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Figure 3. The effects of DM on cell cycle. (A) Jurkat cells were cultured for 2 days with anti-CD3 and -CD28 antibodies with DM (DM, 5 uM) or DMSO
as a control, then pulsed with BrdU for last 1h. Subsequently, cells were fixed, permeabilised, and stained with anti-BrdU and 7AAD. (B) Western
blotting analysis of p27%PL, cyclin-dependent kinase inhibitor, in DM-treated Jurkat cells. Cells were treated with DM for 30 min, followed by
stimulation with anti-CD3 and -CD28 antibodies for 1h. Actin served as a loading control. (C, D) Analysis of apoptosis in DM-treated T cells by flow
cytometry. Freshly isolated CD4*CD25™ naive T cells cultured with DM (5 uM), plate bound anti-CD3 and soluble anti-CD28 antibodies for 2-7 days.
Cultured cells were fixed and permeabilised, and subsequently stained with AnnexinV and 7AAD. Contour plots in (A) are ungated data. All figures

are representative of two independent experiments.

concentrations of DM (0.1-2uM) in Jurkat cells, and were
poorly fit to typical dose-response curves using log-logistic
functions in this range, while those at relatively higher
concentrations did (Fig. 6A). This wave-like pattern of dose
response was also observed in IL-2 production of Jurkat cells
cultured with recombinant BMP2 protein (rBMP2, Fig. 6C).
Treatment with a fixed concentration of either DM or
recombinant Noggin (rNoggin) shifted the multiphasic pattern of
IL-2 production by rBMP2 in Jurkat cells (Supporting Information
Fig. 4). Treatment with titrated doses of rNoggin showed that
there was a significant negative correlation between the
dose of rNoggin and IL-2 production (r=—0.57, p<0.001) by
Spearman’s correlation coefficient (Fig. 6C). In addition,
we have confirmed that knock down of SMAD1 and SMADS5
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reduced BMP2-mediated IL-2 production (Fig. 6D). On the
other hand, mouse CD4" T cells were less responsive to rBMP2
and rNoggin, and the correlations between the doses of
rNoggin or rBMP2 and IL-2 production were not statistically
significant (Fig. 6C). Yet, they showed similar trends to
those of Jurkat cells (Fig. 6C). Considering that mouse CD4™ T
cells were sensitive to DM in terms of IL-2 production, these
results suggest a possibility that the BMP milieu of mouse CD4" T
cells was functionally saturated by a number of BMP ligands.
These results collectively suggest that BMP-SMAD signalling
regulates IL2 transcription. The multiphasic effects of DM
and rBMP2 suggest that a complex feedback mechanism may
exist in BMP-SMAD signalling. Further studies are required to
address this point.
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Figure 4. Expression of T-cell activation marker CD25 in DM-treated
T cells upon TCR stimulation. Freshly isolated CD4"CD25 ™ naive T cells
were cultured with CD3 and -CD28 antibodies with DM (5 uM) or DMSO
as a control. Cultured cells were stained with CD25-PE and analysed by
flow cytometry on days 1 and 4. These density plots are ungated data.
Numbers indicate MFI. Representative results of two independent
experiments are shown.

Regulation of phosphorylation of AML1/ RUNX1 by
BMP signaling

The results above suggest that BMP signalling modulates RUNX1-
mediated IL2 transcription. As AML/RUNX proteins are reported
to be involved in BMP signalling in other tissues such as
hematopoitic stem cells [8] and RUNX1 is reported as an
important transcription factor for T-cell function including IL-2
production [15], we investigated the molecular mechanism of
BMP signalling by analysing RUNX1. The phosphorylated form of
RUNX1 with phosphorylation sites including Ser249 is believed to
be the activated form of the transcription factor [16]. Thus, we
analysed the activity of RUNX1 by flow cytometric analysis with
an anti-phospho RUNX1 (pRUNX1, pS249) antibody.

Knock down of RUNX1 in Jurkat cells decreased the staining
of both anti-total RUNX1 and anti- pRUNX1 (Fig. 7A), whereas
DM decreased only the staining of anti- pRUNX1 (Fig. 7B and
7C). Time course analysis of pRUNX1 showed that BMP2
increased pRUNX1, while DM suppressed pRUNX1 in stimulated
Jurkat cells throughout the experiment (Fig. 7D). Given that
RUNX1 activates IL2 transcription [8] and that pRUNX1 is
increased by the activation of RUNX1 [16], these results
suggested that BMP signalling regulated IL-2 transcription via
activating RUNX1 in T cells.

Discussion

This study provides evidence for the multiple roles of BMP
signalling in T-cell activation including IL-2 production, prolif-
eration, and T-cell differentiation. In this paper, some of the
evidence was obtained by a small molecule inhibitor of the BMP-
SMAD signalling pathway, DM. Therefore, we cannot exclude the
possibility that DM directly affects other kinases to achieve the
observed effects. However, many effects of DM are related to the
reported effects of BMP or other related genes. First, DM
inhibited known targets of BMP signalling including SMAD1/5/
8. Second, DM suppressed the transcription of IL2, a RUNX1-
target gene [15]. Consistently, we have found that BMP
signalling increased the level of phorsphorylation of RUNX1
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protein, while DM decreased it. Moreover, both DM and the
extracellular BMP antagonist Noggin inhibited IL-2 production by
Jurkat cells, demonstrating that the influence of DM on IL2
transcription is by inhibition of endogenous BMP signalling.
Third, DM suppressed proliferation of T cells. In fact, previous
reports have suggested that BMPs regulate T-cell proliferation.
BMP4 and BMP6 have been reported to increase proliferation,
while BMP2 decreased proliferation [17, 18]. Considering the
diversity of BMP ligands and receptors, DM may have a profound
effect on T-cell proliferation by inhibiting BMP signal transduc-
tion via a wide range of BMP ligands and receptors.

DM differentially affected Th differentiation, relatively unaf-
fecting or even augmenting Th2 differentiation, while suppres-
sing Th17 and iTreg cell differentiation, especially in the early
phase of the culture, when DM is thought to have the maximal
activity in vitro. Although the differentiation of IFN-y producing
cells in the Thl conditions was more obviously suppressed by DM
in the later phase (d4 and 8) of the culture, the decrease of Thx21
by DM at 12h after stimulation suggests that Thl differentiation
is in fact affected. These results collectively indicate that the
effects of DM are not simply the results of the inhibition of all
TCR signalling and/or the suppression of the expression of the
lineage-specific transcription factors. Rather, it is more likely that
DM differentially affects multiple mechanisms in T-cell activation
and differentiation.

The suppression of proliferation and differentiation by DM
was very remarkable at higher doses (ICso~5 pM). However, the
doses are above ICs, of DM on AMP activated kinase and vascular
endothelial growth factor kinase [19], although it is not known
whether these kinases have significant roles in T cells. Besides,
recombinant Noggin did not have remarkable effects in
suppressing proliferation and differentiation (data not shown).
Therefore, we do not exclude the possibility that the inhibition of
proliferation and differentiation was due to disturbing not only
BMP signalling but also other signalling. Yet, it is an interesting
finding that low doses of DM mildly increased proliferation
(Fig. 2A and B), suggesting that mild and specific inhibition of
BMP signalling increased proliferative activity. The multiphasic
effect of BMP signalling at low doses of DM was more clearly
observed in IL-2 production in Jurkat cells, although this needs to
be addressed by more sensitive means. Importantly, DM
suppressed IL-2 production in mouse CD4" T cells in low doses
with an ICs, similar to the one for the phosphorylation of Smadl/
5/8, suggesting that IL-2 was a direct target of the BMP-SMAD
signalling in these cells.

The analysis of RUNX1 and phospho-RUNX1 proteins suggests
that RUNX1 is an important downstream target of BMP signalling
in T cells. The level of the phosphorylated form, but not the total
amount, of RUNX1 was decreased at the high dose of DM (5 uM,
Fig. 7), where IL-2 production was profoundly suppressed
(Fig. 6). We previously reported that RUNX1 was involved in IL-2
transcription, and that knockdown of RUNX1 completely
suppressed IL-2 production in Jurkat cells [15]. Thus, it is
interesting that the suppression of IL-2 by DM is coupled with the
decrease of the phosphorylated form of RUNX1. Also, this result
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Figure 5. Perturbation effects of DM on Th/Treg differentiation. (A) CD4*CD25~ T cells were cultured with APCs and soluble anti-CD3 antibody,
with DM (5 uM) or DMSO as a control, under indicated polarization conditions for 4 days. Cells were then restimulated with PMA and ionomycin for
last 6h, stained for intracellular cytokines, and analysed by flow cytometry. (B) Time course analysis of Th/Treg differentiation of DM-treated
T cells. The frequency of polarized T cells (top), and % differentiation (middle and bottom) are shown. The latter is the value normalized to the
percentage of control cells. For the gating strategy, see Supporting Information Fig. 1B. (C) Expression of the lineage-specific transcription factors.
CD4"CD25™ naive T cells were cultured with DM or DMSO as a control under the indicated conditions for 12h, and levels of Tbx21, GATA3, RORC
were measured by qPCR. HPRT was used as a reference gene. Data are shown as mean +SD of triplicates. Representative results of three (A, B) or

two (C) independent experiments are shown.

suggests that the phosphorylated form of RUNX1 is its
activated form as suggested by a previous study [16]. Although
we cannot exclude the possibility that DM directly
suppressed nuclear kinases that phosphorylate RUNXI, this
seems unlikely, given that rBMP2 upregulated the level of p-
RUNX1 (Fig. 7D). The fact that treatment with rNoggin
suppressed IL-2 production in the absence of rBMP2 indicates
that in Jurkat cells endogenous BMP secretion signals for IL-2

© 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

production. Our study suggests that RUNX1 integrates the milieu
of BMPs and its related proteins including Noggin via receiving
BMP signalling.

Although further studies are required, BMP ligands and related
morphogens from APCs may make morphogen milieus to modulate
the differentiation and activation processes of T cells. Previous
reports indicate that BMP-2, -4 and -7, and its endogenous inhibi-
tors, Noggin and Chordin, are expressed in thymic epithelial cells
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Figure 6. IL-2 production and transcription in DM-treated T cells. (A) Jurkat or mouse CD4™ T cells were cultured for 18 h with DM or DMSO as a
control, anti-CD3 and -CD28 antibodies. Data were regressed to a four-parameter log-logistic function (solid line). Points at low doses of DM in
Jurkat cells were poorly fit to the log-logistic function, as demonstrated by dashed line. (B) Jurkat cells were stimulated for 3-18 h by anti-CD3 and
-CD28 antibodies with DM (5uM) or DMSO as a control. Relative levels of II2 were measured by qPCR. (C) Jurkat or mouse CD4* T cells were
stimulated for 18 hours by anti-CD3 and -CD28 antibodies with titrated doses of recombinant BMP2 protein (rBMP2) or recombinant Noggin protein
(rNoggin). IL-2 concentration in the culture supernatant was measured by ELISA. (D) IL-2 production by untreated cells (w/o siRNA) and siRNA-
transduced Jurkat cells (control or SMAD1/5-siRNA) with or without rBMP2. Western blotting of pPSMAD1/5/8 and actin using siRNA-transduced and
non-transduced cells is shown (top). Densitometric analysis of the results of Western blotting of pSMAD1/5/8 and actin is shown (middle). IL-2
production of siRNA-transduced and non-transduced cells with or without rBMP2 (100 ng/mL) is shown (bottom). Data are shown as mean+SD of
triplicates. Representative results of three (A, B) or two (C, D) independent experiments are shown.

[2, 3]. We have found that some BMP ligands and their antagonists
are expressed by various immunocytes. For example, monocytes
express significantly higher amounts of Chordin (Chrd) mRNA than

understand the morphogen milieus in the immune system and their
influence on T-cell differentiation in vivo.
In conclusion, we show that BMP signalling is involved in

all other cell populations analysed in the data set of T cells, B cells,
NK cells, Granulocytes, monocytes, and hematopoietic stem cells
(GSE6506, [20]). Also, among B cells, plasma cells express much
higher amounts of Bmp1 and Gdf2 compared with naive B cells in
the data set GSE4142 [21]. Further studies are required to find
biological significance of the expression of these genes and
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T-cell function and differentiation. DM, a specific inhibitor of BMPR
(which does not inhibit TGF-B signalling) suppressed specific
processes in T-cell activation and differentiation, and induced
unique processes in treated cells. We described differential effects of
DM and Noggin on T-cell activation and differentiation, demon-
strating a physiological role for BMP signalling in these processes
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Figure 7. Regulation of phosphorylation of RUNX1/AML1 by BMP
signalling. (A) Validation of anti-phospho-RUNX1 (pRUNX1) and -total
RUNX1 antibodies. Jurkat cells were transduced with either RUNX1-
siRNA (KD) or control siRNA (Ctrl) and cultured for 48 h. Knocked down
cells were intracellularly stained by either anti-pRUNX1 or -total
RUNX1 antibodies, and subsequently analysed by flow cytometry.
(B) Jurkat cells were cultured for 3h with DM (DM) or DMSO as a control
(Ctrl), and subsequently stained by either anti-pRUNX1 or anti-total
RUNX1 antibodies. (C) Mouse CD4" T cells were cultured for 3h
with DM or DMSO as a control, and stained by anti-pRUNX1 antibody.
(D) Time course analysis of levels of pRUNX1 in Jurkat cells with
rBMP2 and DM or DMSO. Jurkat cells were treated with rBMP2
(100 ng/mL) and either DM (5 M) or DMSO, and analysed for pRUNX1.
Representative results of two (A-C) or three (D) independent experi-
ments are shown.

Mouse, culture, and cell sorting

BALB/c mice were purchased from Japan SLC (Shizuoka, Japan),
maintained under specific pathogen-free conditions in accor-
dance with our institutional guidelines for animal welfare, and
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were used between 5 and 8 wks of age. CD4" T cells were
isolated and cultured as previously described [15]. For CFSE
dilution assay, magnetically sorted mouse CD257CD4"* T cells
were labeled with 3uM CFSE (Dojindo and Invitrogen).
Irradiated, magnetically sorted mouse CD4~CD90.2™ cells were
used as APCs. DM was purchased from Calbiochem (San Diego).

Quantitative real-time PCR

Total RNA extracted and quantitated as previously described
[15]. Primers used for human samples are the followings: IL-2,
forward: 5'-TGCAACTCCTGT CTTGCATT-3/, reverse: 5-TCCTG-
GTGAGTTT GGGATTC-3'. HPRT, forward: 5-GCTGAGGAT TTG-
GAAAGGGTG-3/, reverse: 5'-TGAGCACAC AGAGGGCTACAATG-
3. Primers used for mouse sample are the followings: I12,
forward: 5'-CCTGAGCAGGATGGAGAATTACA-3, reverse:
5-TCCAGAACATGCCGCAGAG-3'. Tbx21, forward: 5'-CAACAAC-
CCCTTTGCCAA AG-3/, reverse: 5'-TCCCCCAAGCAGTTGACAG T-
3'. Gata3, forward: 5'-AGAACCGGCCCCTTA TGAA-3/, reverse:
5-AGTTCGCGCAGGATGT CC-3'. Rorc, forward: 5-ACCTCCA-
CTGCCA GCTGTGTGCTGTC-3', reverse: 5'-TCATTTCT GCACTT-
CTGCATGTAGACTGTC-3'. HPRT, forward: 5'-TGAAGAGCTACT-
GTAATGATC AGTCAAC-3/, reverse: 5'-AGCAAGCTTGCAAC CTT-
AACCA-3

Western blotting and ELISA

Western blotting and ELISA were preformed as previously
described [15]. The following antibodies were used for immuno-
blot: anti-phospho SMAD1/5/8 (Cell Signallng Technology,
Danvers, MA, USA), anti- SMAD1 (Millipore, Billerica, MA,
USA), anti-phospho SMAD2 (Cell Signaling Technology), anti-
SMAD2/3 (Cell Signaling Technology), anti- p27%¥! (BD
Bioscience, San Jose, CA, USA), or anti- Actin (Millipore). IL-2
was measured by ELISA with BD OptEIATM, Human IL-2 ELISA
(BD) or Mouse IL-2 ELISA (eBiosciene, San Diego, CA, USA)

Flow cytometric analysis of cell cycle and apoptosis

Cells were fixed with 70% ethanol, denatured, and stained with
7-Amino-actinomycin D (7AAD, Beckman Coulter, Brea, CA,
USA), FITC Mouse IgGlk isotype control (MOPC-21, BD
Pharmingen), FITC Mouse Anti-BrdU, (3D4, BD Pharmingen).
For Annexin staining, cells were stained with Annexin V-FITC
(Beckman Coulter), and 7AAD, according to manufacturer’s
instructions

Flow cytometric analysis of RUNX1

Anti-human and mouse phospho-AML1/RUNX1 (pS249, M93-
568.4.27) and anti-human AML1/RUNX1 (N11- 683.51.51) are
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generous gifts from BD Pharmingen. Cells were fixed and stained
by using Fixation/Permeabilization concentrate (eBioscience),
and were subsequently analysed by flow cytometry

Knockdown of AML1/RUNX1 and SMAD1/5

For AML1/RUNXI1, Jurkat cells were transduced with AML1/
RUNX1 siRNA (Stealth Select RNAi™ siRNA, Invitrogen) or
control siRNA (Stealth RNAi" siRNA Negative Control Hi GC) by
the Amaxa nucleofector system according to the manufacturer’s
instruction. Transduced cells were cultured for 48 hours in the
medium, and were subsequently stimulated for 3h with plate-
bound anti-CD3- and soluble anti-CD28-antibodies. Subse-
quently, cells were stained by either anti-AML1/RUNXI1 or anti-
phospho-AML1/RUNX1 (by anti-phospho- AML1/RUNX1 only in
murine T cells), and were analysed by flow cytometry. For
knockdown of SMAD1/5, Jurkat cells were transduced with a
mixed siRNA for SMAD1 and SMAD5 (Stealth Select RNAi") or
control siRNA (Stealth RNAi" siRNA Negative Control Lo GC)

Time course analysis of phopho-AML1/RUNX1

Cells were pre-heated in 2% FCS/PBS at 37°C for 3min.
Subsequently, recombinant BMP2 protein (100 ng/mL), and/or
DM (5 uM), or DMSO, were added, and cells were incubated for
indicated times. Immediately after incubation, cells were dipped
in pre-warmed fixation buffer (BD Phosflow Fix Buffer I, BD
bioscience), and incubated for 10min in 37°C. Subsequently,
cells were placed on ice for 30 min. Control cells were prepared
with neither BMP2 nor DM, but with an equivalent amount of
DMSO, and were fixed for 10min in 37°C. Cells were
permeabilised with chilled (—20°C) buffer (BD Phosflow Perm
1II Buffer, BD Bioscience) and stained with antibodies

Th/Treg polarization

Freshly sorted mouse CD257CD4" T cells (5 x 10%) were co-
cultured with APC (1 x 10%) in the presence of 0.5 pg/mL soluble
anti-CD3 monoclonal antibody (mAb). In addition, the following
pairs of recombinant cytokines (20ng/mL) and monoclonal
mAbs (10pg/mL) were added: rIL-12 and anti-IL-4 mAb For
Thi; rIL-4, anti (IFNL-y mAb for Th2; rIL-18, rIL-6, rTGFp, anti
IL-4 mAb, and anti IFN-y mAb for Th17; TGFL-B and rIL-2
(1001U/mlL, generous gift from Shionogi) for iTreg. Cytokines
and Foxp3 were stained as previously described [15]

Microarray analysis

Mouse CD4™ T cells were prepared and cultured with or without
stimulation by plate bound anti-CD3 mAb and soluble anti-CD28
mAb for 1h. Subsequently, 4uM DM or DMSO was added and
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cells were incubated for 6 h. Total RNA was isolated as previously
described [15]. Microarray data are available from the NCBI
Gene Expression Omnibus (GEO) repository under the series
accession number GSE27378

Bioinformatics for flow cytometric data

Flow cytometric data in Fig. 3A were processed by flowCore [22].
Data were normalised for the FL2 channel data (7AAD) by
flowStats [23], using all the contro]l and experimental groups
stained with 7AAD and with or without BrdU-FITC. FlowStats
normalises FCS data by adjusting the peaks of the channel data
used for normalisation. By this normalisation process, the
variance of the biphasic signals of 7AAD between samples was
minimised without affecting FL1 data, thus enabling exactly same
gating for GO/1, S, M, and subGO in all the samples analysed.
Normalised data were visualised by flowViz [24]. For CFSE data
in Fig. 2, flowJo was used for model fit. The Mann-Whitney
U-test was used for comparing unpaired flow cytometric data of
two groups

Analysis of dose-response curve

Chemiluminescence intensities were quantified by ImageJ.
Regression analysis for dose response curve was performed by
the CRAN package drc [25]. Dose response data were fit to the
four-parameter log-logistic function, LL.4 in drc, by the following
equation (x is the dose).

d-c

fooa,b,¢,d) = ¢+ I iomTog@)
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Article history: Although it is well known that ovarian endometriosis occasionally gives rise to ovarian

Received 10 May 2011 cancers with specific histology such as endometrioid and clear cell carcinomas, its etiology

Received in revised form 27 June 2011 is not fully understood. We have shown that a stressful microenvironment within the

Accepted 29 June 2011 endometriotic cyst may lead to cancer development by inducing unique gene expressions,
which potentially serves as a molecular marker for treatment modality. In this review, by

Keywords: referring to other articles in this field, we explore how the carcinogenic microenvironment

Ovarian cancer affects the phenotype and gene expression of a cancer, and how we can develop new treat-
Endometriosis ment based on this concept.
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Microenvironment

Oxidative stress

Microarray

Pathogenesis

1. Introduction ovarian cancers. With this in mind, we sought to clarify the
mechanism by which endometriosis gives rise to a discrete
Endometriosis is a benign gynecological disease that af- phenotype of cancer with a high frequency, and we hypoth-
fects 5-10% of women [1]. It is clinically well known that esized that the unique microenvironment in the endome-
ovarian cancer arises from ovarian endometriosis with a triotic cyst plays a pivotal role in cancer development.
relatively high frequency. A prospective randomized trial Pathological evidences as well as recent molecular anal-
in Japan, in which over 8000 asymptomatic postmeno- yses have been clarifying the precancerous property of
pausal women were followed for up to 17 years, demon- endometriosis. Pathologically, co-existence of endometri-
strated that 0.72% of women with endometriosis develop osis and ovarian cancer is frequently observed, and they
ovarian cancer [2]. This rate is higher than the incidence sometimes accompany “atypical endometriosis”, a puta-
of cancer in other benign ovarian tumors such as serous tive precursor lesion [5]. Common genetic events such as
or mucinous cystoadenomas [2], suggesting the presence LOH and genetic mutation have been demonstrated in car-
of discrete risk factors for oncogenesis in ovarian endome- cinoma and adjacent endometriosis [5]. Overexpression of
triosis. In addition, unlike typical ovarian cancers, the can- HNF-1p, a putative hallmark of clear cell carcinoma, is also
cers arising from endometriosis more commonly comprise frequently expressed in benign and atypical endometriosis
clear cell and endometrioid subtypes [3,4]. These findings [6]. Moreover, mutation of the ARID1A gene, which is re-
strongly suggest that the carcinogenic process in ovarian cently identified in approximately a half of clear cell carci-

endometriosis is unique and different from that of ordinary noma and one thirds of endometrioid carcinoma, is also
' found in a part of atypical endometriosis adjacent to the
carcinoma [7]. These data collectively suggest that endo-
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passing through an intermediate lesion, namely, atypical
endometriosis. However, little is known about the mecha-
nisms that drive benign epithelium into malignant trans-
formation within the endometriotic cyst.

2. High iron concentration and its potential influence in
the development of ovarian cancer in endometriosis

Endometriosis is characterized by repeated bleeding
into the cyst cavity during the menstrual cycle. As a result,
the content of an endometriotic cyst consists of highly con-
centrated old blood, and the endometriotic epithelial cells
within the cyst are consistently exposed to an unusual
microenvironment that is rarely encountered in the body.
Recently it has been recognized that carcinogenesis and tu-
mor progression are significantly influenced by the micro-
environment in which the tumor arises [8,9]. We therefore
sought to identify elements specifically included in the
cystic fluid of endometriosis. As expected, the concentra-
tion of iron was markedly high in endometriotic cysts
[10], in accordance with previous reports [11,12]. In our
study, the free iron concentration was also markedly high
in endometriotic cysts compared with other benign ovar-
ian cysts. Free iron is associated with cancer development
through induction of persistent oxidative stress in several
organs such as liver and lung [13,14]. There is also a ferric
nitrilotriacetate-induced renal carcinogenesis model that
shows the contribution of catalytic iron to cancer develop-
ment [15]. Therefore, persistent exposure to highly con-
centrated free iron may lead to ovarian cancer, possibly
via production of oxidative stress.

To examine this possibility further, we evaluated the
extent of oxidative stress within the endometriotic cyst
compared to other benign ovarian tumors. Lactose dehy-
drogenase (LDH), a marker of tissue damage; potential
antioxidant (PAI), an antioxidant marker; lipid peroxidase
(LPO), a marker of oxidative stress; and 8-hydroxy-2-deox-
yguanosine, a marker of DNA damage; were all signifi-
cantly elevated in endometriotic cysts compared with
other ovarian cysts [10]. Obviously, the epithelial cells
within the endometriotic cyst are exposed to extensive
oxidative stress (reactive oxygen species, ROS), and as a re-
sult, they are subjected to more cellular and DNA damage
than other benign ovarian tumors (Fig. 1). Actually, our
in vitro experiments revealed that the fluid in chocolate
cysts is more mutagenic than that of other cysts [10].
Hence, epithelial cells within the endometriotic cyst are
subject to “microenvironment-induced mutagenesis”
[15]. The link between the stressful microenvironment
and cancer development is supported by several other re-
ports. (1) Chromosomal aberrations are present at a higher
frequency in ovarian endometriotic cysts compared to
extra-gonadal endometriosis where the epithelium is less
exposed to old blood elements [16]. (2) The occurrence of
ovarian cancer increases with the duration of endometri-
osis [17].

It is, of course, an oversimplification to ascribe the cause
of cancer development in endometriosis solely to the accu-
mulated iron. The characteristic microenvironment within
the endometriotic cyst may include other factors such as

microenvironment ™

oxidative
stress

Fig. 1. Influence of the microenvironment within the endometriotic cyst
on carcinogenesis. Fluid in the endometriotic cyst contains various special
elements including free iron and constitutes a unique stressful microen-
vironment, which thereby leads to the cancer development.

hypoxia, poor nutrition or altered immune status (Fig. 1).
Hypoxia, for instance, also increases ROS leading to in-
creased DNA damage and less efficient DNA repair
[18,19]. To investigate these aspects further, more compre-
hensive analyses using genome-wide analysis was needed.

3. Influence of microenvironment on the gene
expression and phenotype of cancer arising in
endometriosis

There is likely to be an association between endometri-
oid adenocarcinoma and endometriosis because of the
similarity to the relationship between endometrioid ade-
nocarcinoma and the uterine endometrium. Several stud-
ies suggest the etiological role of estrogen in both cases
[20]. In contrast, no clear explanation has been found for
the observation that clear cell carcinoma frequently occurs
in endometriosis.

We then hypothesized that the microenvironment
within the endometriosis, which appears to be associated
with the development of ovarian cancer, also affects the
phenotype of the cancer arising there. To verify this possi-
bility, we first identified the gene signature that distin-
guishes clear cell carcinoma from other types of ovarian
cancer using a microarray dataset of ovarian cancers [21].
The signature consisted of 437 genes and was designated
as the ovarian clear cell carcinoma (OCCC) signature. It
could efficiently distinguish clear cell carcinomas in multi-
ple independent databases, indicating that the OCCC signa-
ture is indeed specific for clear cell carcinoma. Next, we
analyzed what kinds of genes were included in this signa-
ture. A categorical analysis, Allez, demonstrated that genes
belonging to three categories, stress response, sugar
metabolism and coagulation, are frequently involved in
this signature. Especially stress-related genes occupy a sig-
nificant part, suggesting that they play a central role in the
manifestation of the phenotypical features of clear cell car-
cinoma. Then, a computer-based pathway analysis was
employed to elucidate the functional relationships among
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the genes included in OCCC. Interestingly, one signal
network consisting of a relatively large number of genes,
including many stress-related genes such as HIF1-q, IL-6,

“and SOD2, was supposed to be activated in clear cell carci-
noma. This result suggests that at least one of the major
functions evoked by OCCC signature genes is the stress-
response.

Our next question was whether the microenvironment
within the endometriotic cyst is in any way associated
with the expression of the OCCC signature. To address this
question, we treated ovarian surface epithelial cells with
the contents of endometriotic cysts and assessed the
time-course of the alteration of the OCCC signature by
microarray. The OCCC signature was induced by endome-
triotic fluid in a time dependent manner, which suggests
that the OCCC signature is primarily a response of epithe-
lial cells to the microenvironment within the endometriot-
ic cyst [21]. If this is the case, the expression of the OCCC
signature in the case of clear cell carcinoma should be
based on some other mechanism than merely gene
induction because they are constitutively expressed in
clear cell carcinoma without any specific stress in the
culture medium. We speculated that epigenetic regula-
tion may have something to do with the constitutive
expression of the OCCC signature and examined the
methylation status in ovarian cancer cells. In two genes
we examined, VCAN and HNF-18, methylation in the reg-
ulatory region of the gene is more frequent in clear cell
carcinoma than in serous carcinomas, suggesting that, at
least in part, OCCC signature expression is caused by epi-
genetic alteration [21]. Thus, it is estimated that the
OCCC signature should first be induced by the stressful
environment in the endometriotic cyst and then fixed
in the course of development of the clear cell carcinoma
(Fig. 2).

Taken together, the identification and analysis of the
OCCC signature gave us the idea that the specific microen-
vironment induces unique gene expressions and leads to a
cancer of a special phenotype (Fig. 3). Recently, the effect
of the local microenvironment such as ROS or inflamma-
tion was implicated in cancer development [22]. However,
a link between the microenvironment and the occurrence

contents of endometriotic cyst
(microenvironment)

endometriotic epitherium

_transient induction
of OCCC signature

| T ————
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unique carcinogenic
environment
= oxidative stress

specific carcinogenic process
within the endometriotic cyst

| distinctive gene
| expressions
| = OCCC signature

[ particular
{ histology

= clear cell carcinoma

Fig. 3. A specific carcinogenic process within the endometriotic cyst. A
stressful microenvironment not only induces carcinogenesis but also
affects the phenotype and character of the cancer derived under its
influence.

of a specific cancer phenotype is a new insight, and further
evidence should be collected to verify this concept.

4. Possible application of the OCCC signature in the
treatment of disease

Is it possible to apply the OCCC signature to the treat-
ment of ovarian clear cell carcinoma? To answer this ques-
tion, we evaluated the malignant tumors in the whole body
to ascertain whether there are cancers with elevated
expression of the OCCC signature [23]. Among various can-
cers, only renal cell carcinomas (RCC) express significantly
higher levels of the OCCC signature. In hierarchical cluster-
ing using the OCCC signature, ovarian clear cell carcinoma
was indistinguishable from RCC, indicating the similarity
in gene expressions between these cancers. RCC is gener-
ally chemoresistant, and until recently, IFN-a and IL-2
were the only therapeutic agents clinically used for RCC,
and they had only modest response rates [24]. However,
the recently introduced molecular target drugs sorafenib
and sunitinib provide significant therapeutic efficacy, dras-
tically changing the modality of this tumor [25,26]. Given

clear cell carcinoma

epigenetic modification

Fig. 2. Transient induction of the OCCC signature and subsequent fixation of the expression by epigenetic alteration. The expression of the OCCC signature is
transiently induced in the presence of endometriotic fluid and subsequently becomes constitutive partly by epigenetic modifications.
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Fig. 4. Multimodality molecular targeting therapy for ovarian clear cell carcinoma. Clear cell carcinoma, a chemoresistant cancer, should be treated by
multimodal targeting therapy based on the biological nature of the tumor.

the results indicating the similarity between OCCC and
RCC, we sought to further investigate the efficacy of sorafe-
nib and sunitinib against OCCC. A mouse xenograft model
using the human OCCC cell line, RMG-2, which is known
to be chemoresistant, clearly indicated that sorafenib is
effective in the suppression of RMG-2.

We then evaluated the mechanism by which sorafenib
exerts its antitumor effect. Sorafenib is known to inhibit
multiple kinase activities, including those activated by epi-
dermal growth factor receptor (EGFR), platelet derived
growth factor receptor (PDGFR) and vascular endothelial
growth factor receptor (VEGFR) [27,28]. In our analyses
of various oncogenic pathways among ovarian cancers,
OCCC is characterized by the activation of MAPK, while
oncogenic signals related to cell proliferation, such as
E2F3 and Myc, are not activated compared with other ovar-
ian cancers such as serous adenocarcinoma. In vitro exper-
iments revealed that sorafenib can inhibit the MAPK
activity of RMG-2, in accordance with other reports
[29,30], suggesting that this might be the primary conse-
quence of the antitumor effect of sorafenib in our study.
These data suggest that comprehensive assessment of spe-
cific gene expressions in one type of cancer provides a rea-
sonable background for the selection of a therapeutic
reagent that targets an activated intracellular signal, espe-
cially in the case of a slowly proliferating, chemoresistant
tumor such as OCCC.

5. Further directions, especially future treatment
approaches for clear cell carcinoma (Fig. 4)

Most of the clear cell carcinomas are resistant to current
chemotherapy, and the treatment of this tumor remains an
important clinical challenge in the treatment of ovarian
cancer. As mentioned above, our comprehensive gene
expression analyses revealed that the molecular targeting
drugs effective for RCC are potentially useful in the treat-
ment of OCCC, one of which is sorafenib. There are several
other reagents that are expected to be effective in RCC, and
such drugs are thought to be candidates for therapeutic re-
agents against OCCC. For instance, mTOR inhibitors (temsi-
rolimus, everolimus) as well as VEGF signaling blockers
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(bevacizumab) are shown to be promising therapeutic re-
agents in RCC [31-33] (Fig. 4). Both are induced by HIF-
Ta activation, a fundamental feature in RCC harboring
VHL aberrations [34].

Another possible target molecule in OCCC is HNF-1p.
This molecule is known to be a specific marker for clear cell
carcinoma [35]. In our analyses, HNF-18 is included in the
OCCC signature and in the signal network estimated by
pathway analysis [21]. Moreover, gene expression of this
molecule is regulated by DNA methylation in cancer cells
[21]. The DNA binding motifs of HNF-18 were significantly
enriched in OCCC [23]. These data collectively suggest that
HNF-1p plays a pivotal role in the biological behavior of
OCCC. However, the precise function of this protein is not
fully understood. To determine whether this molecule
could be a therapeutic target, we are now evaluating the
effect of suppressing the expression of this gene in HNF-
1B-overexpressing OCCC cells.

Obviously, in a chemoresistant malignancy like OCCC,
the future treatment modality consists mainly of combina-
tions of the various molecular targeting drugs mentioned
above. In this respect, the most important strategy in suc-
cessfully applying those reagents in each case of OCCC is to
reliably identify the molecular marker that can predict the
efficacy of those reagents. The OCCC signature, which re-
flects the fundamental character of OCCC and represents
the ‘OCCC-likeness’, might serve as such a marker. How-
ever, to estimate more precisely which drug is most effec-
tive in each case, it will be necessary to develop individual
signatures to reflect signal pathways corresponding to
each drug.
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Abstract The aim of this study was to evaluate the local immune status of human ovarian
cancers by the comprehensive analysis of tumor-infiltrating immune cells and immunosuppres-
sive factors, and to elucidate the local immunity in clinical course. The numbers of CD1a+,
CD4+, CD8+, CD57+, forkhead box P3+ and programmed cell death-1+ cells were counted,
and the intensity of immunosuppressive factors, such as programmed cell death-1 ligand
(PD-L)1, PD-L2, cyclooxygenase (COX)-1, COX-2 and transforming growth factor g1, were eval-
uated in 70 ovarian cancer specimens stained by immunohistochemistry. Then hierarchical
clustering of these parameters showed the four clusters into ovarian cancer cases. Cluster 1,
which had significantly better prognosis than the others, was characterized by high infiltration
of CD4+ and CD8+ cells. In conclusion the comprehensive analysis of local immune status led to
subdivide ovarian cancers into groups with better or worse prognoses and may guide precise
understanding of the local immunity.

© 2011 Elsevier Inc. All rights reserved.

over a half of them dying annually. These deaths are partly
due to the fact that more than half of the patients with ovar-
1. Introduction ian cancer are diagnosed at advanced tumor stages (stage Il!
or IV). Although platinum or taxane-based chemotherapies
Ovarian cancer is the most lethal gynecologic cancer in the  are effective in the treatment of the majority of ovarian

world with >200,000 patients diagnosed every year and cancer cases, most of the patients suffer from recurrence
and eventually develop chemo-resistance. Considering the

* Corresponding author. Fax: +81 761 3967. high mortality rate of ovarian cancer due to the absence of
E-mail address: mandai@kuhp.kyoto-u.ac.jp (M. Mandai). curative treatment in the advanced stage or at recurrence,
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new therapeutic modalities other than chemotherapy and
surgery are urgently needed [1-3].

Tumor immune therapy has long been considered as an
alternative modality in the treatment of solid tumors in-
cluding ovarian cancer. Nevertheless, there have been
few reports on clinically successful immune therapies.
The failure in immune therapies in such clinical trials is
partly ascribed to the phenomenon designated as "tumor
immune escape”. It is increasingly understood that the dy-
namic interaction between tumor cells and immune cells in
the local microenvironment plays a pivotal role in cancer
development and progression [4]. In the case of advanced
cancers, tumor cells establish an immunosuppressive envi-
ronment regionally and make it difficult to induce immune
activation to eliminate cancer cells. In this situation,
adoptive immunotherapy, such as a tumor vaccine, is not
sufficient to eradicate tumors [5,6].

The differences in the phenotypes or populations of tumor-
infiltrating immune cells, such as CD4+ (helper) T cells, CD8+
{cytotoxic) T cells, CD57+ (NK) cells and CD11c+ (dendritic)
cells, have been shown to be associated with different clinical
outcomes of solid tumors including colorectal cancer [7], breast
cancer [8], gastric cancer [9,10], lung cancer [11,12], hepatic
cancer [13,14], melanoma [15], kidney cancer [16] and uterine
cervical cancer [17]. In ovarian cancer, several recent studies
have shown an association between tumor-infiltrating immune
cells and clinical outcomes [18,19]. We also reported that
CD8+ T cell infiltration [20] and NK cell infiltration [21] are as-
sociated with a favorable prognosis in the ovarian cancer pa-
tient. On the other hand, regulatory T cells, most specific
marker of which is FOXP3, in the tumor site play a suppressive
role in the local tumor immunity, leading to tumor progression
[22,23].

With respect to the tumor, there are also a wide variety
of mechanisms that enable tumor cells to evade an im-
mune attack. These mechanisms include a loss of MHC
[24], the upregulation of immunosuppressive factors,
such as transforming growth factor g (TGFB) [25], IL-10,
indoleamine 2,3-dioxygenase (IDO) [26] and cyclooxy-
genases (COX-1 and COX-2) [27] or upregulating negative
regulatory signals, such as programmed cell death-1 (PD-
1) ligands (PD-L1, PD-L2) and cytotoxic T lymphocyte anti-
gen-4 (CTLA-4) [28-31]. We reported that PD-L1 expres-
sion in ovarian cancer is inversely correlated with tumor-
infiltrating CD8+ T cells and is associated with a poor prog-
nosis of the patient [20]. The expression of the immune
suppressive factors COX and UL-16 binding protein 2 is
also inversely associated with CD8+ T cell infiltration and
the prognosis of the patient with ovarian cancer [21,32].
Thus, there are a variety of reports that suggest that a cer-
tain immunosuppressive factor influences the local tumor
immunity. However, there are few comprehensive ana-
lyses that integrate various immune factors and evaluate
the immune status as a whole.

Therefore, in this study, we attempted to explore the
status of local immunity in ovarian cancers by integrating
various immune parameters presented by the immunohisto-
chemical analysis of clinical specimens. For this purpose,
we employed bioinformatics analyses, such as hierarchical
clustering, that allows the comprehensive assessment of
multiple factors and enables us to determine the relation-
ships among them.

2. Materials and Methods
2.1. Patients and Samples

Formalin-fixed, paraffin-embedded specimens were obtained
from 70 patients who underwent primary surgery for epitheli-
al ovarian cancer at the Kyoto University Hospital. After sur-
gery, all patients received platinum- and paclitaxel-based
chemotherapy. The average age of the patients was 55 years
old (range, 26-78; standard deviation [SD], 11). At the end
of the study, 29 (41%) patients had died from their disease,
and 41 (59%) patients were alive. The mean follow-up period
was 5 years (range, 0-11; SD, 3.0). All 70 tissue specimens
were collected under the approval of the Ethics Committee
of the Kyoto University Hospital.

2.2. Immunohistochemistry

The primary antibodies and antigen retrieval methods are
listed in Supplementary Table 1. Briefly, formalin-fixed, paraf-
fin-embedded specimens were cut into 4 um-thick sections.
The tissue sections were deparaffinized in xylene and dehy-
drated. For antigen retrieval for TGFB1 and CD4 staining, the
samples were boiled in Tris-EDTA buffer (pH 9.0) in a pressure
cooker. For FOXP3 and PD-1 staining, the samples were boiled
in citrate buffer (pH 6.0) in a pressure cooker. To block endog-
enous peroxidase activity, all of the sections were treated with
100% methanol containing H,0,. Nonspecific binding of 1gG was
blocked using normal rabbit serum (Nichirei, Tokyo, Japan).
The sections were incubated with a mouse anti-TGFp1 mono-
clonal antibody (Ab) (clone TB21), anti-CD4 monoclonal Ab
(clone 1F6), anti-FOXP3 monoclonal Ab (clone 236A/E7) and
PD-1 monoclonal Ab (clone NAT) overnight at 4 °C. Then the
sections were incubated with biotinylated rabbit anti-mouse
secondary Abs (Nichirei), followed by an incubation with a
streptavidin—peroxidase complex solution. Signals were gener-
ated by incubation with 3, 3-diaminobenzidine. Finally, the
sections were counterstained with hematoxylin and observed
under a microscope.

2.3. Evaluation of the specimens

Immune cells in the intraepithelial space were counted using a
microscopic field at 200x magnification (0.0625 mm?). Five
areas with the most abundant infiltration of immune cells
were selected, and an average count was calculated. The re-
sult was interpreted as negative when fewer than five
cells per 0.0625 mm? were observed and as positive when
more than or equal to five cells were observed. The expres-
sion of TGFR1 was evaluated according to the intensity of
the staining and scored as follows: 0, negative; 1, very
weak expression; 2, moderate expression; and 3, strongest
expression. Cases with scores of 0 or 1 were defined as the
low-expression group, and cases with scores of 2 or 3 were
defined as the high-expression group. Two independent gy-
necological pathologists examined the immunohistochemi-
cal slides without any prior information regarding the
clinical history of the patients.
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2.4, Hierarchical clustering and statistics

Hierarchical clustering analysis of our immunohistochemi-
cal data was performed using the software Cluster 3.0
that was originally designed for manipulating cDNA micro-
array data [33]. Following the instructions of the software,
the eleven parameters (six tumor-infiltrating immune cells
and five immune suppressive factors) were normalized,
and a complete-linkage hierarchical clustering was con-
ducted. The dendrogram and heat map were graphically
viewed using Java TreeView [33]. Cluster and Treeview
software are freely available programs that can be
accessed at http://jtreeview.sourceforge.net/.

2.5. Statistical analysis

Fisher's exact test and the x2 test were used to analyze
the associations between each cluster and various clinic-
pathological factors. Spearman's correlation coefficient
test was employed to analyze the associations among 11
immunological factors. Univariate analysis for overall sur-
vival was performed and evaluated with the log rank test,
and Kaplan—Meier curves were generated. A multivariate
Cox proportional-hazard model was used to evaluate the
independency of Cluster 1 as a prognostic factor. Two-
sided p values of <0.05 were considered to be significant.

3. Results

3.1. Expression of immune-suppressive factors in
ovarian cancer specimens and patient prognosis

Immunohistochemical expression of TGFp1, PD-L1, PD-L2,
COX-1 and COX-2 was evaluated in 70 ovarian cancer tissues
(Fig. 1). High expression (score 2 or 3) of TGFp1 was observed
in 22 cases (31.4%) and low expression (scored 0 or 1) was ob-
served in 48 cases (68.6%). There was no correlation between
the expression of these factors and clinicopathological charac-
teristics such as age, histological type, FIGO stage, TNM classi-
fication, and residual tumor state (Supplementary Table 2)
[20,32].

The log rank test showed that the 5-year survival rate
of patients with high expression of TGFp1, COX-1 or COX-2
was not significantly different from the patients with low
expression (Supplementary Fig. 1). Only the high expression
of PD-L1 was an independent worse prognostic factor,
whereas PD-L2 expression was not related to patient prog-
nosis [20].

The log rank test showed that the 5-year survival rate
of patients with high expression of TGFg1, COX-1 or
COX-2 was not significantly different from the patients
with low expression (Supplementary Fig. 1). Only the
high expression of PD-L1 was an independent worse prog-
nostic factor, whereas PD-L2 expression was not related
to patient prognosis [20].
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3.2. Tumor-infiltrating immune cell count
and prognosis

The number of tumor-infiltrating CD1a+ (dendritic cells),
CD4+ (helper T cells), CD8+ (killer T cells), CD57+ (NK
cells), FOXP3+ (regulatory T cells) and PD-1+ immune cells
was evaluated using the same 70 ovarian cancer specimens
(Fig. 1). The average numbers of these cells were shown in
Supplementary Table 3, respectively. There was positive
correlation between tumor-infiltrating FOXP3+ cells and
several clinicopathological factors such as age, histology,
tumor status and residual tumor, while there was no correla-
tion between the number of CD4+, CD8+, CD57+ or PD-1+
cells and clinicopathological characteristics (Supplementary
Tables 4 and 5).

A significant correlation was found between parameters
below; CD4+ cell infiltration vs. CD8+ cell infiltration, COX-1
and COX-2 expression, CD4+ cell vs. PD-1+ cell infiltration,
CD8+ cell vs. PD-1+ cell infiltration, CD57+ cell vs. PD-1+ cell_
infiltration, FOXP3 cell infiltration vs. PD-L2 expression and
FOXP3 vs. CD4+ cell infiltration (Supplementary Table 6),
although a negative correlation between COX-1 vs. COX-2
expression, CD8+ cell infiltration vs. PD-L1 expression,
CD8+ cell infiltration vs. COX-1 expression and CD8+ cell
infiltration vs. COX-2 expression [20,32].

The log rank test showed that the overall survival rate of
patients with high levels of CD1a+, CD4+, CD57+, FOXP3+ or
PD-1+ immune cells was not significantly different from
patients with low infiltration (Supplementary Fig. 1), whereas
a high infiltration of CD8+ cells was the only beneficial prog-
nostic factor (p<0.001) [20]. Combination of any two factors
such as CD8+ and PD-L1 low did not serve as a superior prognos-
tic factor compared with single factor. Besides we found a
higher ratio of CD8/FOXP3 in Cluster 1 than that in Cluster
2-4, although there was no statistic significance (meanz=SD,
Cluster 1, 3.4+2.4 vs. Cluster 2-4, 1.9+1.9).

The log rank test showed that the overall survival rate of
patients with high levels of CD1a+, CD4+, CD57+, FOXP3+ or
PD-1+ immune cells was not significantly different from pa-
tients with low infiltration (Supplementary Fig. 1), whereas
a high infiltration of CD8+ cells was the only beneficial prog-
nostic factor (p<0.001) [20]. Combination of any two factors
such as CD8+ and PD-L1 low did not serve as a superior prog-
nostic factor compared with single factor. Besides we found
a higher ratio of CD8/FOXP3 in Cluster 1 than that in Cluster
2-4, although there was no statistic significance (mean=SD,
Cluster 1, 3.4+2.4 vs. Cluster 2-4, 1.9+1.9).

3.3. The correlation among eleven immunological
factors

The correlation among eleven immunological factors (the
expression of PD-L1, PD-L2, COX-1, COX-2 and TGFB1 and
the number of tumor-infiltrating immune cells expressing
CD1a+, CD4+, CD8+, CD57+, FOXP3+ and PD-1+) was exam-
ined (Supplementary Table 6). The expression of PD-L1 or
COX expression was negatively correlated with the number
of CD8+ cells in the tumor site, respectively [20,32]. In
this study, we found that the number of CD4+ cells was
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Immunohistochemical staining of human ovarian cancer tissue. (A) Representative staining patterns of ovarian cancers

with low expression or with high expression of immunosuppressive factors, such as TGFp1, PD-L1, PD-L2, COX-1, and COX-2, are
shown. (B) Representative staining patterns with low or high infiltrating immune cells, such as CD1a+, CD4+, CD8+, CD57+, FOXP3+
or PD-1+ cells, in the tumor site are shown. Original magnification; (A and B) x200. White bar, 200 um.

positively correlated with the number of CD8+ cells (corre-
lation coefficient (R=0.240; p=0.045) and FOXP3+ cells
(R=0.410; p<0.001)). In addition, the number of PD-1+
cells showed a positive correlation with the number of
CD4+ cells (R=0.302; p=0.011), CD8+ cells (R=0.366;
p=0.002) and CD57+ cells (R=0.365; p=0.002). The num-
ber of FOXP3+ cells was negatively correlated with PD-L2
expression (R=-0.262; p=0.028).

3.4. Evaluation of the local immune status by
hierarchical clustering of immune factors in ovarian
cancer

Hierarchical clustering analysis of the expression levels of five
immune suppressive factors and the cell counts of the six
tumor-infiltrating immune cells were used to divide the 70

ovarian cancers into 2 major clusters and subdivided one of
the major clusters into three clusters, which were designated
as Cluster 1 and Clusters 2, 3 and 4, respectively (Fig. 2).
When Cluster 1 was compared to the other clusters (Clusters
2-4), it was characterized as having significantly higher im-
mune cell infiltration, such as CD4+ cells (p=0.004), CD8+
cells (p<0.0001) and PD-1+ cells (p=0.0037), and as having
lower expression of immunosuppressive factors such as
TGFp1, PD-L1, PD-L2, COX-1 and COX-2 (Figs. 3A-C, F and 4).

The characteristics of the other three clusters were rela- .
tively common in terms of low immune cell infiltration and
partially high expression of immune suppressive factors
with the following patterns: Cluster 2, high COX-1 expression
(p<0.0001) and high CD57+ cell (NK cell) infiltration
(p=0.0042); Cluster 3, high PD-L2 (p=0.0002), low FOXP3+
cells (p=0.0288) and low PD-1+ cell infiltration (p=0.011);
and Cluster 4, low CD4+, low CD8+, low CD1a+, low CD57+,
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70 Patients

tramune cells

Immuno
-suppressive
factors

Cluster |

Figure 2  Graphic representation of the immune status of 70
ovarian cancer tissues. Patterns of immune status were classified
into four clusters by hierarchical clustering based on six phenotype
of immune cells, such as CD1a+, CD4+, CD8+, CD57+, FOXP3+ or
PD-1+ cells, in the tumor site and five immunosuppressive factors,
such as TGFR1, PD-L1, PD-L2, COX-1 and COX-2. Separated clusters
are indicated by dendrograms. The color bar indicates that red is
the high score (expression or infiltration), while green is the low
score.

low PD-1, high PD-L1, high TGF1, and high COX-2 (Figs. 3
and 4).

3.5. Univariate analysis and correlation between
four clusters and clinicopathological factors

The Kaplan—Meier curve and log rank test showed that the
overall survival rate of patients in Cluster 1 was significantly
better than those in the other clusters (5-year survival rate
in Cluster 1 vs. Clusters 2—4, 84.6% vs. 55.2%; p=0.041)
(Fig. 5 and Table 1). The progression-free survival rate of pa-
tients in Cluster 1 was not significantly, but was relatively,
better than other clusters (5-year survival rate of Cluster 1
vs. Clusters 24, 78.6% vs. 44.4%; p=0.061).

There was no statistical correlation between the four
clusters and the clinicopathological factors such as primary
tumor status, lymph node metastasis, distant metastasis, re-
sidual tumor status, the age of the patient, histology, and
adjuvant chemotherapy (Table 2).

3.6. Multivariate analysis

Multivariate analysis showed that Cluster 1 was an indepen-
dent favorable prognostic factor for overall survival (RR,
4.93) (Table 1). Other factors contributing to overall poor
survival were tumor status (RR, 5.36), lymph node metasta-
sis (RR, 2.78), and residual tumor status (RR, 5.86) (Table 1).
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Figure 3

The patterns of immune cell infiltration into tumor sites in each cluster. The dot plots represent the number of immune

cells in the four clusters; (A) CD4; (B) CD8; (C) CD1w; (D) CD57; (E) FOXP3; and (F) PD-1 (*p<0.05, **p<0.01, **p<0.0001).
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Figure 4 The patterns of immunosuppressive factor expression in each cluster. The dot plots represent the expression levels
of immunosuppressive factors in the four clusters; (A) PD-L1; (B) PD-L2; (C) TGFg1; (D) COX-1; and (E) COX-2 (*p<0.05,

*p<0.01, **p<0.0001).

4, Discussion

Recent studies have shown that local tumor immunity is closely
associated with clinical course of cancer patient, and several
immunological factors, including CD8 T cell count shown in
our previous study, serve as prognostic indicator. However,
these analyses were mainly done using single factor or combi-
nation of several factors, and there are few papers which
tried to clarify the immunological background by analyzing
multiple immune factors simultaneously. The application of hi-
erarchical clustering allowed us to manage the complex data

sets of immunohistochemical staining with multiple antibodies
[34,35] and to identify new groups of patients with similar local
immunological patterns that may be caused by similar conse-
quences. Ovarian cancers were divided into two groups, Clus-
ter 1 and Clusters 2—4, by hierarchical clustering analysis
according to the local immunological state. The patients in
Cluster 1 had a significantly better prognosis than those in
other clusters (p=0.041, Fig. 5B). In this group, immune
cells, including CD4+ cells, CD8+ cells and PD-1+ cells, were
highly infiltrated into tumor sites compared to the other clus-
ters (p=0.004, p<0.001 and p=0.0037, respectively), while
the expression of TGFp1, PD-L1, PD-L2, COX-1 and COX-2
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Figure 5

years

Overall survival analyses of patients with ovarian cancer according to the four clusters. (A) Kaplan—Meier curves according

to Cluster 1 and the other clusters. (B) Kaplan—Meier curves according to Cluster 1 and the combination of other clusters.
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_ of patients with ovarian cancer (n=70)

were significantly low. In this group, PD-1+ cells may represent
T cells in the late active phase [36], though its significance is to
be clarified. Thus, Cluster 1 was characterized by high immune
cell infiltration and low expression of all immunosuppressive
factors studied (Figs. 3 and 4), suggesting that host-tumor im-
munity in the tumor microenvironment is still maintained in
this group, which may lead to the significantly better progno-
sis. Besides a ratio of CD8/FOXP3ratio in Cluster 1 was higher
than that in Cluster 2—4, although there was no statistic signif-
icance, which is a similar tendency to the previously published
report [19].

Clusters 2—-4 were characterized by a low level of immune
cell infiltration and high expression of immunosuppressive
factors and had significantly worse prognoses than Cluster 1.
Cluster 2 was characterized by a significantly high expression
of COX-1, whereas Cluster 3 and 4 had significantly high
expressions of COX-2 (p=0.0053 and p=0.0048, respectively).
The immunoregulatory function of COX-2-induced prostaglan-
dinE2 (PGE;) is known to be important in inducing immune
tolerance in the tumor microenvironment [37]. Secreted from
tumor cells, PGE; alters the Th1/Th2 balance, suppresses
lymphocyte proliferation, and regulates the function of
antigen presenting cells [37,38]. There is a report that expres-
sion of COX-2 is an independent prognostic factor in human
ovarian carcinoma [39]. Hence, high expression of COX-2
in Cluster 3 and Cluster 4 may contribute to poorer prog-
nosis associated with low CD8+ cell infiltration (Figs. 3-5
and Supplementary Table 6). Similarly, COX-1 expression
was inversely correlated with CD8+ cell infiltration in
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Cluster 2, which may partly explain the poor prognosis of
Cluster 2.

Cluster 3 was characterized by high PD-L2 expression and
low PD-1+ cell infiltration and had a worse prognosis. We
previously reported that the patient with high expression
of PD-L2 had a tendency for poor prognosis, although the dif-
ference was not statistically significant. In this respect, high
expression of PD-L2 may partly explain the poor prognosis of
this group, possibly by negatively influencing the infiltration
of CD8+, CD4+ and PD-1+ cells. Cluster 4 was characterized
by high expression of PD-L1, TGFp1 and COX2 and low CD8+
cell infiltration. Previous studies on PD-L1 expression in
malignant tumors, such as in kidney, bladder, breast, gastric,
pancreatic and ovarian cancer, have shown that PD-L1 has a
negative impact on the survival of the patient [29]. In addi-
tion, PD-L1 expression was inversely correlated with intrae-
pithelial infiltrating CD8+ T cells, suggesting that PD-L1

inhibits the intratumoral infiltration of CD8+ T cells. TGFp sig-

naling has been implicated in tumor progression, metasta-
sis and immunosuppression in the advanced tumor phase [25].
These results suggest that PD-1 ligand and/or COX expression
are associated with an unfavorable clinical outcome of the pa-
tient by influencing the local immune environment.

Recently, three phases of cancer immunoediting, namely,
“elimination”, “equilibrium” and “escape” [4,6,40], have
been proposed. In the first “elimination” phase, innate and
adaptive immune cells recognize and eliminate tumor cells
by immunosurveillance, protecting the host against cancer.
In the second “equilibrium” phase, ongoing tumor growth
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and immune surveillance enter into a dynamic balance with
one another, yielding in a protracted period. In the last “es-
cape” phase, the tumor avoids immune-mediated destruction
and develops into a clinically apparent neoplasm [4]. This hy-
pothesis is mainly applied to the process of cancer develop-
ment in which immunosurveillance is gradually impaired.
However, in clinical situations, cancer patients sometimes ex-
perience an asymptomatic period coexisting with known can-
cer lesions, or even a spontaneous regression, without any
medical interventions, suggesting that the balance between
tumor growth and host immunity significantly influences the
clinical course of cancer patients. Nevertheless, there have
been few studies that intended to comprehensively analyze
the local immune status of each case, which would thereby
establish the means to predict the clinical outcome. In this
study, Cluster 1 may represent a phenotype of the “equilib-
rium” phase, where immune cells infiltrate into the tumor site
to eliminate the tumor. Clusters 2, 3 and 4 may be in “escape”
phase in which the local immune environment has already
fallen into an immunosuppressive status. For an effective
immune therapy, an understanding of the immune status
in each case is particularly important. This study provides
a model to analyze the complicated immune reaction in a
local tumor site.

This study may also provide a future direction for order-
made immunotherapy in each ovarian cancer patient. Cur-
rently, therapeutic modalities to target specific immunosup-
pressive factors are being developed. Blocking antibodies

against PD-1 (MDX-1106) have been developed and are in
Phase | clinical trials for advanced refractory malignancies
[41]. Phase Il and lli clinical trials using selective COX2 inhib-
itors, celecoxib and rofecoxib, in combination with a chemo-
therapeutic have shown a clinical benefit [42]. Clinical trials
focusing on the inhibition of the TGFp signaling pathway by a
monoclonal antibody or a-small molecule inhibitor of the
TGFp receptor | kinase are being performed. To select the
most efficient single or combined immune targeting thera-
pies, precise assessments with multiple immune parameters
in each case is essential.

In conclusion, hierarchical clustering of tumor-infiltrating
immune cells and immunosuppressive factors was used to
identify a subgroup of ovarian cancer patients with a better
prognosis. This study also suggested that immunosuppressive
factors might influence the pattern of tumor-infiltrating im-
mune cells. The approach to comprehensively analyze multi-
ple immune factors shown here may lead to a precise
understanding of the local immune status and provide a
tool for the application of immune therapies to treat ovarian
cancer patients.

Supplementary materials related to this article can be
found online at doi:10.1016/j.clim.2011.08.013.
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