral cancer
patients. However, subsequent clinical trials in combination with
various adjuvant drugs will be required to improve the immuno-
logical and therapeutic efficacy. This trial was registered with
University Hospital Medical Information Network (UMIN) number
UMIN000000976. (Cancer Sci 2011; 102: 324-329)

O ral cancer consistently ranks as one of the 10 most fre-
quently diagnosed cancers worldwide.'”’ It encompasses a
range of malignant tumors arising from various diverse and
complex structures that have major physiological and aesthetic
importance. For most early stage oral cancers, high cure rates
are achieved with either surgery or definitive irradiation and
both speech and swallowing functions can often be preserved.
On the other hand, locally advanced or recurrent oral cancers
are usually treated with combination therapy consisting of either
surgery followed by postoperative chemoradiation or chemora-
diation with surgical salvage if needed. However, most patients
remain at high risk for locoregional recurrence and distant
metastasis.”® Therefore, advances in new therapeutic modalities
such as tumor-specific immunotherapy for patients with locally
advanced or recurrent oral cancers are urgently needed.

A large number of tumor-associated antigens have been iden-
tified from melanomas and other cancers, and clinical trials of
peptide-based immunotherapy have been carried out. Melanoma
antigen peptides were the first to be tested in phase I and phase
I studies for active immunization of metastatic melanoma

Cancer Sci | February 2011 | vol. 102 | no.2 | 324-329

patients.>¥ During the first stage of the studies, clinical
responses were observed in Europe and the United States.®®
However, in 2003, Rosenberg et al.” reported that <5% of
patients who received peptide vaccines such as gp100, MART-1
and tyrosinase plus IL-2 showed an overall objective response
(complete response [CR] + partial response [PR]). On the other
hand, investigational immunotherapy that targeted MAGE-A3
tended to reduce the risk of recurrence by 27% when used as an
adjuvant therapy with surgery in stage IB/II non-small-cell lung
cancer. Furthermore, enrolment in the global phase III trial of
adjuvant MAGE-A3 for non-small-cell lung cancer has already
started according to a certain European Union (EU)-based phar-
maceutical company. This finding provides hope for current and
future immunotherapies and has accelerated a variety of investi-
gations concerned with human tumor immunology.

Survivin is a recently characterized inhibitor of apoptosis pro-
tein (IAP) that is abundantly expressed in most solid and hemato-
logical malignancies, but is barely detectable in normal adult
tissues.® It has been shown to increase tumor resistance to apop-
totic stimuli such as radiation and chemotherapy.®'® A number
of reports have demonstrated that survivin expression in cancer
cells has a prognostic value and is associated with increased
tumor recurrence and a lower survival rate,(”’lﬁ) although the
opposite correlation is observed in certain cancers.(!” We previ-
ously reported that survivin-2B, a splicing variant of survivin, is
also expressed abundantly in various tumor cell lines and the
survivin-2B80-88 (AYACNTSTL) peptide derived from the
exon 2B-encoded region is recognized by CD8" cytotoxic T lym-
phocytes (CTL) in the context of human leukocyte antigen
(HLA)-A24 molecules.'® The CTL specific for this peptide were
successfully induced from PBMC in six of seven HLA-A24-posi-
tive patients (83%) with colorectal cancers and exerted cytotoxic-
ity against HLA-A24-positive/survivin-positive adenocarcinoma
cells."® Furthermore, we recently demonstrated that survivin-2B
peptide-specific CTL were induced in four of eight (50%) HLA-
A24—8ositive patients with oral cancer with over stage II progres-
sion.?” Based on these observations, a phase I clinical study of
survivin-2B peptide vaccination was initiated for patients with
locally advanced or recurrent oral cancer. The present clinical
trial demonstrated the safety and suggested the marginal clin-
ical effectiveness of the survivin-2B peptide vaccination alone
for oral cancer patients.

Materials and Methods

Eligibility criteria. The study protocol was approved by the
Clinical Institutional Ethical Review Board of the Medical
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Institute of Bioregulation, Sapporo Medical University, Japan. All
patients gave their written informed consent before entry into
the study. Patients enrolled in this study were required to con-
form to the following criteria: (i} to have histologically proven
oral cancer; (ii) to be HLA-A*2402 positive; (iii) to have survi-
vin-positive cancerous lesions by immunohistochemistry; (iv) to
have HLA class I-positive cancerous lestons by immunohisto-
chemistry using the anti-pan HLA class I mAb EMRS-5; (v) to
be 20-85 years old; (vi) to have an unresectable, locally
advanced or recurrent tumor; and (vii) to have an Eastern Coop-
erative Oncology Group (ECOG) performance status of between
0 and 3. The exclusion criteria included: (i) prior cancer therapy
such as chemotherapy, radiation therapy, steroid therapy or
other immunotherapy within the previous 4 weeks; (ii) the pres-
ence of other cancers that might influence the prognosis; (iii)
immunodeficiency or a history of splenectomy; (iv) severe car-
diac insufficiency, acute infection or hematopoietic failure; (v)
pregnancy or breast-feeding; and (vi) unsuitability for the trial
based on clinical judgment. This study was carried out at the
Department of Oral Surgery, Sapporo Medical University Pri-
mary Hospital from September 2003.

Peptide preparation. The survivin-2B80-88 peptide (amino
acid sequence AYACNTSTL), which was derived from a splic-
ing variant survivin-2B-specific exon 2B, was prepared under
good manufacturing practice conditions by Multiple Peptide
Systems (San Diego, CA, USA). The identity of the peptide was
confirmed by mass spectral analysis and the purity was shown to
be more than 98% as assessed by high-pressure liquid chroma-
tography analysis. The peptide was supplied as a freeze-dried,
sterile white powder. It was dissolved in 1.0 mL of physiologi-
cal saline (Otsuka Pharmaceutical Co., Ltd., Tokyo, Japan) and
stored at —80°C until just before use.

Treatment protocol. Vaccinations with survivin-2B peptide
were administered subcutaneously (s.c.) into the ipsilateral neck
or intratumorally six times at 14-day intervals. Two incremental
dose levels were planned for the peptide administration, with a
starting dose of 0.1 mg. Six patients received 0.1 mg (group 1)
and four patients received 1.0 mg (group 2), while each group
was divided into the two different administration sites as stated
above. Before proceeding to the next dose level, all previously
administered patients had to have completed the trial period.
Dose escalation for group 2 was allowed if no patients in group
1 experienced grade 3—4 toxicity.

If patients hoped for continuation of this peptide vaccine ther-
apy, we conducted it in the same manner after the sixth adminis-
tration.

Delayed-type hypersensitivity (DTH) skin test. The DTH skin
test was performed at each vaccination. The peptide (10 pg)
solution in physiological saline (0.1 mL) or physiological saline
alone (0.1 mL) was separately injected intradermally (i.d.) into
the forearm. A positive reaction was defined as area of erythema
and induration with a diameter of more than 4 mm, 48 h after
the injection.

Evaluation of toxicity and response. Patients were examined
closely for signs of toxicity during and after the vaccination.
The US National Cancer Institute Common Toxicity Criteria
(NCI-CTC Version 2.0, Jan.30, 1998) were used to classify the
toxicity grades.

Physical examinations and hematological examinations were
conducted before and after each vaccination. The serum level of
squamous cell carcinoma (SCC) antigen, which is the current
standard tumor marker for head and neck cancer, was examined
at 14-day intervals. A SCC antigen level of 1.5 ng/mL was gen-
erally taken as the upper limit of the normal range. The tumor
size was evaluated by visual inspection, computed tomography
(CT) and magnetic resonance imaging (MRI) before treatment,
after three vaccinations and at the end of the study period. The
tumor response was evaluated according to the Response Evalu-
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ation Criteria in Solid Tumors (RECIST) guidelines:*" a com-
plete response (CR) was defined as the disappearance of all
target lesions; and a partial response (PR) was defined as at least
a 30% decrease in the sum of the longest diameters of the target
lesions for at least 4 weeks without the appearance of new
lesions. Progressive disease (PD) was defined as at least a 20%
increase in the sum of the longest diameters of the target lesions
or the appearance of one or more new lesions. Stable disease
(SD) was defined as neither sufficient shrinkage to qualify for a
PR nor a sufficient increase to qualify for PD.

In vitro stimulation of PBMC. The PBMC were isolated from
blood samples by Ficoll-Conray density gradient centrifugation
and then frozen and stored at —80°C. As needed, frozen PBMC
were thawed and incubated in the presence of 30 pL/mL survi-
vin-2B peptide in AIM-V medium containing 10% human serum
at room temperature. Interleukin-2 (IL-2) was added at a final
concentration of 50 U/mL for 1 h on days 0, 2, 4 and 6 of cul-
ture. On day 7, the PBMC were analyzed by tetramer staining.

Tetramer staining. HLA-A24/peptide tetramers were con-
structed according to the procedure described by Altman
et al.®® Briefly, recombinant HLA-A24 heavy chain® and
human B-2-microglobulin were refolded with the survivin-2B80-
88 peptide as described previously.?* The resulting HLA-A24-
peptide monomer was biotinylated by incubation with the
enzyme BirA (Avidity, Denver, CO, USA) for 17 h at room tem-
perature and purified using fast protein liquid chromatography.
A tetromeric HLA-peptide complex was produced by incubating
streptavidin-PE (Vector Laboratories, Burlingame, CA, USA)
with the biotinylated monomer at a 1:4 molar ratio. For flow
cytometric analysis, the PBMC, which were stimulated in vitro
as above, were stained with the phycoerythrin (PE)-labeled tetra-
mer at 37°C for 20 min, followed by staining with an FITC-con-
jugated anti-CD8 mAb (Becton Dickinson Biosciences, San
Jose, CA, USA) at 4°C for 30 min. The cells were washed twice
with PBS before fixation in 1% formaldehyde. Flow cytometric
analysis was performed using a FACSCalibur and the CellQuest
software program (Becton Dickinson Biosciences). The fre-
quency of the CTL precursors was calculated as the number of
tetramer-positive cells over the number of CD8-positive cells.
Moreover, the PBMC were stained with an FITC-labeled
HLA-A*2402-restricted human immunodeficiency virus (HIV)
peptide (RYLRDQQLL) tetramer and PE-labeled HLA-
A*2402-survivin-2B80-88 peptide tetramer, which were
purchased from MBL Co., Ltd. (Nagoya, Japan), at 37°C for
20 min, followed by staining with an FITC- or PerCP-conju-
gated anti-CD8 mAb (Becton Dickinson Biosciences) at 4°C for
30 min. The frequency of the CTL precursors was calculated in
the same manner.

Results

Patient characteristics. Eleven patients (six males, five
females) were eligible and agreed to participate in this phase I
study. The patients’ characteristics are summarized in Table 1.
The patients’ median age at enrolment was 66.5 years, with a
range 38-84 years. Based on the ECOG classification, five
patients were PS1, five were PS2, and one was PS3. The
patients’ primary tumor sites were: buccal mucosa, three; palate,
two; upper or lower alveolus and gingiva, two; mandible, one;
floor of mouth, one; submandibular gland, one; and tongue, one.
The histological type was SCC in seven patients, adenoid cystic
carcinoma (ACC) in three and alveolar soft part sarcoma
(ASPS) in one. Table 2 summarize the clinical and immunologi-
cal outcomes for the 11 patients. One patient discontinued the
regimen after four vaccinations. She (case.8) had a growing
locoregional recurrence and her general condition deteriorated.
Subsequently she was removed from the study after four vacci-
nations because she refused to continue the protocol. None of

Cancer Sci | February 201t | vol.102 | no.2 | 325
© 2010 Japanese Cancer Association

— 579 —



Table 1.

Summary of the characteristics of patients enrolled in the present study

Recurrent or

Patient no. Histology Age/Sex PS Primary tumor site metastatic sites
1 ASPA 38/M 1 Mandible Local, brain, lung
2 ACC 60/M 1 Hard palate Local, lung
3 SCC 84/F 3 Floor of mouth Locoregional
4 ACC 50/F 2 Submandibular gland Lung
5 ScC 83/F 2 Upper alveolus and gingiva Locoregional
6 ScC 72/M 2 Buccal mucosa Local
7 SCC 55/M 2 Tongue Locoregional
8 ScC 82/F 2 Lower alveolus and gingiva Neck
9 SCC 73/M 1 Hard palate Lung, liver

10 scC 82/F 1 Buccal mucosa Neck

1 scCC 68/M 1 Buccal mucosa Locoregional

ACC, adenoid cystic carcinoma; ASPS, alveolar soft part sarcoma; SCC, squamous cell carcinoma.

Table 2. Profiles of the enrolled patients and clinical responses to the survivin-2B peptide vaccination

Patient Dose. Injection HLA class | Prior therapy Adverse Tet.ra_mer Tumor  Clinical Follow up
of peptide . . stainingt Progress
no. route expression (washout time) events marker response (months)
(mg) (pre-/post-)
1 7 Intratumoral + S + C (1 month) - ND ND PD 43 AWD
2 Intratumoral + S + C (1 month) - 121/103 ND PD 25 DOD
3 Intratumoral + C + R (1 month) - ND ND PD 3 DOD
4 0.1 s.c. + S+ C +R (6 years, 4 months) - 1/100 ND PD 15 DOD
5 s.C. + C (1 month) - 6/16 INC PD 6 DOD
6 - s.C. + S + R + C (1 months) - 65/244 INC PD 3 DOD
7 T Intratumoral + S + R + C (1 month) - 96/528 ND PD 6 DOD
8% Intratumoral + S + R (1 month) - ND ND ND 2 DOD
9 1.0 s.C. + S + C (2 months) - 77/204 DEC PD 5 DOD
10 Intratumoral + S + C (1 month) - 5/20 DEC PR 5 DOD
11 s.C. + S + R + C (5 months) - 5/1 ND PD 8 DOD

tTetramer staining: Tetramer(+)CD8(+) in 10 000 CD8(+) cells. #Patient refused to continue the protocol (case 8). AWD, alive with disease;
C, chemotherapy; DEC, decreased; DOD, dead of disease; HLA, human leukocyte antigen; INC, increased; ND, not determined; PD, progressive
disease; post-, after the fourth vaccination; PR, partial response; pre-, before the first vaccination; R, radiotherapy; S, surgery.

the treatment interruptions were due to any adverse reactions to
the vaccination. Ten patients received the complete regimen
including six vaccinations and thereafter were evaluated.

Safety. The peptide vaccination was well tolerated in all 10
patients. No hematological, cardiovascular, hepatic or renal tox-
icity was observed during or after vaccination. Skin reactions
such as induration, pain or rash were not observed in any case.

DTH skin test. A DTH skin test was performed at each vacci-
nation and assessed 48 h later. No positive DTH reaction was
observed in any patient.

Clinical responses. In two patients (cases 9 and 10) the tumor
marker level (SCC antigen) transiently decreased. In two
patients (cases 5 and 6) it increased and in the remainder it was
not useful for monitoring. A PR was observed in one patient
(case 10), who also demonstrated a remarkable decrease in the
SCC antigen level (6.0 ng/mL — 0.7 ng/mL). The remaining
nine patients experienced PD.

Case 9, who had multiple lung metastases, transiently showed
a positive level of SCC antigen of 2.1 ng/mL that decreased
after the second vaccination and was within the normal range
just after the third vaccination. However, after the fourth vacci-
nation it increased abruptly, which closely corresponded to his
clinical progress. Until the fourth vaccination, CT imaging of
the lung revealed virtually dormant disease, however, it revealed
progressive disease after the sixth vaccination.

One responder (case 10) with PR developed multiple neck
metastases and skin metastases in the left side of her neck at
3 months after surgery followed by treatment with tegafur/

326

uracil (UFT) at a daily dose of 400 mg as oral adjuvant chemo-
therapy. She was judged to be impossible to treat radically
because CT imaging showed that the recurrent tumor had metas-
tasized to lymph nodes and the skin, including the parotid gland,
submandibular region, posterior cervical region, occipital region
of the head, posterior skull base and lower cervical region
(Fig. 1A). The metastatic progressive tumor samples from her
neck obtained by neck dissection previously were confirmed by
immunohistochemical staining to markedly express survivin and
HLA class I molecules. Survivin-2B peptide vaccine was admin-
istered intratumorally to the left side of her neck nine times at
biweekly intervals. The SCC antigen level was 6.0 ng/mL
before vaccination. Her skin metastatic tumor and pain disap-
peared transiently after the fifth vaccination, thus resulting in an
improvement in her quality of life. A tumor regression rate of
70% was observed by CT imaging (Fig. 1B). The SCC antigen
level decreased to 0.7 ng/mL after the sixth vaccination
(Fig. 2). Nevertheless, these effects were maintained for
2 months only.

Tetramer staining assay. Peptide-specific immunological
responses were evaluated in eight patients by HLA-A24/survi-
vin-2B80-88 peptide tetramer analysis. The change of the
tetramer-positive CTL frequency was evaluated by comparison
with that before the first vaccination and that after each vaccina-
tion. The frequency of tetramer-positive CTL tended to increase
after the vaccination in six patients (cases 4, 5, 6, 7, 9 and 10)
(Table 2). In Figure 3, the peptide-specific CTL frequen-
cies in cases 9 and 10 are indicated as the percentages of
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Fig. 1.

Photograph of skin on the neck and computed tomography (CT) scan image of the neck showing metastatic tumors of case 10. (A)

Photograph of skin on the neck and CT scan image of the neck before vaccination. Axial contrast-enhanced CT image shows multiple metastatic
tumors (arrows). (B) Photograph of skin on the neck and CT scan image of the neck after the fifth vaccination. The metastatic tumors show
significant remission after the fifth vaccination compared with before vaccination (70% reduction).

tetramer-positive CTL among CD8-positive T cells before and
after the fourth vaccination. The frequency of tetramer-positive
CTL was increased from 0.77% to 2.04% and from 0.05% to
0.20%, in cases 9 and 10 respectively.

Discussion

Many tumor-associated antigens have been identified and clini-
cal trials utilizing them have been conducted.¢ However,
most such clinical trials were aimed at the treatment of advanced
melanoma and there are few reports on the treatment of patients
with solid cancers. Although the immunogenicity of these non-
melanoma-associated antigens is relatively weak, a specific
number of tumor antigens were determined. The HLA-A24-
restricted CTL epitope survivin-2B80-88 derived from survivin-
2B has high potency for CTL induction in various cancer
patients, including those with breast cancer, colorectal cancer,
gastric cancer and oral cancer."®'*>% Based on the findings of
these studies in vitro, a phase I clinical study of survivin-2B
peptide vaccine therapy began in September 2003 for patients
with advanced or recurrent oral cancer, following those for colo-
rectal cancer and breast cancer. In many clinical trials, patients
received the peptide in combination with certain adjuvants such
as incomplete Freund’s adjuvant (IFA) and cytokines for the
purpose of enhancing the immune responses against cancer. In
the present study, patients received the survivin-2B peptide dis-
solved in physiological saline without any adjuvant in order to
strictly evaluate the clinical effect of the peptide alone.

A dose-escalation trial was chosen to estimate the safe and
optimal doses. Dosage groups of 0.1 and 1.0 mg were set up,
consisting of six and four patients, respectively. None of the
patients had any sign of toxicity. Therefore, the survivin-2B
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Fig. 2. Changes in the serum squamous cell carcinoma (SCC) antigen
level during the vaccination in case 10. The dotted line indicates
the cut-off point for the SCC antigen level. The arrows indicate the
times of vaccination. The SCC antigen level significantly decreased
to 0.7 ng/mL after the sixth vaccination. The cut-off value was
1.5 ng/mL.

peptide vaccine was safe and could be repeatedly injected into
patients without serious side-effects. In terms of the clinical
responses, the levels of tumor markers were temporarily
decreased in comparison with the pretreatment status in two
patients in the 1.0 mg dosage group. No patients in the
0.1 mg dosage group experienced a decrease in tumor mark-
ers. A PR was observed in one patient who was administered
1.0 mg of peptide. Therefore, the 1.0 mg dosage group
appeared to have a better clinical outcome than the 0.1 mg
dosage group. Based on these results, the recommended survi-
vin-2B vaccine dose was 1.0 mg. Furthermore, we set up
two distinct injection routes, s.c. into the ipsilateral neck or
intratumorally. Intratumoral injection was concretely done by

Cancer Sci | February 2011 | vol. 102 | no.2 | 327
© 2010 Japanese Cancer Association

— o8l —



Fig. 3. Tetramer staining before the first vacci-
nation and after the fourth vaccination in cases 9 and
10. Flow cytometric analysis was performed using
a FACsCaliber and CellQuest software (Becton
Dickinson Biosciences). The frequency of the cytotoxic
T lymphocyte (CTL) precursors was calculated as the

number of tetramer-positive cells divided by the
number of CD8-positive cells. The peptide-specific
CTL frequency is indicated as the percentage of

submucosal or subcutaneous vaccination into the peripheral
parts of tumors, avoiding necrotic areas and vessels, for intra-
oral tumors and neck tumors, respectively. However, no sig-
nificantly different findings as a whole were noted for the
clinical and immunological responses.

In the present study, one patient (case 10) achieved a clinical
PR. This demonstrated that the survivin-2B vaccination could
yield an excellent response in oral cancer. The patient had
received tegafur/uracil (UFT) as oral adjuvant chemotherapy
and limited systemic chemotherapy for a few months prior to
the vaccine treatment. She was judged to have PS1 in the ECOG
classification. It is possible that peptide-based immunotherapy
might be more effective in patients with reduced immune sup-
pression as a result of recent intensive chemotherapy, as sug-
gested by the previous clinical study of survivin-2B vaccination
for colon cancer, although the study consisted of only a limited
number of patients.” The results of the present trial were
mostly compatible with the colon cancer studies in terms of the
chemotherapeutic background. Furthermore, by immunohisto-
chemistry, we preliminarily examined the infiltration of local
immune cells in metastatic progressive tumor samples from her
neck obtained before the first vaccination. Infiltration of CD8 T-
cells into the peripheral parts of the tumor was markedly
observed. On the other hand, a large number of tumor cells with
strong survivin and HLA class I expression were observed. It
was presumed that these findings indicated good conditions for
immune responses in the tumor microenvironment. However,
we failed to obtain a specimen during or after vaccination to
evaluate the frequency of these cells (data not shown). Further
studies to elucidate the immunoregulatory mechanisms of the
immune escape by analyzing the infiltrating immune cells in
local tumor sites will be necessary.
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ARTICLE INFO ABSTRACT
Artic{e history: In our previous study, we demonstrated that a peptide derived from the novel centrosome residing protein
Received 4 February 2010 Cep55/c100rf3 can be targeted by the cytotoxic T lymphocytes (CTLs) in peripheral blood menonuclear cells

and in revised form 4 October 2010

. ° (PBM(Cs) of breast carcinoma patients. In this report, we evaluated the feasibility of cancer immunotherapy
Available online 13 October 2010

using Cep55/c100rf3 peptide for colorectal carcinoma (CRC). To evaluate the expression of Cep55/c10orf3 in
CRC tissues, we performed immunohistochemical staining of using anti-Cep55/c100rf3 monoclonal antibody.

’ég:’;/rgf ;)orB Sixty-three percent cases showed weak positive for Cep55/c100rf3 in total 70 CRC cases. The Cep55/c10orf3
HLA-A24 expression intention was collated with high histological grade of CRC. Thus, we hypothesized that Cep55/

Colorectal carcinoma c10orf3 can also be the target of CTLs in CRC cases. We generated CTLs from PBMCs of human leukocyte
CTL antigen (HLA)-A24-positive colorectal carcinoma patients using HLA-A24-restricted Cep55/c10orf3 peptides.
Tumor antigen Two of 6 colorectal cancer patients were reactive for the Cep55/c100rf3_193(10) peptide, which was the only
immunogenic peptide in breast carcinoma patients. CTL clone specific for Cep55/c100rf3_193(10) recognized
and lysed HLA-A24 (+) and Cep55/c10o0rf3 (+) colorectal carcinoma cell lines. In addition, 1 of 6 colorectal
carcinoma patients was reactive for the Cep55/c100rf3_402(11) and Cep55/c100rf3_283(12) peptides, but
not for Cep55/c100rf3_193(10) with the ELISPOT assay. These observations suggest that the antigenic peptide
repertoire presented by HLA-A24 in colorectal carcinoma might be different from that in breast carcinoma.
Thus, these peptide vaccination peptide mixture of Cep55/c100rf3_193(10), Cep55/c100rf3_402(11) and
Cep55/c100rf3_283(12) might be more effective than a single peptide in the treatment of colorectal
carcinoma patients,
© 2010 Elsevier Inc. All rights reserved.

Introduction

Colorectal carcinoma is one of the major deadly malignancies in
the world. Despite recent progress in the treatment of colorectal
carcinoma, recurrence, metastasis or resistance to treatment remain

Abbreviations: CTLs, cytotoxic T lymphocytes; TAAs, tumor associated antigens;
mAb, monoclonal antibody; PBMCs, peripheral blood mono-nuclear cells; IFN,
interferon; B2M, beta-2 microglobulin.
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(T. Torigoe).
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doi: 10.1016/j.yexmp.2010.10.001

the biggest challenges to control disease and contribute to unfavor-
able prognosis. In the advanced cases, it is very difficult to treat and
control the disease, and new therapeutics are urgently needed.
Immunotherapy might represent an effective novel treatment for
colorectal carcinoma.

Previously, Cep55/c10orf3 was reported to be overexpressed in
colorectal carcinomas (Inoda et al., 2009; Sakai et al., 2006). Cep55/
c10orf3 plays essential role in G2/M cell cycle phase (Fabbro et al.,
2005; Zhao et al., 2006) and is presumably expressed in all cancer
cells. In contrast, Cep55/c10orf3 expression in normal tissues is
restricted to testis and thymus (Inoda et al., 2009; Sakai et al.,, 2006).
This makes Cep55/c10orf3 a suitable target for cancer immunotherapy
(Hirohashi et al., 2009).
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Table 1

Summary of the Cep55/c10orf3 peptides carrying HLA-A24 binding motief,
Peptides Position number Sequence
Cep55/c100r3_169(10) 169-178 EMEIQLKDAL
Cep55/c10erf3_193(10) 193-202 VYVKGLLAKI
Cep55/c100rf3_355(9) 355-363 QMQACTLDF
Cep55/c100rf3_446(10) 446-455 QYPATEHRDL
Cep55/c100rf3_74(11) 74-84 AYQLTEKDKEI
Cep55/c100rf3_94(11) 94-104 RYSTTALLEQL
Cep55/c100rf3_402(11) 402-412 EFAITEPLVTF
Cep55/c100rf3_186(13) 186-198 VYDQQREVYVKGL
Cep55/c100rf3_227(14) 227-240 GYLQEEKQKCYNDL
Cep55/c100rf3_268(12) 268-279 KYEETQKEVHNL
Cep55/c100rf3_283(12) 283-294 LYSQRRADVQHL
HIV-A24 RYLRDQQLLGI

In our previous study, we found that the centrosomal protein
Cep55/c10orf3 was overexpressed in breast, colorectal and lung
carcinoma tissues. We isolated an HLA-A24-restricited Cep55/c100rf3
peptide [Cep55/c100rf3_193(10)], which has been shown to be the
target of CTLs from PBMCs of HLA-A24-positive breast carcinoma

.

olon

patients (Inoda et al., 2009). We established that Cep55/c10orf3 may
be used for the cancer immunotherapy of breast carcinoma patients.
However, the immunogenicity in colorectal carcinomas is still elusive.

Here we extended our studies to colorectal carcinoma. We
evaluated the feasibility of using Cep55/c10orf3 derived peptides for
HLA-A24 positive, which is a frequent allele in Japanese and also other
populations, colorectal carcinoma immunotherapy. To investigate the
immunogenicities of Cep55/c10orf3 derived peptides, PBMCs of
colorectal carcinoma patients were stimulated several times using
Cep55/c10orf3 peptides, and the CTL reactivity was assessed with the
ELISPOT assay and the 3'Cr release assay. Two of the 6 colorectal
carcinoma patients were positive for the Cep55/c100rf3_193(10)
peptide, which is also immunogenic in breast carcinoma patients. The
Cep55/c10orf3-specific CTL clone recognized HLA-A24-positive and
Cep55/c10orf3-positive colorectal carcinoma cell lines, suggesting
that colorectal carcinoma express endogenously processed Cep55/
c10orf3 peptide. Furthermore, one of the six colorectal carcinoma
patient showed immune reactivity for other peptides, including
Cep55/c100rf3_402(11) and Cep55/c100rf3_283(12) by the ELISPOT
assay. Unfortunately, we could not further analyze the cytotoxic

Colon cancer

Fig. 1. Immunohistochemical staining of normal colon mucosa and colon cancers. A. Normal colon tissue and colon cancer tissues (summarized in Table 2) were stained with mAb #11-55
(magnification: x 200). Immunoreactivities were classified as follows: 0 as negative staining: 14, weak positive staining; 2+, strong positive staining. B. Immunchistochemical staining of

case #2 primary lesion and lymphnode metastasis lesion (magnification: x 200).
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Table 2
Cep55/c10orf3 protein expression in colorectal carcinomas.

Histology* N Expression of Cep55/c100rf3
0 (Negative) (%) 1+ (Weak positive) (%) 2+ (Strong positive) (%)
Total 70 26 (37%) 36 (51%) 8 (12%)
Well differentiated adenocarcinoma 19 10 (53%) 9 (47%) 0 (0%)
Moderately differentiated adenocarcinoma 44 15 (34%) 25 (57%) 4 (9%)
Poorly differentiated adenocarcinoma 7 1(14%) 2 (29%) 4 (57%)

*Histology of the colorectal cancer cases were classified according to "WHO classification Tumors of the Digestive System'. N, case numbers.

activity for these peptides; however, the immune reactivities were
specific and vigorous, suggesting that these peptides specific CTL
precursors (CTLp) might be activated and expanded clonally in vivo.
These observations indicate that Cep55/c10orf3 derived peptides,
including Cep55/c100rf3_193(10), Cep55/c100rf3_402(11) and
Cep55/c100rf3_283(12), may be useful for HLA-A24-positive colorec-
tal carcinoma immunotherapy.

Materials and methods
Immunohistochemical staining of tissue sections

Immunohistochememical staining was done with formalin-fixed,
paraffin-embedded sections of 64 CRC, including tissue microarray
and 6 biopsy CRC specimens. Sections (4-5-pum thick) were
deparaffinized in xylene and rehydrated in graded alcohols. Antigen
retrieval was done by boiling sections in 120 °C for 5min in a
microwave oven in preheated 0.01-mol/L sodium citrate (pH 6.0).
Endogenous peroxidase activity was blocked by 3%hydrogen peroxide
in ethanol for 10 min. After blocking with 1%nonfat dry milk in PBS
(pH 7.4), the sections were reacted with monoclonal anti-Cep55/
c10orf3 antibody #11-55 for 1 hour, followed by incubation with
biotinylated anti-mouse IgG (Nichirei) for 30 min. Subsequently, the
sections were stained with the streptavidin-biotin complex
(Nichirei), followed by incubation, with 3,3'-diaminobenzidine used
as the chromogen and counterstaining with hematoxylin. Cytosolic
staining was considered positive. We graded the immunoreactivity as
follows: 0 as negative staining; 1+, weak positive staining; 2+, strong
positive staining. Breast cancer cases were used as positive controls.

Patients

The PBMCs used in this study were obtained from HLA-A24-
positive colorectal carcinoma patients who were hospitalized at
Higashi Sapporo hospital (Sapporo, Japan) after obtaining their
informed consent.

CTL induction, ELISPOT assay and >'Cr release assay

CTLs were generated from PBMCs of HLA-A24 positive colorectal
carcinoma as described previously (Hirohashi et al., 2002; Inoda et al.,

Table 3
Summary of the colorectal carcinoma cases.

2009). In brief, dendritic cells (DCs) and PHA-blasts were generated
from the PBMCs of HLA-A24-positive colorectal carcinoma patients.
CD8-positive T cells were isolated using the MACS separation system
(Miltenyi Boitech, Bergish Blabach, Germany) according to the
manufacturer's instructions. The CD8-positive T cells were stimulated
for three times using DC for the 1st time of stimulation and PHA-blast
for the 2nd and 3 rd times of stimulations as antigen presenting cells
(APCs) with a mixture of eleven Cep55/c10orf3 peptides carrying
HLA-A24 binding motif, as summarized in Table 1, (Inoda et al., 2009)
in AIM-V medium (Invitrogen) supplemented with 10% of human
serum.

One week later after the last stimulation, the CD8-positive T cells
were evaluated the reactivity for peptides with the ELISPOT assay as
described previously (Inoda et al., 2009). ELISPOT plates were coated
sterilely overnight with an IFN-gamma capture antibody (Beckton
Dickinson Biosciences) at 4 °C. The plates were then washed once and
blocked with AIM-V medium containing 10% human serum for
2 hours at room temperature. Then, twenty thousand CTLs were
incubated with 5 x 10*/well T2-A24 (kind gift from Dr. K. Kuzushima,
Nagoya, Japan) cells pulsed with Cep55/c100rf3 specific peptide or
control peptides (5 pg/mL) or K562 cells. After incubation in a 5% CO2
humidified chamber at 37 °C for 24 hours, the wells were washed
vigorously five times with PBS and incubated with a biotinylated anti-
human IFN-gamma antibody and horseradish peroxidase-conjugated
avidin. Spots were visualized and analyzed using KS ELISPOT (Carl
Zeiss, Germany).

The lytic activity of CTLs was tested by the >'Cr release assay as
described previously (Sato et al., 1986). Briefly, >'Cr-labeled target
cells (2000 cells/well) were incubated with various numbers of
effector cells for 6 hours at 37 °C in 96-well microtiter plates. The
radioactivity of the culture supernatant was measured with a gamma
counter. The percentage of cytotoxicity was calculated as follows:
% cytotoxicity = (experimental release — spontaneous release)/(max-
imum release — spontaneous release) X100. Colorectal carcinoma cell
lines Sw480, HT29 and HCT15 (kind gift from Dr. K. Imai, Sapporo,
Japan) were used as target cells. The beta 2 microglobulin (B2M)
transformant of HCT15 cells (HCT15-B2M) were obtained by the
infection of retrovirus coding beta 2 microglobulin (B2M) cDNA. The
retrovirus was generated as described previously using the retrovirus
vector pMXs-puro encoding B2M cDNA and PLAT-A packaging cells
(kind gift from Dr. T. Kitamura, Tokyo, Japan) (Morita et al., 2000), and

Case # Stage Histology Expression of Cep55/c100rf3 Reactive peptides ELISPOT assay 31Cr release assay
1 b Adenocarcinoma (mod. diff.) Primary (1+4) 193(10) + +

2 v Adenocarcinoma (mod. diff.) Primary (0), LN (1+) 193(10) - +

3 v Adenocarcinoma (mod. diff.) Primary (1+) 402(11),283(12) + ND

4 v Adenocarcinoma (mod. diff.) Primary (1+) - - -

5 1 Adenocarcinoma (well diff.) Primary (1+) - - -

6 I} Adenocarcinoma (well diff.) Primary (0) - - -

Abbreviations: mod. diff., moderatry differentiated; well diff., well differentiated; Primary, Primary lesion; LN, lymph node metastasis lesion; ND, not detected.
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Fig. 2. ELISpot assay for Cep55/c100rf3 peptides in colorectal carcinoma patients. The Cep55/c100rf3 peptides specific CTLs were induced from HLA-A24 (+) colorectal carcinoma
patients' PBMCs. The PBMCs were stimulated with the Cpe55/c10orf3 peptide cocktail for 3 times, and the peptide-specific reactivities were evaluated with the IFN-gamma ELISPOT
assay using Cep55/c10orf3 peptide pulsed T2-A24 cells. The HIV derived peptide was used as a negative control. K562 is used as a negative control.

after 2days of post-infection the HCT15 cells were selected by a
medium containing puromycin (5 pg/ml). The expression of B2M
mRNA was confirmed by RT-PCR.

Results and discussion

We described that Cep55/c10orf3 was expressed in 25% (6/25)
colorectal carcinoma cases previously (Inoda et al., 2009). The protein
expression frequencies were relative low compared with breast
carcinoma. In this study, to evaluate the protein expression in more
detail, we improved the method of immunohistochemical staining.
With this protocol, the stained specimens showed lower background,
and. more suitable for monoclonal antibody #11-55. With this

protocol, we re-stained 70 colorectal carcinoma tissue specimens. As
shown in Fig. 1A and Table 2, 44 of 70 colon cancer tissues showed
positive staining for monoclonal antibody (#11-55), while normal
colon epithelial cells showed negative for #11-55. The positivities for
#11-55 in well differentiated adenocarcinoma was 47% (47% of weak
positive and 0% of strong positive); in moderately differentiated
adenocarcinoma, 66% (57% of weak positive and 9% of strong
positive); and in poorly differentiated adenocarcinoma, 86% (29% of
weak positive and 57% strong positive). Thus, we hypothesized that
Cep55/c10orf3 might also be the immunological target of CTLs in CRC
patients. In this study, we evaluated 6 CRC patients for immunological
assays (Table 3). Fig. 1B shows the representative Cep55/c10orf3
protein staining patterns used for the CTL assays. In the colorectal
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Fig. 3. Cytotoxic activity for Cep55/c10orf3 peptide in colorectal carcinoma patients. The cytotoxicity of the CTLs from colorectal carcinoma patients’ PBMCs against K562 cells and
T2-A24 cells pulsed with the Cep55/c100rf3_193(10) peptide, HIV peptide, or no peptide were analyzed using the 51Cr release assay at various effector/target (E/T) ratios. Asterisks
denote statistically significant differences from negative control peptide and no peptide pulsed T2-A24 cells. Each point represents the mean + SD. Asterisks indicate statistically
significant differences from the highest negative control the Cep55/c100rf3_193(10) peptide pulsed T2-A24 and negative controls by the Student's t-test (*, p<0.05).
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carcinoma of patient #2, the primary colon carcinoma lesion did not
show any Cep55/c10orf3 protein expression. In contrast, the regional
lymph node metastasis lesion showed Cep55/c100rf3 protein expres-
sion. Because Cep55/c10orf3 is essential for the G2/M phase of the cell
cycle (Fabbro et al., 2005), the protein is presumably expressed in
mitotic cells. In our previous study, we could detect Cep55/c100rf3
mRNA expression in all of colorectal carcinoma cell lines (Inoda et al.,
2009), suggesting that the proliferating colorectal carcinoma cells
express Cep55/c10orf3 mRNA and protein.

To evaluate the feasibility of colorectal carcinoma immunotherapy
using Cep55/c10orf3 peptides, we generated CTLs specific for Cep55/
c10orf3 peptides in 6 colorectal carcinoma patients. To determine
which Cep55/c10orf3 peptide is immunogenic in the PBMCs of
colorectal carcinoma patients, we stimulated CD8-positive T cells of
HLA-A24-positive colorectal carcinoma patients using an 11 Cep55/
c100rf3 peptide cocktail. As shown in Fig. 2, case #1 showed Cep55/
c100rf3_193(10) specific reactivity with the ELISPOT assay, which is
the only immunogenic peptide for HLA-A24-positive breast carcino-
ma patients, as described before (Inoda et al., 2009). On the other
hand, case #3 showed vigorous reactivity for T2-A24 cells pulsed with
Cep55/c100rf3_402(11) and Cep55/c100rf3_283(12) compared to
control peptides, which showed also high HLA-A24 binding affinity
before (Inoda et al., 2009). Interestingly, these peptides are 11- and
12-mer, which are longer than the standard HLA-A24-restricted
peptides (Kondo et al., 1995), and these peptides were not

immunogenic for breast carcinoma patients. These observations
suggest that not only the Cep55/c100rf3_193(10) peptide but also
the Cep55/c100rf3_402(11) and Cep55/c100rf3_283(12) peptides
can be presented by HLA-A24-positive colorectal carcinoma cells
and caused the clonal expansion of the CTL precursor (CTLp) in vivo.

To assess the cytotoxic activity of the CTLs, we performed the >'Cr
release assay. Unfortunately, the CTLs of case #3 were used up in
the ELISPOT assay, so we could not perform the 'Cr release assay.
As shown in Fig. 3, case #1 and case #2 showed specific reactivity for
T2-A24 cells pulsed with the Cep55/c100rf3_193(10) peptide com-
pared to the control peptides. The CTL of case #1 showed specific
reactivity for the Sw480 colorectal carcinoma cell line, which is
Cep55/c10orf3 positive and HLA-A24 positive, suggesting this CTL
recognized the endogenously expressed Cep55/c100rf3_193(10)
peptide (data not shown). To analyze further, we characterized
Cep55/c100rf3_193(10) CTL clone #41, which was previously isolated
from the PBMCs of HLA-A24-positive breast carcinoma patients
(Inoda et al,, 2009). As shown in Fig. 4B, Cep55/c100rf3_193(10)
specific CTL clone #41 showed a specific lytic activity for HLA-A24-
positive and Cep55/c10orf3-positive colorectal carcinoma cell lines,
including Sw480 and HT29. The beta 2 microglobulin (B2M) gene of
the HCT15 cell line is known to be mutated, and the B2M protein is
downregulated, which causes the low expression of the HLA-A24
molecule on the cell surface. We therefore established the wild type
B2M gene stably transduced subline (HCT15-B2M). HCT15-B2M
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Fig. 4. Cytotoxicity for HLA-A24-positive and Cep55/c100rf3-positive colorectal carcinomas. A. Expression of HLA-A24 on HCT15 and HCT15-B2M cells. The expression of HLA-A24 on the
HCT15 and HCT15-B2M cells were evaluated by the FACS analysis. The HCT15 and HCT15-B2M cells were stained by the control antibody and anti-HLA-A24 antibody and detected by FACS
Caliber. The right bar graph indicates the ratio of mean fluorescent intensity (M.F.L.), which is calculated as follows: ME.L ratio= (M.E.l. with the anti-HLA-A24 antibody)/(M.F.L. with
control antibody) B. Cep55/c100rf3_193(10) specific CTL clone (#41) was assessed for the cytotoxicity for HLA-A24-positive and Cep55/c10orf3-positive colorectal carcinoma cell lines
(Sw480, HT29 and HCT15) with the 3'Cr release assay. HCT15-B2M is a beta-2 microglobulin gene transduced cell line. HLA-A24 (—) and Cep55/c100rf3 (+) K562 were used as negative
controls. Each point represents the mean + SD. Asterisks indicate statistically significant differences from the K562 negative control cell by the Student's t-test (**, p<0.01).
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showed the enhanced HLA-A24 expression with the FACS analysis
(Fig. 4A). CTL clone #41 recognized HCT15 cells compared with K562
cells, and the lytic activity was enhanced with the ectopic expression
of the B2M gene (Fig. 4B). These observations suggest that the Cep55/
c100rf3_193(10) peptide is endogenously expressed in a number of
colorectal carcinoma cell lines and that the Cep55/c100rf3_193(10)
peptide is suitable for colorectal carcinoma immunotherapy.

Cep55/c100rf3 is expressed in a wide variety of cancer cells (Inoda
et al,, 2009; Sakai et al., 2006), which makes it a reasonable target for
cancer immunotherapy. Cep55/c10orf3_193(10) is a high immuno-
genic peptide in breast carcinoma patients. However, the immuno-
reactivity for Cep55/c100rf3_193(10) in colorectal carcinoma is less
frequent than that of breast carcinoma. Very interestingly, the Cep55/
c100rf3_402(11} and Cep55/c100rf3_283(12) peptides are only
immunogenic for colorectal carcinoma patient case #3. This may
result from the difference in the peptide presentation profiles in vivo
between colorectal carcinoma and breast carcinoma. In the previous
study, we have shown that only the Cep55/c100rf3_193(10) peptide
is suitable for breast carcinoma immunotherapy. However, the results
of the current study indicate that not only Cep55/c100rf3_193(10) but
also Cep55/c100rf3_402(11) and Cep55/c100rf3_283(12) may be
useful for colorectal carcinoma immunotherapy.

The centrosome is the principal microtubule organizing center of
the mammalian cell, consisting of a pair of barrel-shaped microtubule
assemblies that are non-identical and are referred to as the mother
and daughter centrioles. Defects in the number, structure or function
of centrosomes can generate monopolar or multipolar mitotic
spindles and cytokinesis defects, resulting in aneuploidy and
chromosome instability, which are common characteristics of tumor
cells. Thus, abnormal centrosome constituents may be exploited as
therapeutic targets for malignantly transformed or dysplastic cells
{Wang et al., 2004). In addition to Cep55/c1001f3 other centrosome
residing molecules have been reported to be the target of CTLs, such as
survivin (Hirohashi et al, 2002) and Aurora-A kinase (Ochi et al.,
2009). These centrosome antigens are essential for G2/M phase
transition and are expressed universally in malignant cells (Hirohashi
et al,, 2009). Thus targeting centrosome antigens is a reasonable

approach for cancer immunoctherapy, and more centrosome related
antigens might be identified in the future.

In summary, we were able to generate CTLs specific for Cep55/
c100rf3_193(10), Cep55/c100rf3_402(11) and Cep55/c100:f3_283(12)
in HLA-A24-positive colorectal carcinoma patients. This suggests that
these peptides may be useful for HLA-A24-positive colorectal carcinoma
immunotherapy.
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Arachidonate 5-Lipoxygenase Establishes Adaptive
Humoral Immunity by Controlling Primary B Cells
and Their Cognate T-Cell Help
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In this study, we report the unique role of arachidonate
5-lipoxygenase (Alox5) in the regulation of specific hu-
moral immune responses. We previously reported an
L22 monoclonal antibody with which human primary
resting B cells in the mantle zones of lymphoid follicles
are well-defined. Proteomics analyses enabled identifi-
cation of an 122 antigen as Alox5, which was highly
expressed by naive and memory B cells surrounding
germinal centers. Cellular growth of mantle cell lym-
phoma cells also seemed to depend on Alox5. Alox5™"~
mice exhibited weak antibody responses specific to
foreign antigens at the initial and recall phases. This
was probably attributable to the low number of follicu-
lar and memory B cells and the functional loss of inter-
leukin-21-mediated responses of follicular B cells.
Moreover, Alox5™~ mice could not fully foster the de-
velopment of follicular B helper T (Tfh) cells even af-
ter immunization with foreign antigens. Further exper-
iments indicated that Alox5 affected mortality in
experimentally induced enterocolitis in germ-prone cir-
cumstances, indicating that Alox5 would endow immu-
nologic milieu. Our results illustrate the novel role of
Alox3 in adaptive humoral immunity by managing pri-
mary B cells and Tfh cells in vivo. (Am[J Patbol 2011, 178
222-232: DOI: 10.1016/].ajpath.2010.11.033)

Regulation of specific humoral responses directs a center of
adaptive immunity to prevent infection, autoimmune disease,
and cancer."? Mechanisms underlying antibody production

222

wholly depend on the cellular function of B cells. After the
somatic mutation of genes encoding B-cell receptor (BCR)
and its editing in the bone marrow, B cells are distributed to the
peripheral lymphoid tissues, where they reside as primary
resting B cells.3* On stimutation of the surface BCRs and with
cognate help from CD4* T cells, primary B cells differentiate
into germinal center B cells, where somatic hypermutations
and class switch recombination occur, resulting in further dif-
ferentiation into plasma cells or memory B cells. It is consid-
ered that for the sake of efficient production of specific anti-
bodies, primary resting B cells around germinal centers keep
BCR repertories as a major anatomical source of lymphoid
follicles.® By the function of antiapoptotic factors, such as
Bcl-2, it is thought that primary B cells would survive and
eventually maintain BCR repertoires in individuals.® However,
the mechanism underlying primary B-cell regulation has not
yet been elucidated.

Previcusly, we created an L-series of monoclonal an-
tibodies (mAbs) for use in the identification of immune
cells by means of immunohistochemical analysis or flow
cytometry.”® The L-series panel includes L26 mAbs,
which specifically bind to the cytoplasmic domain of
CD20. This mAb is widely used for immunopathologic
examinations of lymphoid tissue to decipher B-cell-re-
lated disorders, including matignancies and immune-as-
sociated diseases.” '° L22 mAbs have exhibited a unique
distribution profile: L22 antigen (AQ) is specifically ex-
pressed in the cytoplasm of primary resting B cells in the
mantte zones of lymphoid follicles but not in activated B
cells of germinal centers and in T cells.B Therefore, it is of
great interest to investigate the nature of L22 Ag because
we consider that its functional features may provide new
fundamental insights into the regulatory mechanism of
adaptive humoral immune responses.
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Herein, we first identified an L22 Ag as arachidonate
5-lipoxygenase (Alox5) and elucidated its unique role of
coordinating specific antibody responses. Alox5 oxidizes
arachidonic acid as a substrate initially to produce 5-hy-
droperoxy-6,8,11,14-eicosatetraenoic acid, which is an
intermediate for various leukotriengs of lipid mediators.’
We observed that naive (CD197CD23*CD27-CD387)
and memory (CD197CD23-CD27*CD387) phenotypes
of human primary B cells in the mantle zones preferen-
tially expressed Alox5.'2 Studies of Alox5~~ mice re-
vealed that this enzyme was required for the humoral
response against T-cell-dependent foreign antigens at
the initial and recall phases. This was probably because
of the loss of follicular B cells (B220*CD21™CD23™*) and
memory B cells (B220*1gG1"NP*) due to cell death in
Alox5™’~ mice.'® Furthermore, mantle cell lymphoma
(MCL) would depend on the growth activities of Alox5,
implying a growth regulatory role of Alox5S in normal pri-
mary B cells and their derived tumor cells. Moreover, note
that Alox5~~ mice showed fewer germinal center cells
after immunization of the foreign antigens and develop-
mental insufficiency of follicular B helper T (Tth) cells
(CD3*CD4*CD25-CXCR5*ICOS*).1*15 Experimental ev-
idence has revealed that Alox5™~ and recombination acti-
vating gene 17/~ (Rag?~'~) chimera mice were fairly sus-
ceptible to the condition of enterocolitis, especially in
conventional facilities; this reiterates the pivotal role of
Alox5 in the regulation of specific antibody responses. In
addition to the evidence indicating the possible role of
Alox5 in MCL, these and further investigations may shed
light on the association of lipid metabolism of arachidonic
acid by Alox5 with the regulation of adaptive humoral
immunity and the nature of MCLs."%-'8

Materials and Methods

Tissues and Cell Lines

All tissues were obtained after receiving informed con-
sent from the subjects and with the approval of the Insti-
tutional Review Board. Tonsillar tissues were obtained
from patients undergoing tonsillectomy for the treatment
of recurrent tonsillitis, and lymphoma tissues were ob-
tained by means of biopsy. Portions of the tissues were
stored at —80°C as frozen tissue sections. Human em-
bryonic kidney (HEK) 293 and P1.4 cells were maintained
in Dulbecco's modified Eagle's medium supplemented
with 10% fetal bovine serum, 50 pg/mi of streptomycin,
and 100 U/ml of penicillin. Cell lines derived from MCL,
including G519, HBL2, JEKO1, MINO, and REC1, as well
as Jurkat, Molt4, and Daudi cells, were maintained in
RPMI 1640 medium containing 10% fetal bovine serum, 2
mmol/L I-glutamine, 50 pg/ml of streptomycin, and 100
U/ml of penicillin. All cells were cultured at 37°C in a
humidified atmosphere with 5% carbon dioxide.

Mice and Immunization

All the experiments were performed in accordance with the
institutional guidelines for the care and use of animals.
Alox5™~ mice*® and C57BL/6-SV129S F1 hybrid mice used
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as a control were purchased from The Jackson Laboratory
(Bar Harbor, ME). All these mice were maintained in specific
pathogen-free or conventional animal facilities of Sapporo
Medical University School of Medicine. Age- (6 to 12 weeks)
and sex-matched mice from each group, which were simulta-
neously raised in the same environment at the facilities, were
used for the experiments. Lin~Scal™ bone marrow stem cells
of Alox5™"* or Alox5™'~ mice were transferred into recombi-
nation activating gene 1-deficient mice (C57BL/6 back-
ground; The Jackson Laboratory) to generate Rag? ~~ bone
marrow chimera mice. Eight weeks after stem cell transplan-
tation, levels of serum Igs of Rag?™/~ chimera mice were
examined before being used for experiments. Mice were im-
munized by means of ip. administration of 200 ui. of 5%
sheep red blood cells (SRBCs) or 100 ug of (4-hydroxy-3-
nitrophenylacetyl)36 coupled to chicken gamma globulin
(NP36-CGG) (with alum at initial immunization).

Reagents

L22 (clone TB1-2C3) and TE4 mAbs were purified from
mouse ascitic fluid and were used for immunoprecipi-
tation and immunchistochemical analysis. The follow-
ing antihuman mAbs were purchased from BD Bio-
sciences (San Jose, CA): fluorescein isothiocyanate
(FITC)-anti-CD3 (clone SK7), FITC-anti-CD4 (RPA-T4),
FITC-anti-CD8 (clone RPA-T8), antigen-presenting cel
(APC)-anti-CD19 (clone HIB19), phycoerythrin (PE)
-Cy7-anti-CD25 (clone MA251), PE-anti-CD27 (clone
MT271), FITC-anti-CD38 (clone HIT2), PE-anti-CD278
(ICOS; clone DX29), biotin-anti-CXCR5 (clone RF8B2),
FITC-anti-IgD (clone 1A6-2), FITC—anti-igM (clone G20-
127), FITC-anti-IgG (clone G18-145), and g isotype con-
trol mAbs. Rabbit antihuman-CD23 mAbs (clone SP23),
antihuman-Bcl-2 polycional antibodies (pAbs), and anti-
human-Alox5 pAbs were obtained from Nichirei Bio-
science Inc. (Tokyo, Japan), Neomarkers Inc. (Fremont,
CA), and Cayman Chemical Co (Ann Arbor, Ml), respec-
tively. The following antimouse mAbs were purchased
from BD Biosciences, Affinity BicReagents inc. (Golden,
CQ), eBioscience Inc. {San Diego, CA), and Genetex Inc.
(Irvine, CA): bictin-anti-CD1 days (clone 1B1), anti-CD3
(hamster clone 500A2), APC-anti-CD3 (clone 145-2C11),
FITC-anti-CD4 (clone L3T4), PE-anti-CD8 (clone 53-6.7),
anti-CD19 mAb (clone 1D3), FITC-anti-CD21 (clone
7G6), PE-anti-CD23 (clone B3B4), PE-Cy7-anti-CD25
(clone PCB81), FITC- or APC-anti-CD45R/B220 (clone
RA3-6B2), PE-anti-CD278 (ICOS; clone 7E17G9), bi-
otin—anti-CXCR5 (clone 2G8), FITC-anti-lgG1 (clone
LO-MG 1-2), biotin—anti-major histocompatibility com-
plex class Il {clone M5/114.15.2), and isctype control
mADbs. Horseradish peroxidase-conjugated rabbit pAbs
against isotypes were purchased from Southern Biotech-
nology (Birmingham, AL). Mouse anti-enhanced green
fluorescent protein (EGFP) mAbs (clone JL-8) and bi-
otin-conjugated peanut agglutinin were obtained from
Vector Laboratories (Burlingame, CA) and Invitrogen
(Carlshad, CA), respectively. NP-CGG, 4-hydroxy-3-
nitrophenylacetyl coupled to bovine serum albumin
(NP-BSA), and NP-BSA-biotin were purchased from
Bioresearch Technologies Inc. (Novato, CA).
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Immunohistochemical Analysis

Procedures for tissue sections were conducted as de-
scribed previously.?® In brief, tissue sections were stained
with primary mADbs at 4°C overnight and then were reacted
with secondary pAbs conjugated to Alexa Fluor (Molecular
Probes Inc., Eugene, OR). Signals were detected using an
immunofluorescence microscope (IX71; Olympus, Center
Valley, PA) or a laser scanning confocal microscope
(R2100AG2; Bio-Rad Laboratories, Hercules, CA).

Immunoprecipitation and Immunoblotting

Cells were treated in a lysis buffer solution consisting of
150 mmol/L sodium chloride, 50 mmol/L Tris-chloride (pH
7.5), 1 mmol/L EDTA, 0.3% Triton X-100 (Roche Diagnos-
tics GmbH, Mannheim, Germany), and protease inhibi-
tors (Roche Diagnostics GmbH) and then were subjected
to immunoprecipitation or immunoblotting as described
elsewhere.?! After washing the beads, the specimens
were separated by 5% to 20% gradient SDS-polyacryl-
amide gel electrophoresis and were stained using a silver
staining MS kit (Wako Chemicals USA Inc., Richmond,
VA) or blotted onto an Immobilon-P membrane (Millipore,
Billerica, MA) for immunoblotting.?

Liquid Chromatography—Electrospray
lonization-Tandem Mass Spectrometry

Trypsin was used for in-gel digestion of the specimens,
after which they were analyzed using tandem mass spec-
trometry (Gene World, Tokyo, Japan). The obtained pep-
tides were further investigated through a Mascot search
to predict an original protein.

Flow Cytometry and Cell Sorting

Lymphocytes were purified by means of centrifugation
with Lymphoprep (human; Axis-Shield, Oslo, Norway) or
Lympholyte-M (mouse; Cedarlane Laboratories Ltd, Bur-
lington, NC) and then were stained using standard flow
cytometry. After preparation of cell specimens, cells were
analyzed using a FACSCanto Il flow cytometer with DiVA
software (BD Biosciences). A FACSAria Il cell sorter was
used to select and analyze follicular B cells and Tfh cells.
AutoMACS (Miltenyi Biotec Inc., Auburn, CA) was also

Table 1. Mouse PCR Primer Pairs Used in This Study

used for magnetically purifying lymphocytes from human
tonsils or primitive hematopoietic stem cells (Lin~Scal*)
from murine bone marrow. In each experiment, the purity
of cells reached 95%. Apoptotic cells were stained by
annexin V and were detected using an APC dye accord-
ing to the manufacturer's protocol (BD Biosciences).

cDNA Transduction

EGFP-tagged expression plasmids carrying human Alox5,
sorting nexin 5, sorting nexin 6, or autoimmune regulator
were used in this study.2’?2 Plasmid DNAs were trans-
fected into cells using LF2000 (Invitrogen).

Enzyme-Linked Immunosorbent Assay

A 96-well microtiter plate coated with SRBCs or NP-BSA
was used to determine anti-SRBC and anti-NP Ig titers, as
described previously.'®23 |g isotypes of mice were de-
termined using isotype-specific enzyme-linked immu-
nosorbent assay (Southern Biotechnology).

RT-PCR and Quantitative PCR

Total RNA was extracted from cells using TRIzol (Invitrogen)
and were reverse transcribed using oligo(dT) primers (Ap-
plied Biosystems, Foster City, CA). The RT-PCR primer
pairs used in this study were designed as described previ-
ously and are summarized in Tables 1 and 2.2° Real-time
PCR was performed using an ABI-PRISM 7900 according to
the manufacturer's protocol (Applied Biosystems). Target
gene expression was calculated using AACT and compar-
ative methods after normalization to 18S RNA or glyceral-
dehyde-3-phosphate dehydrogenase expression.

Induction of Enterocolitis

Experimental enterocolitis was induced in mice by supple-
menting drinking water with 1.5% dextran sodium sulfate
(DSS; ICN Biomedicals, Irvine, CA), and the mice were
monitored daily for survival as described previously.? For
evaluating histologic findings, the middle parts of the
colon were removed and fixed with 10% formalin contain-
ing PBS. Then, paraffin-embedded tissue sections were
stained with H&E to examine histologic changes. The
histologic score was examined as follows: epithelium (E), O

Mouse Genomic Genomic Expected
primers Forward primer region Reverse primer region length (bp)
IL-6 5'-AGTTGCCTTCTTGGGACTGA- 3’ Exon 2 5'-CAGAATTGCCATTGCACAA-3’ Exon 3 191
IFN-y 5’'-ACTGGCAAAAGGATGGTGAC-3’ Exon2-3  5'-TGAGCTCATTGAATGCTTGG-3’ Exon 4 237
IL-4Ra 5'-CCTCACACTCCACACCAATG-3' Exon 6 5'-AGCCTGGGTTCCTTGTAGGT-3' Exon 7 168
IL-21R 5'-TGTCAATGTGACGGACCAGT-3' Exon 4 5'-CACGTAGTTGGAGGGTTCGT-3' Exon 5 163
IFN-yR1  5'-TCCTGCACCAACATTTCTGA-3' Exon 3 5'-TACGAGGACGGAGAGCTGTT-3' Exon 4 213
IFN-yR2  5'-GCTTCACCCTGTTCCTCAAA-3' Exon 6 5'-AGCACATCATCTCGCTCCTT-3' Exon 7 205
TLR4 5'-GCTTTCACCTCTGCCTTCAC-3' Exon 3 5'-GAAACTGCCATGTTTGAGCA-3’ Exon 3 174
TLR7 5'-CCTGTTCTACTGGGGTCCAA-3' Exon 3 5'-GCCTCAAGGCTCAGAAGATG-3’ Exon 3 167
TLR9 5'-GCTTTGGCCTTTCACTCTTG-3' Exon 2 5'-AACTGCGCTCTGTGCCTTAT-3’ Exon 2 194
Alox5 5'-CTACGATGTCACCGTGGATG-3' Exon 2 5'-GTGCTGCTTGAGGATGTGAA-3’ Exon 3 235
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Human Genomic Genomic Expected

primers Forward primer region Reverse primer region length (bp)
BLT1 5'-TTGCTCACTGCTCCCTTTTT-3' Exon 2 5'-AAAGGACAACACCCAGATGC-3’ Exon 2 237
BLT2 5'-GAGACTCTGACCGCTTTCGT-3’ Exon 1 5'-AAGGTTGACTGCGTGGTAGG-3' Exon 1 183
CysLTR1 5'-TGATGACTTCCGCAATCAAG-3' Exon 3 5'-AGCCAAATGCCTTTGTGAAC-3’ Exon 3 216
CysLTR2  5'-TCCACTTGACGACATGGAAA-3' Exon 1 5'-GGCCTTTTCTGAGTGCAGAC-3’ Exon 1 165
MAF 5'-TGGAGTCGGAGAAGAACCAG-3' Exon 1 5'-GCTTCCAAAATGTGGCGTAT-3' Exon 2 228
BCL-6 5'-AACCTGAAAACCCACACTCG-3’ Exon 8 5'-TGACGGAAATGCAGGTTACA-3’ Exon 9 245
CXCR5 5'-CTCCCAAGAGAACCAAGCAG-3’ Exon 2 5'-CCAGCAGAGGAAGAAGATGC-3’ Exon 2 205
IL-21 5'-TTCTGCCAGCTCCAGAAGAT-3’ Exon 2 5'-TTGTGGAAGGTGGTTTCCTC-3' Exon 3 153

= normal morphologic features; 1 = loss of goblet cells; 2 =
loss of goblet cells in large areas; 3 = loss of crypts; and 4
= in large areas; infiltration (1), 0 = no infiltrate; 1 = infiltrate
around the crypt basis; 2 = infiltrate reaching the lamina
muscularis mucosae; 3 = extensive infiltration reaching the
lamina muscularis mucosae and thickening of the mucosa
with abundant edema; and 4 = infiltration of the lamina
submucosa. The total histologic score was obtained by E + I.

Cell Growth Assay

Growth activities of cultured cells were investigated using a
premix WST-1 cell proliferation assay system as per the
manufacturer’s instructions (Takara Bio Inc., Shiga, Japan).

Statistical Analysis

Results are expressed as mean and SE; the unpaired
t-test was used to compare experimental groups unless
otherwise stated, with P < 0.05 considered significant.

Results

L22 Ags in Primary B Cells Are Identical to
Alox5

Mouse L22 mAbs were originally established by immuniz-
ing mice with human tonsillar lymphocytes per standard
procedures ® Immunohistochemical analysis of tonsillar tis-
sues demonstrated preferential distribution of L22 Ags in
the cytoplasm of primary resting B cells in the mantle zones
of germinal centers in lymphoid tissues (Figure 1, A and
B).2% We further examined the colocalization of L22 Ags with
CD23, which was restricted to the IgM™ or IgD™ naive B-cell
phenotype and were subsequently lost in germinal center
and memory B cells.>2627 Primary B cells of the mantle
zones were found to contain a mixed population of
L22"CD23" and L22*"CD23™ cells, indicating that primary
B cells around germinal centers consisted of CD23™ naive
B cells and CD23~ memory B cells, both of which pre-
sented L22 Ags (Figure 1C). Follicular dendritic cells of
germinal centers also present CD23; however, L22 Ags
were not expressed in CD23™ follicular dendritic cells within
germinal centers.2® Collectively, L22 Ags were expressed
by primary B cells with naive and memory phenotypes but
not in follicular dendritic cells.

To identify the molecular nature of L22 Ags, we initially
used L22 mAbs to perform immunoprecipitation on tonsillar

lymphocytes and cell lines. After trials with lysis buffers
containing different types of detergents and under different
experimental conditions, a clear band was detected at ap-
proximately 78 kDa (Figure 1D). Such a band was also
detected in Daudi B cells but not in Jurkat T cells and P1.4
thymic epithelial cells; these results concur with the tissue
distribution of L22 Ags in human lymphoid tissues of the
tonsils and thymus. Proteomics analysis of the protein band
derived from tonsillar lymphocytes revealed the presence of
at least four different peptides, all of which were completely
matched to a core protein sequence of Alox5 (Figure 1E).
Further immunoprecipitation and immunostaining experi-
ments in which a plasmid DNA encoding EGFP-tagged
Alox5 was introduced into HEK 293 cells indicated the bind-
ing specificity of L22 mAbs to Alox5 (Figure 1, F and G).

Primary B Cells Are Susceptible to Functional
Loss of Alox5

To investigate the tissue distribution of L22 Ags, primary
resting naive (CD19"CD27°CD387) and memory
(CD19%CD277CD387) B cells were sorted and analyzed
(see Supplemental Figure S1 at http.//ajp.amjpathol.
org).27?° Quantitative PCR and immunoblot analyses
demonstrated high Alox5 expression in naive and mem-
ory B cells, which were also noted to be with or without
CD23, respectively (Figure 2, A and B). Meanwhile, ger-
minal center B cells (CD197CD27~IgD ™) expressed very
low levels of Alox5; these results are in accordance with
those shown in Figure 1, A-C. However, Alox5 was not
detected in CD4™ and CD8* T cells.

To further address the functional role of Alox5 in B
cells, we cultured tonsillar B cells (CD19™) with or without
Alox5 inhibitors of MK886 or AA861 and studied the B-
cell population therein. We observed that primary B cells
easily perished in the presence of MK886 or AA861 (Fig-
ure 2C). Taking this result into account, we considered
Alox5 to be a potential regulator of the maintenance of
human naive and memory B cells.

By means of two different types of receptors,
namely, BCRs and Toll-like receptors (TLRs), B cells
sense various antigens.?-63° When BCRs of tonsil-
derived B cells were stimulated, the cells could secrete
leukotrienes (data not shown).'"-3' This indicates that
leukotrienes derived from naive and memory B cells,
by affecting B cells themselves or surrounding immune
cells in lymphoid tissues, might act as a prompt dis-
patch mode to the subsequent antibody response.
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Figure 1. Mantle zone B cells of lymphoid tissues highly express Alox5. A=C: Immunohistochemical analysis of lymphoid follicles of tonsils with L22 mAbs. A:
Mantle zone B cells around germinal centers express L22 Ag (green). Original magnification, X200. B: Mantle zone B cells with L22 Ag (green) simultaneously
express Bel-2 (red). Original magnification, X200. C: The mantle zone exhibits a mixed population of L22*CD23* and L22*CD23~ B cells. Upper panel shows
the lymphoid follicle containing follicular dendritic cells (arrows). Lower panel focuses on the mantle zone. Original magnification: X 200 (upper panel); X400
(lower panel). In A, B, and C, the mantle zone and germinal center are represented as MZ and GC, respectively. The large L22-expressing cells within the GC
are macrophages. D: Immunoprecipitation analysis of tonsillar lymphocytes and cell lines with L22 mAbs. After separation of immunoprecipitates, the proteins
were visualized by silver staining. The left and right panels demonstrate bands that resulted from the lymphocytes of tonsils and cell lines, including Daudi B
cells, Jurkat T cells, and P1.4 thymic epithelial cells. The band that specifically reacts to L22 mAbs is indicated by asterisks in each panel. L22, 122 mAbs; TE4,
antithymic medullary epithelium mAbs; BA, anti-B-actin mAbs; C, isotype control. Arrows indicate light or heavy Ig chains bound to beads. E: Proteomics analysis
of L22 Ags for identifying Alox5. Mass spectrometry of the band is indicated by an asterisk [left panel; same as (D)] revealed four different peptide sequences,
including GVDFVLNYSK, AMENLFINR, YDWLLAK, and FTIAINTK. The protein sequence of Alox5 is shown in the right panel, where the four peptides are
depicted in red, as directed by a Mascot search. F: Immunoprecipitation analysis of EGFP-tagged Alox5 and other human proteins with L22 mAb. HEK 293 cells
were transiently transfected with a plasmid expressing EGFP-Alox5, EGFP-sorting nexin 5 (Snx5), EGFP-sorting nexin 6 (Snx6), or EGFP-autoimmune regulator
(Aire), with expected molecular weights of 118, 86, 88, and 98 kDa, respectively. L22 mAbs bind to EGFP-Alox5 (asterisk) but not to other EG FP-tagged proteins.
G: Immunohistochemical analysis of HEK 293 cells expressing EGFP-Alox5 with L22 mAb. L22 mAb (red) reacts to cells transiently expressing EGFP-Alox5 (green).
Original magnification, X400.

could (Figure 3D). These results strongly suggested
the requirement of Alox5 to produce specific antibod-
ies from B cells.

Alox5 Is Required for Specific Humoral Immune
Responses

Next, we immunized Alox5~/~ mice with various anti-
gens and investigated their sera and immune cells.
When SRBCs were administered as T-cell-dependent
foreign antigens, these mice showed impaired produc-
tion of SRBC-specific antibodies at the initial and recall
phases (Figure 3, A and B). To further examine the role
of Alox5 in B cells, we established bone marrow chi-
meras of Ragl™~ mice lacking B and T cells.
Lin"Scal™ cells from the bone marrow of Alox5% *or
Alox5~/~ mice were transplanted into Rag?~’~ mice
(termed Rag1"" or Rag1#°*® mice, respectively). When
immunized with SRBC, Rag1”'**> could not fully pro-
duce SRBC-specific antibodies, whereas Rag?"” mice

Most Ig subclasses examined were at normal serum lev-
els in unimmunized Alox5~/~ mice, suggesting that Alox5
was not necessary to produce naturally occurring Igs (Fig-
ure 3C). To our surprise, however, IgG2a levels dependent
on type 1 helper T cells were significantly reduced in
Alox5~"~ mice even after SRBC immunization (Figure 3, A
and C). Similarly, Rag1¥*® mice demonstrated low levels of
IgG2a compared with Rag?1""" mice (data not shown). The
inability of IgG2a production by Alox5™~ and Rag1ox®
mice suggests the possible involvement of Alox5 in an un-
known mechanism of class switching of the IgG2a heavy
chain within B cells or of insufficient effects from neighbor-
ing cells such as helper T cells. 3233
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Figure 2. Expression and function of Alox5 in primary resting B cells. A:
Quantitative PCR analysis of Alox5 in tonsillar lymphocytes. On the basis
of the oxidation site of arachidonic acid, lipid oxidation enzymes are
categorized into three types: Alox5, Alox12, and Alox15. Naive and mem-
ory B cells preferentially express transcripts of Alox5 but not Alox12 and
Alox15. B: Immunoblotting analysis of Alox5 in tonsillar lymphocytes.
Alox5 is abundantly expressed in naive and memory B cells. HEK 293 cells
and their transient transformants expressing Alox5 were used as controls.
C: B cells require Alox5 for their survival. 2 X 10° CD19™ B cells from
tonsils were cultured in serum-free AIM V medium (Invitrogen) in each
well of a 24-well plate with or without MK886 or AA861 for 96 hours, and
then flow cytometric analysis of B cells was performed. The data are
demonstrated as the ratios of the CD19™ population in the control media
to these cells in the inhibitor-containing media, where the cells were
counted as CD19™ cells. Results are representative of three to four inde-
pendent experiments. *P < 0.1, **P < 0.05.

Furthermore, we investigated the role of Alox5 in the
regulation of memory-specific humoral responses. When
the mice were administered NP36-CGG, although memory
B cells with the B220"IgG1*NP™ phenotype were indeed
found in Alox5~"~ mice, the number of memory B cells in
Alox5~"~ mice was almost half the number in Alox5** mice
(Figure 3E). The serum titer of NP25-BSA or NP3-BSA spe-
cific IgG1 increased in Alox5*’* mice in response to the
second challenge of NP36-CGG; however, this titer did not
increase to the same extent in Alox5™"~ mice, as observed
in the SRBC immunization experiment (Figure 3F).
Meanwhile, there were no significant differences in a
ratio of the titer of NP25-BSA to that of NP3-BSA in
Alox5** and Alox5~/~ mice at each date of investiga-
tion (Figure 3G). Therefore, Alox5 might regulate the
number of memory B cells, whereas Alox5 would not be
required for the processes of affinity maturation.?®

Alox5 Regulates Survival and Function of
Follicular B Cells

As previously reported, the spleen is relatively smaller in
Alox5~"~ mice than in wild-type mice (Figure 4A)."® When
immunized with SRBCs, the spleen of Alox5™* mice
gradually increased in weight up to approximately double
the original weight. Immunization also increased the
spleen weight in Alox5%~ and Alox5~/~ mice; however,
the spleens were smaller and their weights did not reach
the weight attained by Alox5*'* mice. Inverted micros-
copy revealed that lymphoid nodules of the spleen did
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not develop well in Alox5*~ and Alox5~/~ mice even

after administration of SRBCs (Figure 4B). Indeed, immu-
nohistochemical studies revealed fewer mature germinal
centers in the lymphoid fallicles in the spleen of SRBC-
immunized Alox5~/~ mice (Figure 4C). Furthermore, flow
cytometry analysis indicated reduced numbers of germi-
nal center cells (B220"PNA™IgD™) in SRBC-immunized
Alox5~"~ mice (Figure 4D). These results suggest that the
weak humoral responses to foreign antigens in Alox5™"~
mice may be caused by inability to generate sufficient
germinal centers.

Freshly isolated spleens of Alox5~~ mice had slightly
fewer B cells (B220%) than did those of Alox5%* mice,
even after SRBC immunization. Primary resting B cells
are generally classified into 2 major subpopulations—
follicular B cells (B220*CD21'™CD23%) and marginal
zone B cells (B220*CD21"CD237), each of which plays
a unique role in the humoral immune response.®*3% Fol-
licular B cells play an important role in antibody produc-
tion in a T-cell-dependent manner, and marginal zone B
cells are considered to be innate-like cells. Interestingly,
Alox5~/~ mice demonstrated a significantly decreased
number of follicular B cells, ie, approximately 60% of the
number of cells in Alox5** mice (Figure 4E). We also
observed the same tendency of follicular B cells in the
spleen of Rag1**® mice compared with those of Rag1"”
mice (Figure 4F). Note that Alox5 deficiency could lead to
apoptosis of follicular B cells, as assessed by the cell
surface expression of annexin V (Figure 4G).*® These
evidences imply that follicular B cells depend on Alox5
for maintaining the B-cell population; ie, the B-cell reper-
toires might be preserved by Alox5 to effectively produce
specific antibodies.

We further investigated the features of follicular B cells of
Alox5~~ mice. After examination of various molecules re-
lated to antibody production, the expression levels of the
interleukin-21 (IL-21) receptor were profoundly reduced in
follicular B cells of Alox5~/~ mice (Figure 4H).3738 However,
levels of IL-6, interferon vy receptors, and TLRs were not
significantly altered in these cells. Similarly, there were no
differences in the major histocompatibility complex class Il
expression of follicular B cells in Alox5™* and Alox5 "
mice, suggesting that Alox5 of follicular B cells might not
affect the cellular presentation of foreign antigens to helper
T cells (Figure 4l). Because Alox5 regulates the cell fate and
IL-21-mediated responses of follicular B cells, Alox5-defi-
cient mice might become incapable of producing antibod-
ies specific to foreign antigens.

Alox5 Is Involved in the Generation of Tth Cells

As noted, IgG2a is preferentially regulated by type 1
helper T cells; therefore, we considered the possible
functional effect of Alox5 in the development of effector
helper T cells. This might also be suggested by evidence
that professional APCs other than primary B cells, such
as macrophages or dendritic cells, possess Alox5.""3°
Before this investigation, we analyzed the status of thymic
selection in Alox5%* and Alox5~’~ mice. Results re-
vealed no significant differences between the popula-
tions of developing thymocytes in Alox5™* and Alox5™~
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Figure 3. Functional defects of antibody responses specific to foreign antigens of AloxS-deficient mice. A: SRBC-specific serum titers of IgM and IgG1 of Alox5™"*
and Alox5 "~ mice. Mice were immunized with SRBCs on days 0 and 28. SRBC specific IgM and 1gG1 titers on consecutive days are shown in different dilutions.
n = 6 to 8 mice per group. B: SRBC specific serum 1 titers of Alox5*"* and Alox5 /" mice. The mice were immunized with SRBCs on days 0 and 42. Titers of
SRBC specific IgM, 1gG1, 1gG2a, 13G2b, 1gG2c, and 1gG 3 on consecutive days are shown in different dilutions. 7 = 7 to 10 mice per group. C: Impairment of 1gG2a
production in Alox5"~ mice. Serum levels of IgM, 1gG1, 1gG2a, 1gG2b, 1gG3, and IgA of the specimens studied in B are demonstrated. D: SRBC specific serum
titers of IgM of Rag1*7and Rag1*/**> mice. Before immunization, Rag? chimera mice were examined for whether they produced Igs. Then mice were immunized
with SRBCs on day 0, and the titers of SRBC specific IgM on day 7 are presented. Results from Rag1 are also shown as a control. 7 = 5 to 6 mice per group. E:
Low numbers of memory B cells (B220*1gG1*NP*) in Alox5~~ mice. Mice were immunized with NP36-CGG on days 0 and 56. FACS analysis was used to
assess B cells in the spleen on day 64. After gating IgG1™ cells, B220*NP* cells were found to compose 18% and 9% of 1gG1* cells in Alox5*"* and
Alox5™/~ mice, respectively. n = 4 to 6 mice in each group. F: Recall antibody responses of Alox5*"* and Alox5~"~ mice. The mice were immunized with
NP36-CGG on days 0 and 63. Titers of NP23-BSA or NP3-BSA specific IgG1 at consecutive days are shown at different dilutions. 7 = 6 mice per group.
G: Ratio of the titer of NP23 specific IgG1 to NP3 specific IgG1 obtained in F. No significant differences were observed between the ratios in Alox5*"* and
Alox5~’~ mice. Results of Alox5*"* and Alox5~"~ mice are depicted as solid and dashed lines, respectively. 7 = 6 to 10 mice per group. *P < .05 compared

with the wild-type control.

mice (Figure 5A). Previous studies have indicated the
diversification of peripheral naive helper T cells into
different types of helper T cells, among which Tfh cells
(CD3"CD4"CD25-CXCR5*ICOS™) have the distin-
guished property of driving specific antibody respon-
ses." 'S When a population of Tfth cells was studied,
Alox5 "~ mice unexpectedly lost their capacity to de-
velop Tth cells after SRBC immunization (Figure 5B). We
next investigated the expression of receptors for Alox5-
related lipid mediators in Tfh cells derived from human
tonsils in two cases (Figure 5C). In these cases, Tfh cells
rather than control helper T cells (CD3"CD4") up-regu-
lated the expression of v-maf musculoaponeuraotic fibro-
sarcoma oncogene (MAF), Bcl-6, and IL-21, as reported
in previous studies.“°~42 The control helper T cells ex-
pressed leukotriene receptors of BLT1 and BLT2 for leu-
kotriene B4 and CysLTR1 or CysLTR2 for cysteinyl leu-

kotrienes. In contrast, the levels of these receptors in Tfh
cells seemed to be down-regulated or similar to those in
control helper T cells. In fact, when human tonsillar T cells
were examined by means of flow cytometry, CD4™ T cells
frequently presented BLT1 on the cell surface, but BLT1
was lost in Tfh cells (data not shown). These results imply
that the signaling of Alox5-related lipid mediators would
be required during the initiation of differentiation of naive
helper T cells to Tth cells, probably while in contact with
professional APCs.

Alox5 Ensures Survival of Mice from Chronic
Enterocolitis under Conventional Conditions

Our observations suggest the novel role of Alox5 in the
regulation of adaptive humoral responses. To investigate
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