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ABSTRACT

Placenta-specific 1 (PLAC1) is expressed primarily in placental trophoblasts but not in normal tissues and is
a targetable candidate for cancer immunotherapy because it is a cancer testis antigen known to be up-
regulated in various tumors. Although peptide epitopes capable of stimulating CD8 T cells have been
previously described, there have been no reports of PLAC1 CD4 helper T lymphocyte (HTL) epitopes and
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the expression of this antigen in head and neck squamous cell carcinoma (HNSCC). Here, we show that
PLAC1 is highly expressed in 74.5% of oropharyngeal and 51.9% of oral cavity tumors from HNSCC
patients and in several HNSCC established cell lines. We also identified an HTL peptide epitope
(PLAC13,.50) capable of eliciting effective antigen-specific and tumor-reactive T cell responses. Notably,
this peptide behaves as a promiscuous epitope capable of stimulating T cells in the context of more than
one human leukocyte antigen (HLA)-DR allele and induces PLAC1-specific CD4 T cells that kill PLAC1-
positive HNSCC cell lines in an HLA-DR-restricted manner. Furthermore, T-cells reactive to PLACT3;.5¢
peptide were detected in the peripheral blood of HNSCC patients. These findings suggest that PLAC1
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represents a potential target antigen for HTL based immunotherapy in HNSCC.

Introduction

Head and neck tumors, including cancers of the lip, oral cavity,
nasal and sinonasal cavity, pharynx, larynx and salivary glands,
are very frequent worldwide, with an estimated 890,000 new
cases and 450,000 deaths in 2018."* The most common histo-
logical type of head and neck cancer is squamous cell carci-
noma (head and neck squamous cell carcinoma or HNSCC).
Improvements in combination therapy with surgery, che-
motherapy, radiotherapy and molecular targeting drugs
(cetuximab) have reduced the mortality associated with
HNSCC. However, more than 65% of HNSCC patients develop
recurrent and/or metastatic disease.”> Recently, programmed
death-1 immune-checkpoint inhibitors were approved as
a treatment for platinum chemotherapy-treated patients with
recurrent or metastatic HNSCC and have shown durable
responses and survival improvements, albeit in a small number
of patients.” Thus, there is a medical need to improve immu-
notherapies for HNSCC.

Cancer vaccines capable of eliciting tumor-specific T-cell
responses, such as the use of tumor antigen-derived synthetic
peptides, are a potential therapeutic approach that is being
explored.*”® While peptide vaccines might be regarded as

insufficient to elicit robust anti-tumor responses because of
disappointing results in past clinical trials, recent research
progress has shown that the weak efficacy of peptide vaccines
might be overcome by optimization of peptide conformation,
routes of administration and the use of effective immune
adjuvants.””” Moreover, combination of peptide vaccines with
immune-checkpoint inhibitors has demonstrated significant
anti-tumor effects in preclinical studies.>” Thus, the time has
arrived to reconsider the clinical effects of peptide vaccines as
well as their advantages, such as ease of synthesis and cost-
effectiveness compared to other immunotherapeutic agents. In
regard to the components of tumor-specific T cells induced by
peptide vaccines, both CD8 cytotoxic T lymphocytes (CTLs)
and CD4 helper T lymphocytes (HTLs) play important roles in
generating effective anti-tumor responses. The differentiation,
growth and cytotoxic activity of CTLs require the support of
HTLs.'""”'* In addition, several investigators, including our-
selves, have reported that tumor-reactive HTLs can exhibit
direct tumor cell cytotoxicity via perforin and granzyme
B.">"!7 Interestingly, the recent report by Hashimoto et al.'®
revealed that a marked increase of CD4 T cells having cytotoxic
features is observed in supercentenarians, people who have
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reached 110 years of age, compared to younger people, sug-
gesting that cytotoxic CD4 T cells might be related to protec-
tion against the development of tumors and the achievement of
exceptional longevity. The latest study reported by Oh et al."
also revealed that cytotoxic CD4 T cells were clonally expanded
in bladder cancer and killed autologous tumor cells in a human
leukocyte antigen (HLA) class II-dependent manner.
Furthermore, it is known that HTLs play a critical role in the
activation of innate cells, such as macrophages and NK cells, to
contribute to anti-tumor responses.”’ Therefore, the identifica-
tion of helper epitope peptides derived from tumor antigens
capable of inducing tumor-reactive HTLs could be a significant
improvement for developing effective immunotherapies for
HNSCC.

It would be desirable that a selected tumor antigen exhibits
high immunogenicity and is essential for tumor development, as
well as being expressed at high levels in tumor cells and is absent
(or expressed at extremely low levels) in normal tissues.*>*'
Cancer testis antigens (CTAs) are defined as proteins expressed
in various types of cancer cells, but not in normal tissues, except
for testis and/or placenta, and are ideal antigen targets for
developing peptide vaccines.>*"** Placenta-specific 1 (PLACI)
is an X-linked gene product that plays a role in placental
development.”® PLAC1 is expressed primarily in trophoblast
lineage cells during pregnancy and its expression is tightly
restricted in normal tissues.”** Recent studies have shown
that PLAC1 is also expressed in various cancers, such as
breast,”” >’ lung,”>**** gastrointestinal,”®>® gynecological,”’~*°
and prostate,”’ and can modulate tumor progression. Thus,
PLACI1 is regarded as a CTA that may have potential to induce
anti-tumor immunity with minimal risk of autoimmunity as
a target of peptide vaccines. Some researchers have identified
HLA-A2-restricted CTL epitopes of PLACI and evaluated the
responses against tumor cells.”*>*> However, to the best of our
knowledge, there are no studies examining the capacity of CD4
HTL to recognize PLAC1 and whether this antigen is expressed
in HNSCC.

Here, we report that PLAC1 is clearly expressed in HNSCC
using patient tissues and cultured cell lines. In addition, we
have identified a peptide epitope capable of inducing HTL
responses. These HTLs released effector cytokines and exerted
cytotoxicity against PLAC1-expressing HNSCC cell lines in an
HLA-DR-restricted manner. Furthermore, we revealed that
precursor T cells responding to PLAC1 helper epitope peptide
were present in HNSCC patients. These results suggest that
PLACI1 has potential as a target antigen for immunotherapy in
HNSCC patients.

Materials and methods
Tissue samples

Tissue samples of oropharyngeal and oral cavity squamous cell
carcinoma were respectively obtained at the pretreatment per-
iod from 59 and 52 Japanese patients who were diagnosed and
treated at Asahikawa Medical University (Asahikawa, Japan)
between 2004 and 2019. Clinical characteristics of the patients
are summarized in Supplemental Tables S1 and S2. Staging of
tumors was classified according to the 8" edition of the

International Union Against Cancer TNM staging system.
Patients were considered current or former smokers if they
had smoked at least 100 cigarettes in their lifetime, and current
or former drinkers if they had consumed alcoholic beverages at
least once a week for 1 year or more during their lifetime, as
previously described by other investigators.*” Patients consid-
ered former smokers and drinkers had quit for at least 1 year
prior to presentation. Informed consent was obtained by the
opt-out method on the Asahikawa Medical University website.
Tissue studies and use of clinical data were conducted with the
approval of the Institutional Review Board at Asahikawa
Medical University.

Immunohistochemistry

Immunohistochemical (IHC) analysis of the expression of
PLAC1 and HLA-DR was carried out on 4-pm-thick formalin-
fixed, parafin-embedded (FFPE) tissues from HNSCC
patients. Anti-PLACI1 (G-1, 1:200, Santa Cruz Biotechnology,
Santa Cruz, CA) and anti-HLA-DR (TAL.1B5, 1:100, DAKO,
Glostrup, Denmark) mouse monoclonal antibodies (mAbs)
were used as the primary antibodies (Abs). FFPE specimens
were stained in a VENTANA Benchmark GX (Roche
Diagnostics, Rotkreuz, Switzerland) using Cell Conditioning
1 or 2 buffer (Roche Diagnostics) as antigen retrieval solutions
and a VENTANA ultraView Universal DAB Detection Kit
(Roche Diagnostics). Representative images were acquired
using a BZ-X710 microscope (Keyence, Tokyo, Japan).
Staining intensity scores for PLAC1 and HLA-DR in tumor
cells were graded as follows: 0, no staining; 1, weak; 2, moder-
ate; 3, strong. Quantity scores for PLAC1 and HLA-DR con-
sisted of the percentage of positively stained tumor cells and
were graded as 0, <5%; 1, 5-25%; 2, 26-50%; 3, >50% and 0,
<10%; 1, 10-25%; 2, 26-50%; 3, >50%, respectively. The IHC
score was calculated by the sum of the staining intensity score
and the quantity score in reference to previous reports,' 414
IHC scores 24 were defined as high expression and <4 as low
expression. Two pathologists independently scored all stained
sections.

Cell lines

Four human HNSCC cell lines, HSC3 (tongue SCC, HLA-
DRI15), HSC4 (tongue SCC, HLA-DR1/4, 53), Sa-3 (gingival
SCC, HLA-DRY9/10, 53) and SAS (tongue SCC, HLA-DRY/15,
53); two human lung carcinoma cell lines, Lu65 (large cell
carcinoma, HLA-DR4/15, 53) and EBC1 (lung SCC, HLA-
DR1); and two human T-cell leukemia cell lines, Jurkat
(HLA-DR negative) and Molt-4 were used in this study.
HSC3, HSC4, Sa-3, Lu65 and EBC1 were supplied by the
RIKEN BioResource Center (Tsukuba, Ibaraki, Japan). SAS,
Jurkat and Molt-4 were purchased from the American Type
Culture Collection (ATCC; Manassas, VA). Mouse fibroblast
cell lines (L-cells) expressing individual human HLA-DR
molecules (DR4, DR8, DR15 and DR53) were kindly provided
by Dr. T. Sasazuki (Kyushu University, Fukuoka, Japan) and
Dr. Robert W. Karr (Karr Pharma, St. Louis, MO). All cell
lines were maintained in tissue culture as recommended by

the supplier.



Western blotting

Tumor cell lines (2 x 10° cells) were washed in phosphate
buffered saline (PBS). Cell lysates were extracted using
a Total Protein Extraction Kit for Animal Cultured Cells and
Tissues (Invent Biotechnologies, Inc., Plymouth, MN), sub-
jected to electrophoresis in a 4-12% NuPAGE Bis-Tris SDS-
PAGE gel (Invitrogen; Thermo Fisher Scientific, Inc.,
Waltham, MA) and transferred to an Immunobilon-P mem-
brane (Merck Millipore, Burlington, MA), followed by block-
ing of the membrane using PBS with 0.01% Tween 20 and 5%
nonfat dry milk at room temperature. After 1 h, the membrane
was incubated with anti-PLACI rabbit polyclonal Ab (Abgent,
San Diego, CA) diluted 1:1000 in blocking buffer at 4°C over-
night or anti-B-actin mouse mAb (C4, Santa Cruz
Biotechnology) diluted 1:3000 in blocking buffer as the internal
control for 2 h at room temperature. After washing, the mem-
brane was incubated with horseradish peroxidase-labeled
sheep anti-rabbit or anti-mouse IgG and visualized using an
Amersham ECL Prime Western Blotting Detection System (GE
Healthcare Life Sciences, Logan, UT).

Flow cytometry

HLA-DR expression on the surface of tumor cell lines was exam-
ined by flow cytometry using fluorescein isothiocyanate (FITC)-
conjugated anti-HLA-DR mAb (G46-6, BD Pharmingen, San
Diego, CA) as previously described.* FITC-conjugated mouse
IgG2a Ab (MOPC-173, BioLegend, San Diego, CA) was utilized
as an isotype control. All tumor cell lines were incubated with or
without 500 TU/ml interferon gamma (IFN-y) for 48 h before
analysis. The fluorescence of samples was measured using a BD
Accuri C6 flow cytometer and the data were analyzed using the
supplied software (BD Biosciences, San Jose, CA).

Synthetic peptides

The amino acid sequence of PLAC1 potentially binding
common HLA-DR molecules, including DRBI1*0101,
DRB1*0401, DRB1*0701, DRB1*1101 and DRB1*1501, was
predicted using two computer-based algorithms, SYFPEITHI
(http://www.syfpeithi.de/)** and Immune Epitope Database
Analysis Resource (IEDB, https://www.iedb.org/).*” PLACl3; 5
(SIDWEMVTVHPEMLNNDVCV) was selected as the potential
epitope candidate in reference to sequences that showed high
scores in both databases and was synthesized by GeneScript
(Tokyo, Japan). Pan DR Epitope (PADRE) peptide (aK-Cha-
VAAWTLKAAa, a = D-alanine; and Cha = I-cyclohex-
ylalanine) was used as a positive control for activating CD4
T cells.*®

In vitro generation of PLAC1-specific CD4 helper T cells
with synthetic peptide

The procedure for the generation of peptide-specific CD4
helper T cells from peripheral blood mononuclear cells
(PBMC:s) of healthy individuals has been described in detail
previously.* Briefly, monocytes and CD4 T cells were purified
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from PBMCs using MACS microbeads for CD14 and CD4,
respectively (Miltenyi Biotec, Cologne, Germany). Dendritic
cells (DCs) were produced from the monocytes in the presence
of granulocyte macrophage colony-stimulating factor (GM-
CSF) (50 ng/ml) and interleukin (IL)-4 (1000 IU/ml) for
7 days. PLAC1;; 5, peptide-pulsed DCs (3 pg/ml for 3 h at
room temperature) were co-cultured with autologous CD4
T cells in 96-well flat-bottomed culture plates. One week
later, the CD4 T cells were restimulated in individual micro-
cultures with PLAC13; s, peptide-pulsed (3 pg/ml) y-irradiated
autologous PBMCs, and 2 days later, recombinant human IL-2
(10 TU/ml) was added. After the two cycles of peptide stimula-
tion, antigen reactivity of CD4 T cells to PLAC1 peptide was
assessed by measuring cytokine production levels using ELISA
kits for GM-CSF, IFN-y (both BD Pharmingen) and granzyme
B (MABTECH, Stockholm, Sweden). The absorption of the
supernatants was measured at 450 nm using a Glomax
Discover Microplate Reader (Promega, Madison, WI). AIM-
V medium (Invitrogen, Carlsbad, CA) supplemented with 3%
human male AB serum (Innovative Research, Novi, MI) was
used as complete culture medium for all experiments. All blood
materials were acquired after obtaining signed informed
consent.

Analysis of PLAC1-specific responses with established CD4
T-cell lines

Established CD4 helper T cells (1-1.5 x 10°) were mixed with
antigen-presenting cells (APCs), which consisted of irradiated
autologous PBMCs (1-1.5 x 10°), HLA-DR-expressing L-cells
(3 x 10% or tumor cell lines (3 x 10%), in the presence or
absence of various concentrations of PLAC13, 5o peptide in 96-
well culture plates. Tumor cell lines were exposed to IFN-y
(500 IU/ml) for 48 h to increase HLA-DR expression, and IFN-
y was then eliminated before the assay. To verify antigen
specificity and HLA-DR restriction, the blockade of antigen
presentation was evaluated by adding anti-HLA-DR mAb
1243, which was prepared from the supernatants of hybridoma
HB-55 (ATCC) or anti-HLA-A, B and C mAb W6/32 (ATCC)
at 10 pg/ml through 48 h incubation. Supernatants were col-
lected and evaluated for the production of GM-CSF, IFN-y and
granzyme B using commercial ELISA kits as mentioned above.

Cytotoxicity assay

Cytotoxic activity of PLAC1-specific CD4 T cells was evaluated
by flow cytometry using a BD Accuri C6 flow cytometer and
software (BD Biosciences). HSC3, HSC4, Lu65 (matched HLA-
DR with PLACI;, so-specific CD4 T cells), and EBCI1
(unmatched HLA-DR) were labeled using a CellTrace™
CFSE Cell Proliferation Kit (Invitrogen; Thermo Fisher
Scientific, Inc.) after pretreatment with IFN-y (500 IU/ml) for
48 h. After the labeled tumor cell lines were cultured with
PLAC1;; 5o-specific CD4 T cells for 6 h, they were collected
and stained using 7-ADD viability staining solution
(BioLegend) to detect dead cells. Cytotoxicity of PLAC13; so-
specific CD4 T cells was measured at various effector/target cell
(E:T) ratios (0:1, 10:1, 20:1, or 40:1).
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Measurement of PLAC1 peptide-specific responses in
HNSCC patients

PBMCs were collected from 12 HNSCC patients and cultured
at 2-3 x 10°/well with PLACl3,_5, or PADRE peptide (10 pg/
ml) in 96-well culture plates as described previously.”® One
week later, the cultures were restimulated with peptide-pulsed
(10 pg/ml) irradiated autologous PBMCs (5 x 10*/well). After
one week of restimulation, the amount of IFN-y in the super-
natants was assayed by ELISA. All HNSCC patients signed
informed consent forms. The Institutional Review Board of
Asahikawa Medical University approved this study.

Statistical analysis

An unpaired Student’s ¢-test was used to compare CD4 T-cell
responses between two different conditions. P values <.05 were
considered statistically significant. GraphPad Prism 7
(GraphPad Software, San Diego, CA) was used for analyses.

Results

Evaluation of the expression levels of PLAC1 and HLA-DR
in HNSCC tissues

To examine whether PLACI is expressed in HNSCC, we initi-
ally performed IHC analysis using tissue samples from 59
patients with oropharyngeal squamous cell carcinoma
(OPSCC). The clinical characteristics of patients are summar-
ized in Supplemental Table S1. PLAC1 was mainly localized in
the cytoplasm of tumor cells, and the expression level was
scored at four levels (0, no staining; 1, weak; 2, moderate; 3,
strong) based on the staining intensity (Figure 1A). We simul-
taneously evaluated the percentage of PLACI-positive tumor
cells and classified them into four groups (0, <5%; 1, 5-25%; 2,

A - No staining (0) Weak (1)

PLAC1

26-50%; 3, >50%) to determine the quantity score. As shown in
Figure 1B, all patients were distributed into seven categories by
the THC score (IHC score 0, 1, 2, 3, 4, 5, or 6), which was
calculated by the sum of the staining intensity and quantity
scores. The number of patients in each IHC score was 6
(10.2%) in THC score 0, 2 (3.4%) in score 1, 3 (5.1%) in score
2,4 (6.8%) in score 3, 20 (33.8%) in score 4, 18 (30.5%) in score
5,and 6 (10.2%) in score 6. Similarly, we assessed the IHC score
for HLA-DR by defining the staining intensity score (Figure
1A) and quantity score (0, <10%; 1, 10-25%; 2, 26-50%; 3,
>50%). As shown in Figure 1C, the number of patients in each
IHC score of HLA-DR was 28 (47.5%) in IHC score 0, 6
(10.2%) in score 1, 5 (8.4%) in score 2, 3 (5.1%) in score 3, 5
(8.4%) in score 4, 3 (5.1%) in score 5, and 9 (15.3%) in score 6.
An THC score >4 was considered as high expression and <4 as
low expression; PLAC1 and HLA-DR were highly expressed in
74.5% (44/59) and 28.8% (17/59), respectively (Figure 1B,
C and D). Furthermore, 12 of 59 cases (20.3%) showed high
expression for both PLAC1 and HLA-DR (Figure 1D). In
addition, we examined the expression of PLAC1 and HLA-
DR in tumor tissues from 52 patients with oral cavity squa-
mous cell carcinoma (OCSCC, summarized in Supplemental
Table S2) in the same way (Supplemental Figure S1). Of the
OCSCC patients, 51.9% (27/52) and 34.6% (18/52) highly
expressed PLAC1 and HLA-DR, respectively (Supplemental
Figure S1B, C and D). High expression for both PLACI and
HLA-DR was found in 9 of 52 cases (17.3%, Supplemental
Figure S1D). In both OPSCC and OCSCC samples, there was
no correlation between PLAC1 and HLA-DR IHC scores
(Supplemental Figure S2). We also examined the relationship
between the expression of PLAC1 and clinical features of
OPSCC and OCSCC patients, including tobacco, alcohol,
human papillomavirus (HPV) status and tumor stage; how-
ever, no significant correlations were found (Supplemental
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-
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Figure 1. Expression of PLACT and HLA-DR in OPSCC specimens. (A) Representative immunohistochemical (IHC) images of PLAC1 and HLA-DR. Expression levels of
tumor cells were classified into no, weak, moderate and strong staining by IHC staining intensity. Scale bar = 50 pm. (B) Distribution of IHC scores for PLAC1. The IHC
score was calculated by the sum of the staining intensity score (0, no staining; 1, weak; 2, moderate; 3, strong) and the quantity score (the percentage of positively
stained tumor cells: 0, <5%; 1, 5-25%; 2, 26-50%; 3, >50%). (C) Distribution of the IHC score of HLA-DR. The IHC score was calculated in the same way as described in B,
although quantity was scored as 0, <10%; 1, 10-25%; 2, 26-50%; 3, >50%. In B and C, the IHC score could range from 0 to 6. An IHC score >4 was defined as high
expression, and the others were considered as low expression. (D) Distribution of high and low expression of PLAC1 and HLA-DR based on IHC scores.



Tables S3 and S4). Several studies’"”” have suggested that
HNSCC exhibits molecular heterogeneity and has been classi-
fied into four distinct molecular subtypes (basal, mesenchymal,
atypical and classical) by clustering analysis of gene expression
of tumor tissues. Therefore, we compared the expression of
PLACI and HLA-DR between the four molecular subtypes
using the gene expression data of GSE39366 in the Gene
Expression Omnibus (GEO) database,” which contains 138
HNSCC samples and includes PLACI, HLA-DRA and HLA-
DRB5 gene expression. As shown in Supplemental Figure S3,
there was no significant difference in the expression of these
genes between the four molecular subtypes, except for the
expression of HLA-DRB5 between mesenchymal and classical
type (2-fold difference, p < .05), indicating that PLAC1 and
HLA-DR expression in HNSCC may be remotely related to
molecular subtypes. Overall, these results suggest an HTL-
based vaccine could be developed for use in some OPSCC
and OCSCC patients that co-express PLAC1 and HLA-DR if
peptide epitopes were to be identified.

Expression of PLAC1 and HLA-DR in HNSCC cell lines

We next assessed the expression of PLACI1 protein in cultured
tumor cell lines, including HNSCC cells (HSC3, HSC4, SAS
and Sa-3), using western blot analysis (Figure 2A). PLACI was
expressed in all HNSCC tumor cell lines, but not in the Molt-
4 T cell leukemia line or PBMCs from a healthy individual. The
expression of HLA-DR on the surface of PLACI-positive
tumor cell lines, with or without IFN-y pretreatment, was
investigated using flow cytometric analysis (Figure 2B).
HSC3, HSC4, SAS, Sa-3 and EBCI1 cells had no detectable levels
of HLA-DR; however, pretreatment with IFN-y up-regulated
HLA-DR expression. On the other hand, Lu65 cells constitu-
tively expressed high levels of HLA-DR. Jurkat T cell leukemia
cells did not express HLA-DR, regardless of pretreatment with
IFN-y. We further examined the expression of PLAC1 in HPV-
positive HNSCC cell lines (SCC090, SCC152 and UM-SCC-47)
because HSC3, HSC4, SAS and Sa-3 cells are negative for HPV.
Supplemental Figure S4A shows that PLACI was expressed in

A HNSCC
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all three HPV-positive HNSCC cell lines, whereas these cells
did not express HLA-DR with or without IFN-y treatment
(Supplemental Figure S4B). These results indicate that
HNSCC cell lines might express PLACI regardless of HPV
status.

In vitro generation of PLAC1-specific CD4 helper
T cells

In view of the above findings, we investigated whether PLAC1
peptide-specific CD4 HTLs could be generated in vitro from
human PBMCs. To this end, a PLACls;.5 peptide
(SIDWFMVTVHPFMLNNDVCV) was selected according to
the two computer-based algorithms that predict the capacity of
peptide sequences to bind to HLA-DR molecules. Analysis of
genetic mutations in the Head and Neck Squamous Cell
Carcinoma (The Cancer Genome Atlas (TCGA), PanCancer
Atlas) dataset revealed that only 0.6% of HNSCC patients have
mutations in PLACI, and mutation sites were not detected in the
PLAC13, 50 peptide (Supplemental Figure S5). Interestingly, we
observed that this peptide contained two HLA-A2-restricted
CTL epitopes, PLACl13,.39 (SIDWEMVTV) and PLACly s
(EMLNNDVCV).***>* CD4 T cells isolated from PBMCs of
healthy volunteers were stimulated with PLAC13, 5o peptide-
pulsed autologous DCs as described in the Materials and
Methods. Three PLAC13; so-specific CD4 T-cell lines, T4, Y6
and H9, were induced from three healthy donors, T (HLA-DRS8
/15), Y (HLA-DR4/15, 53) and H (HLA-DR4/9, 53), respectively
(Figure 3). A peptide titration curve was first performed to
estimate the induced responses the CD4 T cells to the
PLACI3; 50 peptide. All three CD4 T-cell lines produced GM-
CSF (Figure 3A) and IFN-y (Supplemental Figure S6A) with
increasing concentrations of PLAC13; 5o peptide. To confirm
the presentation of PLACI;; 5 peptide through HLA-DR,
PLACI3; 5o-specific CD4 T cells were incubated with peptide-
pulsed autologous PBMCs in the presence of an anti-HLA-DR
mADb (L243) that specifically reacts with HLA-DR and does not
cross-react with other HLA class II molecules such as HLA-DP
and DQ. Anti-HLA class I mAb (W6/32) was used as a negative

9
o & &
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B-Actin =~ N - - - W
B
HSC3 HSC4  SAS Sa-3 Lu65 EBC1 Jurkat
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\w\ | \ . ‘)k] &/\ /\” I/\
| I ‘
il I il l A |
HLA—D‘F\’A - - -

Figure 2. Expression of PLACT and HLA-DR in HNSCC cell lines. (A) Western blotting analysis of PLACT expression in tumor cell lines. -Actin was used to confirm the
amount of loaded protein. (B) Cell surface expression of HLA-DR on tumor cell lines as determined by flow cytometry. Cell lines were incubated with or without IFN-y
(500 1U/ml) for 48 h. The black, red and blue lines show isotype control staining, HLA-DR staining of IFN-y-untreated cells and that of IFN-y-treated cells, respectively.
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Figure 3. Characteristics of induced PLAC1-specific CD4 helper T cells. (A) Estimat

ion of the peptide dose-responses of PLAC13;_50-specific CD4 T cells (T4, Y6 and H9).

These T cells were co-cultured with autologous PBMCs pulsed with various concentrations of PLAC13;.5, peptide for 48 h. Supernatants were harvested and the
secretion of GM-CSF was measured by ELISA. Points, mean of duplicate measurements; error bars, SD. (B) Determination of the HLA restriction of PLAC13,_so-specific CD4
T cells. The response of T cells co-cultured with autologous PBMCs pulsed with PLAC134_5o peptide (3 pg/ml) was evaluated in the presence of anti-HLA-DR mAb L243 or
anti-HLA class | mAb W6/32 (negative control). (C) Detailed determination of which HLA-DR molecules are responsible for PLAC13;.5o peptide presentation. The response

of CD4 T cells to PLAC13,.5 peptide was measured using peptide-pulsed (3 ug/m

were harvested after 48 h and GM-CSF secretion was measured by ELISA. Columns,

using an unpaired Student’s t-test (*p< .05).

control. As shown in Figure 3B and Supplemental Figure S6B,
the response of the three CD4 T-cell lines to PLAC13;_so peptide
was significantly blocked by L243 mAb but not by W6/32 mAb,
indicating that the recognition of peptide by PLACI3;_5,-specific
CD4 T cells was restricted by HLA-DR. To determine which
HLA-DR alleles are responsible for antigen presentation, the
reactivity of PLACI;; so-specific CD4 T cells was evaluated
using several L-cells as APCs expressing individual HLA-DR
molecules. L-cells expressing HLA-DR15 presented PLACl3, 50
peptide to two T-cell lines, T4 and Y6 (Figure 3C and
Supplemental Figure S6C), whereas L-cells expressing HLA-
DR53 stimulated the H9 CD4 T cells (Figure 3C). These results
suggest that the PLAC13, 5, peptide has the capacity to bind and
elicit HTL responses restricted by more than one HLA-DR allele
and behaves as a typical promiscuous epitope.

Direct tumor recognition by and cytokine expression
status of PLAC1-specific CD4 helper T cells

Next, we assessed whether the HTL epitope represented by
PLAC13;, 50 peptide could be produced by PLACI-expressing
tumor cell lines through natural antigen processing and pre-
sentation in the major histocompatibility complex (MHC)
class II pathway. Thus, we evaluated the direct reactivity of
PLACI13;, so-specific CD4 T cells against PLAC1-positive tumor
cell lines that were treated with IFN-y to enhance HLA-DR
expression. As shown in Figure 4A and Supplemental Figure
S6D, the HLA-DR15-restricted T-cell lines (T4 and Y6) recog-
nized HLA-DRI15-positive Lu65 and HSC3 cells, and this
recognition was significantly inhibited by L1243 mAb.
Similarly, the HLA-DR53-restricted T-cell line (H9) responded
to Lu65, HSC4 and Sa-3 cells positive for HLA-DR53, but

I) L-cells transfected with individual HLA-DR alleles as APCs. In B and C, supernatants
mean of triplicate measurements; error bars, SD. Statistical significance was assessed

hardly responded to these tumor cells in the presence of 1243
mAb (Figure 4A). All three T-cell lines did not react to HLA-
DR-unmatched EBCI cells and HLA-DR-negative Jurkat cells,
although both EBCI and Jurkat cells sufficiently expressed
PLACI1 protein (Figure 2A). These results suggest that
PLAC13;, 50 peptide includes a naturally processed HTL epi-
tope presented by HLA-DR in tumor cells and could efficiently
stimulate CD4 helper T cells that respond to PLACI-
expressing tumor cells. We examined the production of gran-
zyme B from PLAC1;, 5,-specific CD4 T cells using the same
experimental design as employed in Figure 4A. T4, Y6 and H9
cells released granzyme B in response to HLA-DR-matched
tumor cell lines, but not HLA-DR-unmatched or -negative
tumor cell lines, and the granzyme B release was significantly
inhibited by L243 mAb (Figure 4B), indicating that PLAC15, 5,
-specific CD4 T cells are not only able to recognize PLACI-
positive tumor cells but may also show cytotoxic potential
against them. Additionally, we performed intracellular staining
using flow cytometry to examine the cytokine expression status
of PLAC13;_so-specific CD4 T cells for peptide stimulation. As
shown in Supplemental Figure S7, some PLAC1;; 5o-specific
CD4 T cells co-expressed two or all three of GM-CSF, IFN-y
and granzyme B, simultaneously.

Cytotoxic activity of PLAC1-specific CD4 helper T cells

To confirm whether PLAC13; s¢-specific CD4 T cells could
produce a direct anti-tumor effect by killing cancer cells, we
assessed the cytotoxic activity of Y6 and H9 cells against
PLACI-positive tumor cell lines expressing HLA-DR following
pretreatment with IFN-y. The HLA-DR15-restricted T-cell line
Y6 showed cytotoxicity against the HLA-DR-matched tumor
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Figure 4. Direct recognition of PLAC1-expressing tumor cells by PLAC1-specific CD4 helper T cells. To evaluate the capacity to recognize naturally processed PLAC1
antigen in tumor cells, PLAC13,_so-specific CD4 T cells (DR15-restricted T-cell lines, T4 and Y6; DR53-restricted T-cell line, H9) were co-cultured with HLA-DR15-positive
(Lu65 and HSC3), HLA-DR53-positive (Lu65, HSC4 and Sa-3), HLA-DR-unmatched (EBC1) and HLA-DR-negative (Jurkat) tumor cells expressing PLACT with or without
anti-HLA-DR mAb L243. Tumor cells were treated with IFN-y (500 IU/ml) for 48 h before co-culturing with T cells to enhance HLA-DR expression. EBC1 and Jurkat were
used as negative controls. Supernatants were harvested and subjected to ELISA for GM-CSF (A) and granzyme B (B) release after 48 h co-culture. Columns, mean of
triplicate measurements; error bars, SD. Statistical significance was assessed using an unpaired Student’s t-test (*p< .05).

cell lines Lu65 and HSC3, but not against the HLA-DR- killed by the HLA-DR53-restricted T-cell line H9, whereas
unmatched tumor cell line EBC1 (Figure 5A). Similarly, the EBCI cells not expressing HLA-DR53 were not (Figure 5B).
HLA-DR53-expressing tumor cell lines Lu65 and HSC4 were  These results demonstrate that the CD4 T-cell lines can directly
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Figure 5. Evaluation of cytotoxic activity of PLAC1-specific CD4 helper T cells against HLA-DR-matched tumor cells expressing PLAC1. (A) HLA-DR15-restricted CD4 T cells
(Y6) were co-cultured with HLA-DR-matched tumor cell lines (Lu65 and HSC3) expressing PLAC1. The HLA-DR-unmatched tumor cell line EBC1 was used as a negative
control. Tumor cells were treated with IFN-y (500 IU/ml) for 48 h before co-culturing with T cells to enhance HLA-DR expression, followed by CFSE labeling. After 6 h co-
culture, the cells were collected to evaluate the percentage of CFSE-labeled dead cells by flow cytometry with 7-AAD. Effector:Target ratio (E:T ratio) was 0:1, 20:1 and
40:1. (B) Similarly, HLA-DR53-restricted CD4 T cells (H9) were co-cultured with HLA-DR-matched tumor cell lines (Lu65 and HSC4) expressing PLAC1 for 6 h. The HLA-DR-
unmatched tumor cell line EBC1 was used as a negative control. The pretreatment of tumor cells and flow cytometric analysis were performed in the same way as
described in A. E:T ratio was 0:1, 10:1 and 20:1. In A and B, upper panels indicate representative scatter plots of flow cytometric analysis. Lower panels indicate the
average cytotoxicity of PLAC13_so-specific CD4 T cells against each tumor cell. Points, mean of triplicate measurements; error bars, SD.
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exert HLA-DR-restricted cytotoxicity, which requires the pre-
sentation of the specific HLA-DR-peptide complexes.

Recognition of PLAC1 peptide by PBMCs from HNSCC
patients

Lastly, we evaluated the presence of T-cell responses to
PLAC13, 50 peptide in HNSCC patients because it is important
to determine whether PLAC1-specific precursor T cells exist in
HNSCC patients and can be activated by PLAC13; 5o peptide
stimulation in clinical applications. Since we were able to
obtain only small blood volumes from HNSCC patients and
were unable to establish and analyze long-term T-cell lines, the

T-cell responses to PLACIl;; 50 peptide were measured by
short-term cultures using peptide-stimulated PBMCs from
the 12 HNSCC patients (as described in the Materials and
Methods). The main clinical characteristics of the 12 HNSCC
patients are summarized in the table in Figure 6. Sufficient
T-cell responses to PLAC13,_5o and PADRE (positive control)
peptides compared with no peptide stimulation were observed
in 7 of 12 HNSCC patients (#4, #5, #7, #9, #10, #11 and #12)
and were significantly inhibited by L1243 mAb (Figure 6),
suggesting that PLACI13; 5o peptide could elicit the responses
of precursor T cells existing in HNSCC patients. We also
examined the relationship between T-cell responses to
PLAC1;; 50 peptide and the clinicopathological features of

. ’ IHC score
No. Gender Age(y) Primarysite Tobacco Alcohol HPV TNM Stage PLACT HLA-DR
1 M 75 Oropharynx  Current ~ Former - T2NOMO 1l 3 2
2 M 76 Hypopharynx Current  Former NE  T3N3bMO VB 4 4
3 M 62 Hypopharynx Current  Current NE  T4aN3bMO VB 5 1
4 M 71 Oropharynx ~ Never Never + TIN1MO | 5 5
5 F 57 Nasopharynx Never Current NE  T1N3M1 VB 5 6
6 M 64 Oropharynx ~ Former  Former + T2NOMO | 2 1
7 F 66 Parotid gland Never Current NE  T4aN2bMO IVA NE NE
8 M 78 Hypopharynx Never Former NE  T2NOMO 1l 3 0
9 M 73 Oropharynx ~ Current ~ Former - T3N2bMO IVA 4 0
10 M 72 Hypopharynx Never Never NE  T1N3bMO VB 4 4
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Figure 6. Evaluation of T-cell responses to PLACT peptide in HNSCC patients. The characteristics of the 12 HNSCC patients are summarized in the upper table (NE stands
for not examined). PBMCs derived from HNSCC patients were cultured in the presence of PLAC13;.s5o or PADRE peptide (10 ug/ml) for the first 7 days and restimulated
with peptide-pulsed (10 pg/ml) irradiated autologous PBMCs for the next 7 days. PADRE peptide was used as a positive control for activating CD4 T cells. Anti-HLA-DR
mAb L243 was used to block the peptide presentation by HLA-DR. Supernatants were harvested and analyzed by ELISA for IFN-y release. Columns, mean of triplicate
measurements; error bars, SD. Statistical significance was assessed using an unpaired Student’s t-test (*p< .05).



the 12 HNSCC patients (Supplemental Table S5). T-cell
responses significantly correlated with lymph node metastasis
(p= .0455). In addition, the correlation between T-cell
responses and high expression of PLACI in tumor cells showed
a trend toward statistical significance (p=.0606).

Discussion

To the best of our knowledge, this is the first report of the
identification of a PLAC1-derived HTL epitope. PLAC13,.5p-
specific CD4 T cells recognized not only peptide-pulsed auto-
logous APCs, but more importantly PLAC1-positive tumor cell
lines in an HLA-DRI15 or HLA-DR53-restricted manner, indi-
cating that this promiscuous epitope is naturally processed in
tumor cells. HLA-DRI15 is a relatively common HLA-DRBI1
molecule, having a population frequency of 20-30% in various
racial groups.”> On the other hand, HLA-DRS53 is an allele co-
expressed by individuals with HLA-DR4, DR7 and DR alleles
and has a high population frequency (~50%).”° Thus, this pep-
tide has the potential to cover a large population of patients.
Additionally, one of the notable results of this study is that
PLACI3; so-specific CD4 T cells exhibited direct cytotoxicity
against PLACI-positive, HLA-DR-matched tumor cell lines. In
regard to the cytotoxic activity by HTLs, granzyme B is one of
the important mediators to directly kill target cells.'”**
Therefore, the cytotoxicity of PLACI3; so-specific CD4 T cells
might depend on the secretion of granzyme B, although other
factors such as the expression levels of HLA-DR on cancer cells
and the production of other cytotoxic cytokines might also have
cooperative roles. Furthermore, some PLAC13,_so-specific CD4
T cells co-expressed 2 or more cytokines simultaneously in
response to peptide stimulation (Supplemental Figure S7), sug-
gesting that PLAC13;_so-specific CD4 T cells may include multi-
functional CD4 T cells with both cytotoxic and helper activity.
Another interesting observation is that PLAC13; s, peptide con-
tains two previously described HLA-A2-restricted CTL epitopes,
PLACl;,.30 and PLAC1y;_50.°>*>* Our results, and the previous
data reported by other investigators, raise the possibility that the
administration of PLAC13;_5q peptide as a vaccine for PLACI-
positive cancers could induce both PLAC1-reactive CTLs and
HTLs in patients having HLA-A2 and one of the HLA-DR
alleles capable of presenting this peptide.

When considering utilizing PLACI epitope peptides identi-
fied by us and other investigators as therapeutic vaccines in the
clinic, novel immunization strategies capable of inducing rapid
and vast peptide-specific T-cell responses will be required. For
example, combined administration of synthetic peptides with
strong immune adjuvants and costimulatory agonists could be
useful to efficiently activate DCs, resulting in appropriate sti-
mulation and expansion of antigen-reactive T cells.”® We have
developed two vaccine strategies consisting of synthetic epitope
peptides mixed with Toll-like receptor 3 (TLR3) agonist, poly-
inosinic-polycytidylic acid (poly-IC), and anti-CD40 Ab
(called TriVax) or with poly-IC alone (called BiVax) capable
of eliciting vast CTL responses in mouse cancer models.”™
Furthermore, TriVax with the TLR7 agonist gardiquimod,
instead of poly-IC, generated vast anti-tumor HTL responses
by adding an anti-OX40 agonist Ab.>> Importantly, effective
T-cell responses could be induced by injecting these vaccines
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systemically (intravenously or intramuscularly) with two
sequential immunizations (prime and boost protocol),””’
indicating that for practical use of peptide vaccines, systemic
immunizations may be more effective than subcutaneous local
administration. Thus, clinical application of PLACI-derived
HTL and CTL epitope peptides in patients with PLACI-
positive malignancies, including HNSCC, may become more
likely in combination with optimal immune modulating agents
and selecting optimal routes and protocols of administration
based on knowledge gained in TriVax, BiVax and similar
vaccine strategies.

The analysis of tumor antigen-specific T-cell receptors
(TCRs) has provided significant benefits for the development
of cancer immunotherapies. Adoptive immunotherapy using
TCR-transduced T cells against CTAs mediates objective
tumor regression. In regard to CD8 T cell-derived TCRs spe-
cific for PLACI, Li et al.>® recently reported that HLA-A2-
restricted and PLACI-specific TCR-engineered CTLs could
be generated by transfection of TCR genes isolated from
a PLACl,4 36 peptide-specific CTL clone into purified CD8
T cells. These cells exhibited anti-tumor effects against HLA-
A2 and PLACI1-positive cancer cells in both in vitro cultures
and in vivo xenograft mice, suggesting that PLACI represents
a viable potential target for adoptive transfer of TCR-gene-
transduced T cells. Up to now, few adoptive immunotherapies
using MHC class II-restricted HTLs have been tested clinically,
but have clearly shown long-term tumor regression.””*® In
addition, a recent clinical study demonstrated the safety and
efficacy of an adoptive CD4 T-cell therapy using an MHC class
I-restricted TCR that recognized melanoma-associated anti-
gen-A3.”” Because tumor cells often lose the processing and
presentation components of MHC class I to escape from the
attack of CTLs,” the use of genetically modified CD4 T cells in
adoptive immunotherapy against MHC class II-expressing
tumors, as well as the induction and expansion of endogenous
CD4 T cells by a cancer vaccine using helper epitope peptides,
may be an effective alternative.?®>° Therefore, future detailed
TCR analysis of PLAC1-specific HTLs induced in this study
may be useful for the development of adoptive immunotherapy
using TCR-engineered HTLs against PLACI in patients with
MHC class II-expressing HNSCC.

An interesting recent finding regarding the role of PLACI in
cancer immunity is that PLACI might regulate adaptive immu-
nity. Yuan et al.®’ found, using a mouse mammary tumor
model, that the knockdown of PLAC1 suppressed tumor
growth in wild-type mice but not in SCID mice. In the gene
expression profile of PLAC1 knockdown tumor cells, the
reduction of chemokine (C-X-C motif) ligand 1 (CXCLI),
which is the ligand of chemokine (C-X-C motif) receptor 2
(CXCR2), was detected. Furthermore, treatment with a CXCR2
antagonist impaired tumor growth in wild-type mice and
reduced regulatory T cells and myeloid-derived suppressor
cells in the tumor tissue. Their results suggest that PLACI
might induce immune tolerance of the tumor microenviron-
ment by modulating the CXCL1/CXCR2 chemokine pathway.
Additionally, it was reported that several HNSCC cell lines,
including PLACI-positive HSC4 and SAS cells, secret CXCL1
in cell culture supernatants.®> Taken together with the results
from these two studies, PLAC1 might modulate the expression
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of CXCL1 in human HNSCC cell lines. Thus, it may be possible
to restore a tolerogenic state to the immunogenic tumor micro-
environment in various PLACI-positive cancers by developing
drugs targeting PLACI itself or chemotactic mediators induced
by PLACI expression. However, much remains to be eluci-
dated concerning the detailed function of PLACI associated
with the modulation of the tumor microenvironment in
HNSCC.

In conclusion, PLAC1 was highly expressed in OPSCC and
OCSCC patients (74.5% and 51.9%, respectively). We identi-
fied the first helper epitope from PLACI that could generate
antigen-specific HTL responses and contains previously
reported HLA-A2-restricted CTL epitopes. PLACI-specific
CD4 T cells induced by the epitope peptide clearly exhibited
cytotoxic activity against PLACl-positive tumor cell lines,
including HNSCC cells, in an HLA-DR-restricted manner. In
addition, the precursor of PLAC1-reactive HTLs was detected
in HNSCC patients. The present findings indicate that the
helper epitope peptide derived from PLAC1 could be viable
as a therapeutic vaccine to effectively stimulate antigen-specific
HTLs against HNSCC as well as other PLAC1-positive cancers.
We further believe that PLAC1 has high potential as a target for
various immunotherapy approaches.
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