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ABSTRACT

Inter- and intra-patient variations in tumor microenvironment of serous ovarian
cancer are largely unexplored. We aimed to explore potential co-regulation of tumor
stroma characteristics, analyze their concordance in primary and metastatic lesions,
and study their impact on survival. A tissue microarray (TMA) with 186 tumors and
91 matched metastases was subjected to immunohistochemistry double staining with
endothelial cell marker CD34 and fibroblast and pericyte markers a-SMA, PDGFBR and
desmin. Images were digitally analyzed to yield “"metrics” related to vasculature and
stroma features.

Intra-case analyses showed that PDGFBR in perivascular cells and fibroblasts
were strongly correlated. Similar findings were observed concerning a-SMA. Most
stroma characteristics showed large variations in intra-case comparisons of primary
tumors and metastasis. Large PDGFBR-positive stroma fraction and high PDGFBFR
positive perivascular intensity were both significantly associated with shorter survival
in uni- and multi-variate analyses (HR 1.7, 95% CI 1.1-2.5; HR 1.7, 95% CI 1.1-2.8).

In conclusion, we found PDGFBR- and a-SMA-expression to be largely independent
of each other but concordantly activated in perivascular cells and in fibroblasts within
the primary tumor. Stromal characteristics differed between primary tumors and
metastases. PDGFBR in perivascular cells and in fibroblasts may be novel prognostic
markers in serous ovarian cancer.

INTRODUCTION rapidly, harbors p53 mutations [5], is characterized
by genetic and epigenetic alterations of homologous
Ovarian cancer is the deadliest gynecological recombinant pathway genes [6] and is most often
malignancy worldwide, with an overall poor survival. At diagnosed at an advanced stage [7]. Most ovarian tumors
present, histology, stage, and residual disease after primary spread throughout the peritoneum [8] and metastases in
surgery are the most important factors used to evaluate the the omentum typically occur early in tumor progression.
probability of survival, but the need of new and improved Ovarian stroma plays an essential role in the normal
prognostic markers remains [1]. functioning of the organ, supporting follicle growth and
Ovarian tumors are characterized by heterogeneous development [9, 10]. Recent data indicate that the stroma
histology, with the serous subtype being the most common may be important for tumorigenesis [11] and invasiveness
[2]. Serous ovarian tumors are often composed of poorly in ovarian cancer due to the paracrine interaction between
differentiated tumor cells, named high-grade according to cancer-associated fibroblasts (CAFs) and ovarian cancer
the two tier system [3, 4]: the high-grade subtype evolves cells [12-15].
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CAFs are a heterogeneous population of fibroblast-
like cells that affect migration and invasiveness of tumor
cells in different types of tumors [16, 17]. Differential
expression of markers such as alpha smooth muscle actin
(a-SMA), platelet derived growth factor beta receptor
(PDGFBR), podoplanin and fibroblast activation protein
(FAP) [18, 19] may account for different features and
functions.

Pericytes are stroma cells that surround small
vessels; they are embedded in the basement membrane
in tight contact with endothelial cells [20, 21]. In normal
tissue, they express markers like PDGFBR, neural/glial
antigen 2 (NG2) and desmin. Tumor vessels display a
phenotype with loosely attached pericytes that commonly
express a different pattern of markers, including a-SMA
[17]. The intimate contact with endothelial cells allows
a tight paracrine interaction between the two cell types,
an interaction that governs vessel function and vessel
maturation. Recent studies have shown the importance
of pericytes for endothelial cell survival, vessel wall
stabilization, and blood flow normalization [22, 23].
Tissue-based analyses of pericytes most commonly rely
on the use of a single marker such as PDGFaR, PDGFfR,
0-SMA, desmin, NG2, or RGS5 [24, 25]. Current
researches show that these markers can be expressed in a
non-overlapping manner, an expression patterns that may
reflect subtypes of pericytes characterized by different
functions [26].

In this retrospective study, we applied an innovative
multiparametric technique with digitalized image analysis
to determine in a quantitative manner 13 different tumor
stroma characteristics in a cohort of serous ovarian cancer
patients. The aims were to explore potential co-regulation
of these characteristics, to analyze their concordance
in primary and metastatic lesions and to define their
correlation with survival.

RESULTS

Patients

The median age for the 186 participants was
60 years (range 22 to 84 years). All patients had been
diagnosed with serous ovarian cancer, 87% had FIGO
stage III-IV and in 53 % the histologic grade was poorly
differentiated (Table 1). All patients underwent primary
debulking surgery and were followed-up until July 2006
when 59 patients were still alive (median follow-up of 51
months). Median follow-up for the whole cohort was 28
(0.03-163) months.

Intra-tumor correlations of stroma markers in
primary ovarian tumors

Features such as vessel density, pericyte status
and CAF-marker expression have been shown to display

clinically relevant variation in previous single marker
studies of ovarian cancer, and other tumor types, but it
is unknown if these features always change together or
can change independently. To address this question we
collected data on 13 different “metrics” related to the
vasculature, perivascular cells, and CAFs in ovarian cancer
and analyzed the intra-tumoral associations between these
markers in the primary site of ovarian cancer.

Notably, vessel density, vessel Iumen area
and vessel lumen perimeter were independent of all
perivascular related metrics, indicating that perivascular
status is controlled by other factors than those determining
vessel abundance and size (Figure 1). Furthermore, the
perivascular a-SMA, desmin and PDGFpBR status were
also largely independent suggesting that the expression
of these markers can increase or decrease independently
possibly in distinct cell subsets (Figure 1). Independent
expression of PDGFR and a-SMA markers was also
observed in the fibroblast stroma compartment.

In contrast, a-SMA positive perivascular cell
metrics and PDGFBR positive perivascular metrics
correlated strongly with a-SMA positive stroma metrics
and PDGFPBR positive stroma metrics, respectively
(a-SMA stroma fraction correlated with a-SMA positive
perivascular cells intensity corr. coeff. 0.61, p<0.001,
Figure 1; PDGFBR positive perivascular intensity
correlated with PDGFBR positive stroma fraction, corr.
coeff. 0.92 p<0.001, Figure 1).

These results suggest that the marker status of
stroma fibroblasts and perivascular cells is under common
control, and that these two stroma cell types may have
been be derived from the same cell of origin.

Stroma markers in ovarian primary tumor
versus its metastasis

Emerging evidence indicates the presence of intra-
individual differences in mutation status and chromosome
aberrations between primary tumors and metastatic
lesions [27]. The extent to which similar differences occur
regarding characteristics of the tumor microenvironment
has not been determined. Stroma features were therefore
analyzed in matched primary ovarian tumors and
metastatic tissue in 91 patients with serous ovarian cancer.

As shown in Table 2 the different stroma metrics
showed large variation with regard to their status in
primary tumors and metastatic lesions. Using a cut-
off of p<0.01, three out of four of the PDGFBR-related
metrics showed a correlation between primary tumors
and metastatic lesions. Notably, vessel density status in
primary tumor was not significantly correlated with vessel
density status in the metastatic lesions.

The analysis thus reveals, in general, that the nature
of tumor stroma at the primary site differs greatly from
the metastases at the intra-individual level. Additionally,
the conservation of stromal PDGFfR status implies that
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Table 1: Characteristics of serous ovarian cancer patients

Characteristic Patients
N=186

Median age, years (range) 60 (22-84)

FIGO stage 10 (5.4%)
il 13 (7.0%)
10 130 (69.6%)
v 32 (17.2%)

V)

Unknown 1(0:5%)

Histologic type 186 (100%)
Serous

Histologic grade
Well differentiated (grade 1)
Moderately differentiated (grade 2)
Poor differentiated (grade 3)
Unknown

Residual tumor after primary surgery
No residual tumor
Residual tumor
Unknown

Median follow-up time, months (range)

Survival
Alive
Dead

21 (11.3%)
51(27.4 %)
98 (52.7%)

16 (8.6%)

27 (14.5%)
102 (58.4%)
57 (30.6%)

28 mo (0.03-162.5)

59 (31.7%)
127 (68.3%)

these features may be controlled by factors acting at both
the primary and the metastatic sites.

Impact of stroma markers on overall survival

To investigate the potential utility of the stroma
characteristics as biomarkers for prognosis, the
associations between the 13 stroma metrics and survival
were analyzed. The survival analysis of the 138 patients
with available primary ovarian tissue showed that high
PDGEFBR positive stroma fraction (continuous variable)
is correlated with a decrease in overall survival, both in
the univariate analysis (HR 1.02; 95% CI, 1.01 — 1.04,
p=0.01) and in the multivariate analyses after adjusting
for stage, histologic grade, age and residual disease after
primary surgery (HR 1.03; 95% CI, 1.01 — 1.05, p=0.004).

In an extended analysis, we added patients for
which we lacked tumor material from the ovary but had
available tissue from metastatic sites (all retrieved during
primary surgery). In this extended cohort, the survival
analysis was performed only on the parameters that
showed concordance in the Spearman correlation test
in matched primary and metastatic tissues (Table 2). In
the analysis of the 186 patients with material available
either from ovary (n 138) or metastatic tissues (n 48), a
high PDGFBR positive stroma fraction was confirmed to

be significantly correlated with lower survival rate with
a median survival of 19.3 months versus 36.8 months
for cases with low PDGFfR positive stroma fraction,
p=0.012, Log Rank test, mean dichotomized values,
Figure 2A). In concordance, Cox regression univariate
and multivariate analysis showed an association between
high PDGFpR stroma fraction and poor prognosis (HR
1.6; 95% CI, 1.1-2.3, p=0.01 and HR 1.7; 95% CI, 1.1-
2.5, p=0.01, respectively (Table 3)). Separate sub-group
analyses indicated that the prognostic significance of
PDGFpR positive stroma fraction was particularly strong
in the subgroup of patients that did not undergo a complete
(residual tumor > Imm) debulking surgery (HR 1.8; 95%
CI 1.1-2.8, Supplementary Figure 2).

In the set of 186 patients, high intensity of PDGFBR
perivascular staining was also found to be correlated
with worse survival, with a median survival of 20.4
months versus 45.3 months for low PDGFBR positive
perivascular intensity (p=0.005, Log Rank test, the lowest
quartile compared to the other quartiles, Figure 2B). In
concordance, Cox regression univariate and multivariate
analysis showed an association between high intensity of
PDGEFpR perivascular staining and worse survival (HR
1.9; 95% CI, 1.2-2.9, p=0.006 and HR 1.7; 95% CI 1.1-
2.8, p=0.03, respectively (Table 4)).
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In the absence of the current two-tier grading system
a survival sub-analysis was performed on the subgroup (n
165) with moderate and poor differentiation grade (grade
2 and 3), excluding tumors with high differentiation
(grade 1). The Kaplan-Meier estimation in patients with
grade 2-3 tumor showed a significant reduced survival for
the group with high PDGFbR stroma fraction (p=0.022,
Log Rank test, median survival 19 months versus 31.3
months, Supplementary Figure 3A). In concordance
with the above, high intensity of PDGFBR perivascular
staining was found to be correlated with lower overall
survival in patients with grade 2-3 tumors, with a median
survival of 19.3 months versus 42.3 months as compared
to low PDGFPR positive perivascular intensity (p=0.005,

Log Rank test, Supplementary Figure 3B). Multivariate
analyses confirm the results for lower survival rate both
for high PDGFbR positive stroma fraction (HR 1.59,
CI 95% 1,07-2,36, p=0.02, Supplementary Table 2) and
for high PDGFbR positive perivascular intensity (1.75,
CI 95% 1.08-2.82, p=0.02, Supplementary Table 1).
Examples of tumor tissues with different PDGFBR status
are shown in Figure 3.

The distribution of patients with high and low
PDGFBR positive stroma fraction and perivascular
intensity did not differ significantly according to the
clinico-pathological characteristics of the patients
(Supplementary Table 3).
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Figure 1: Internal correlation among stroma metrics in primary ovarian site. Spearman two-tailed test shows a-SMA and
PDGF@R stroma metrics correlation with the respective perivascular metrics. [ll =Associations in red marked squares are with p-value of
less than 0.01 together with a correlation coefficient higher than 0.5 (possible biologically meaningful associations). * = p<0.05. **=p<0.01.

www.impactjournals.com/oncotarget

18576

Oncotarget



Table 2: Correlation analysis between stroma tissue metrics among cases of pairwise primary tumor and
metastatic lesions

Stroma tissue metrics Corr. coeff. ovary vs metastasis p-value (spearman)
(n91)
Vessel density 0.208 0.063
Mean vessel lumen area 0.132 0.265
Mean vessel lumen perimeter 0.279 0.012
ASMA positive stroma intensity 0.047 0.701
ASMA positive stroma fraction -0.031 0.806
ASMA positive perivascular intensity 0.210 0.089
ASMA positive perivascular fraction 0.201 0.103
DESMIN positive perivascular intensity 0.292 0.018
DESMIN positive perivascular fraction 0.287 0.02
PDGFpR positive stroma intensity 0.474 <0.001
PDGFBR positive stroma fraction 0.341 0.004
PDGFBR positive perivascular intensity 0.414 <0.001
PDGFPR positive perivascular fraction 0.287 0.015
A B
PDGFR-positive PDGFR-positive
stroma fraction perivascular intensity
1.0 1.0
E 3
c 0.6 E 0.6+
» »
@ 0.4 @ 0.4
3 3
low
0.2+ 0.2+
0.0 0.0+
0l 5‘0 1(‘)0 1;0 260 (I) 5‘0 1(‘)0 15‘)0 2(‘)0
Time (months) Time (months)
marker Events Median (months) marker Events Median (months)
n (95% CI) n (95% CI)
Low 51 36.8 (29.3-44.2) Low 24 453 (18.8-719)
High 60 19.3 (14.9-23.7) High 87 20.4 (13.2-27.6)

Figure 2: A. Survival curves for high and low PDGFfR positive stroma fraction. Kaplan-Meier graph shows worse overall survival for
high PDGFpR positive stroma fraction as compared to low PDGFpR positive stroma fraction in serous ovarian cancer (n=186 patients)
(p=0.012, Log Rank). Median survival for high PDGFfR positive stroma fraction 19.3 months versus 36.8 months for low PDGFfR positive
stroma fraction. B. Survival curves for high and low PDGFBR positive perivascular intensity. Kaplan-Meier graph shows worse overall
survival for high PDGFBR positive perivascular intensity as compared to low PDGFBR positive perivascular intensity, in 186 patients
(p=0.005, Log Rank). Median survival for high PDGFBR positive perivascular intensity was 20.4 months versus 45.3 months for low
PDGEFRR positive perivascular intensity.
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Table 3: Uni- and multivariate analyses of the impact of each clinical prognostic variable and PDGFfR positive

stroma fraction on overall survival

Variables Univariate analysis Multivariate
HR (95% CI) p-value HR (95% CI) p-value
Age at diagnosis 1.02 (0.99-1.03) 0.083 0.99 (0.97-1.01) 0.34
Flg—%stage 1 (reference) <0.001 1 (reference) 0.07
1 5.08 (2.22-11.66) <0.001 2.58 (0.94-7.11) 0 '013
v 9.19 (3.75-22.54) ’ 4.11 (1.35-12.46) ’
ng?;ﬁlf grade 1 (reference) 0.1 1 (reference) 08
Grade 2 1.81 (0.89-3.68) 0 602 1.11 (0.46-2.67) 0'5
Grade 3 2.84 (1.46-5.53) 1.32 (0.59-2.95)
Residual tumor after primary
surgery 1 (reference) 1 (reference)
No residual tumor 8.57 (3.85-19.1) 0.001 4.68 (1.9-11.53) 0.001
Residual tumor
PDGFPR positive stroma fraction | (reference) ool I (reference) ool

Low PDGFBR
High PDGFBR

1.61 (1.11-2.34)

1.66 (1.11-2.46)

Abbreviations: HR=hazard ratio, CI=confidence interval

Table 4: Uni- and multivariate analyses of the impact of each clinical prognostic variable and PDGFBR perivascular

intensity on overall survival

Multivariate analysis

Variables Univariate analysis
HR (95% CI) p-value HR (95% CI) p-value
Age at diagnosis 1.02 (0.99-1.03) 0.083 0.99 (0.97-1.01) 0.53
Flg—%stage 1 (reference) <0.001 1 (reference) 0.06
1 5.08 (2.22-11.66) <0'001 2.63(0.97-7.17) 0 609
v 9.19 (3.75-22.54) ’ 4.29 (1.43-12.84) ’
ng?;ﬁlf grade 1 (reference) 0.1 1 (reference) 0.98
Grade 2 1.81 (0.89-3.68) 0 602 1.01 (0.42-2.42) 0.66
Grade 3 2.84 (1.46-5.53) 1.19 (0.54-2.66)
Residual tumor after primary
surgery 1 (reference) 1 (reference)
No residual tumor 8.57 (3.85-19.1) <0.001 4.44 (1.8-10.96) 0.001
Residual tumor
PDGFR positive perivascular
intensity 1 (reference) 0.006 1 (reference) 0.03
Low PDGFBR 1.89 (1.2-2.98) ’ 1.72 (1.07-2.75) '
High PDGFBR
Abbreviations: HR=hazard ratio, CI=confidence interval
Oncotarget
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Together these analyses thus demonstrate previously
unrecognized associations between high PDGFBR
expression in the tumor stroma and survival in serous
ovarian cancer.

DISCUSSION

This study analyzed the stroma of primary tumors
and metastasis of serous ovarian cancer using a novel
multiparametric approach employing digitalized image
analysis. Correlation analysis of stroma features in the
primary tumors revealed that a-SMA and PDGFpR-
positive cells are largely independently expressed. Notably,
perivascular status was neither strongly correlated with
vessel density nor size, suggesting that these properties
of vascular biology are independently regulated. We also
found, in intra-patient comparisons, that most stroma and
vessel characteristics differ to a large degree between the
primary tumor and the metastatic lesions, except for the
status of PDGFBR-positive fibroblasts and perivascular
cells that were more concordant. Moreover, high intensity
of perivascular PDGFfR staining and abundant PDGFfR-
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positive stroma were associated with shorter overall
survival.

The largely independent expression of a-SMA and
PDGEFBR in the primary ovarian tumor may indicate that
cells expressing these markers constitute functionally
distinct subsets. Further studies are warranted to
experimentally test this notion. However, it can be noted
that recent mouse model studies have suggested that a
a-SMA-positive subset of CAFs in pancreas cancer exerts
tumor-restraining effects, whereas PDGFBR-positive
fibroblast in the present study, as in other reports, has
been consistently linked to poor prognosis [28, 29]. The
strong correlation between perivascular and fibroblast-
like PDGFBR-positive cells found in our study, suggests
a shared cell-of-origin of these cell populations. Notably,
some lineage-tracing studies in fibrosis and brain scarring
models have implied a perivascular cell-of-origin for
interstitial fibroblast and for glial cells [30, 31].

Comparisons of stroma characteristics in primary
tumors and metastatic sites revealed a large degree of
intra-patient variations. Whereas vessel density was
not strongly conserved, stromal PDGFfR status in both
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Figure 3: PDGFPR expression in serous ovarian cancer. Microphotographs showing examples of tumors with; A. low PDGFBR
positive stroma fraction; B. high PDGFBR stroma fraction; C. low PDGFBR positive perivascular intensity; D. high PDGFBR positive

perivascular intensity (blue= PDGFfR, red= CD34).
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stromal and perivascular cells displayed a greater degree
of stability. This indicates that the PDGFR related stroma
biology is particularly strongly influenced by the genetic
make-up of the malignant cells and thus is kept stable
regardless of host organ influence. Experimental studies
should be done to further explore this hypothesis. While
intra-patient genetic differences between primary tumors
and metastatic sites are now well established [27, 32], the
concordance of stroma features in paired primary tumors
and metastasis has been less well studied. However, there
are analyses of breast and colorectal cancer that have also
suggested that different stroma characteristics vary with
regard to their stability in intra-patient comparisons of
primary tumors and metastatic lesions [33].

Vascular features, including the status of pericytes,
are potentially associated with response to anti-angiogenic
drugs [34, 35]. Therefore it is important to consider the
large disconcordance in most vascular characteristics
in ongoing efforts to identify biomarkers for emerging
anti-angiogenic therapies for ovarian cancer such as
bevacizumab, pazopanib and nintedanib. Importantly,
the present study suggests that vascular features of target
metastatic lesions cannot be deduced from analyses of
primary tumors but rather need to be analyzed on biopsies
from the metastases.

When analyzing the potential impact of the stroma
markers on overall survival, we found that a high PDGFBR
positive stroma fraction is related to lower survival rate,
also after adjusting for clinical prognostic factors. Our
finding is in line with reports in recent publications showing
a negative impact of PDGFfR positive stroma on survival
in breast [36] and prostate cancer [37]. PDGFpR signaling
is involved in fibroblast recruitment and activation
during developmental and physiological processes [38].
Experimental studies have demonstrated stimulatory effects
of PDGF-activated fibroblast both on tumor growth as well
as metastasis, and animal models indicate that inhibition
of PDGF-signaling in CAF may control tumor growth
[39-41]. A series of studies have also shown that PDGFR-
signaling in fibroblasts inhibits tumor drug uptake, and
thereby negatively regulates therapeutic efficacy [42-44].

Our finding of associations between poor prognosis
and high perivascular PDGFBR constitute the first
example of a perivascular marker linked to survival in
ovarian cancer. Studies of the role of PDGFBR-positive
perivascular cells in tumorigenesis have focused largely
on vessel maturation [45]. In contrast with our findings
concerning ovarian cancer, our group has recently
found that low perivascular expression of PDGFBR was
associated with shorter survival in metastatic colorectal
cancer (Mezheyeuski et al., manuscript) implying that
the effect of pericyte expression of PDGFBR may vary in
different tumor types.

Our findings on the prognostic impact of protein
expression of PDGFBR in the perivascular and stroma
fraction of serous ovarian cancer with differentiation grade

2-3 prompted us to make some comparisons with analyses
of PDGFRB gene expression in high-grade ovarian
cancer in publicly available databases (see Supplementary
Files). Analyses of three of the largest databases available
revealed variable results regarding associations between
high PDGFRB gene expression and overall survival in
high-grade serous ovarian cancer (Supplementary Figure
4). One dataset displayed a significant negative impact of
high PDGFRB gene expression on survival [46], while one
showed a trend for the same result and the third (TCGA)
showed no association to survival [47, 48]. The potential
explanation for this less strong signal is that the gene
expression data rely on material derived from the whole
tumor tissue, including all cell types, while our study
provides localization data of PDGFBR IHC expression, in
stroma fibroblasts and on perivascular cells.

Experimental therapy studies in models of ovarian
cancer have explored the effects of dual targeting of
endothelial cells and PDGFBR-dependent pericytes. In
clinical trials in ovarian cancer, new molecules targeting
tumor stroma, including PDGFR, are ongoing. Based
on pre-clinical findings linking perivascular status to
sensitivity to e.g. VEGF-targeting agents [34, 49], it
appears that further exploration of perivascular makers
should be carried out to evaluate their potential role as
predictive markers for new anti-angiogenic drugs in the
treatment of ovarian cancer.

The design of the present study failed to stringently
separate the impact of the stromal markers on the natural
course of the disease and response to treatment. It is also
noted that this somewhat older cohort is characterized
by less aggressive surgery than is presently considered
as state-of-the-art. At the time of enrolling the study
population, the histological grading system was the
three-tier system and not the current two-tier system.
Nonetheless, as described in the results, we performed an
analysis of the subgroup of grade 2 and 3 patients that
represent the largest part of the whole cohort. According
to the literature, the vast majority of grade 2 and 3 are
found in the high-grade category in the two-tier grading
system of serous ovarian cancer [4]. It is worth noting
that the favorable methodological aspects of the present
study include the long follow-up, the use of digital-image-
analyses-supported scoring and the analysis of more than
one tumor core per case.

In summary, the study identified a previously
unrecognized expression pattern of perivascular cells
and fibroblasts and revealed that the PDGFBR expression
pattern is fairly well conserved in primary tumors and
metastases in contrast to the other stroma markers.
Moreover, analyses identified PDGFBR expression in
perivascular cells and in fibroblasts as possible novel
prognostic markers. Our findings suggest that PDGFBR
could be explored as a target for personalized tumor
microenvironment as especially pericyte targeted
treatments.
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MATERIALS AND METHODS

Patients

Women diagnosed with ovarian cancer 1986 to
2006 were consecutively enrolled at the Department
of Gynecologic Oncology, University Medical Center
Groningen (Groningen, The Netherlands). Tumor
specimens from 355 patients were collected. Of the
355 patients, 186 patients (52%) fulfilled eligibility
criteria and were included in the study. The inclusion
criteria were: chemo-naive ovarian cancer specimens
obtained at primary surgery and serous histologic
subtype (Supplementary Figure 1). Clinico-pathological
data were retrieved from medical records. Staging was
performed according to FIGO (International Federation
of Gynecology and Obstetrics [50]). Classification and
grading were performed according to World Health
Organization standards [51]. As first line chemotherapy,
84.4% received platinum-based treatment, 8.1% did not
receive any chemotherapy, 5.4 % received other than
platinum-based chemotherapy and treatment data were
missing in 2.2 % of the patient.

All patients gave informed consent. Studies were
conducted in accordance with the Declaration of Helsinki
principles and Institutional review board policies at
University Medical Center Groningen.

The tissue microarray, TMA

TMAs were constructed as described previously
[52]. Paraffin-embedded tissue blocks containing tumor
in ovarian, omental and peripheral metastasis tissue and
corresponding hematoxylin and eosin (H&E)-stained
slides were retrieved from the pathology archives. Tumor
specimens were obtained from the primary ovarian site
in 138 patients, and matched tissue from metastatic
lesion were also obtained from 91 patients (Figure 1).
In 48 of 186 patients tumor tissue was obtained from
only the metastatic site. TMA cores were selected as
representative tumor areas by a pathologist both in the
primary site (when available) and in the metastatic tissue.
The chosen areas of the tumor were marked on the H&E
slides. Next, using these H&E slides for reference, four 0.6
mm? core biopsies were taken from each tumor specimen
and arrayed on a recipient paraffin block using a tissue
microarrayer (Beecher Instruments, Silver Spring, MD).
One to three tissue blocks per patient were available,
taken from different tumor areas (primary site, omentum,
peripheral metastasis). Using a microtome, 4-mm
sections were cut from each TMA block and applied to
aminopropyltriethoxysilane-coated slides. All arrayed
samples were H&E stained to confirm the presence of
tumor tissue [52].

Detection of stroma markers by
immunohistochemistry

TMA sections were deparaffinized in xylene and
rehydrated through graded concentrations of ethanol
to distilled water. Sections were boiled in a decloaking
chamber (Biocare Medical), 110°C for 5 minutes, in
pH=10.0 buffer for PDGFBR and pH=9 buffer for alpha
smooth muscle actin and desmin (Dako Target Retrieval
Solution) to allow antigen retrieval, and thereafter allowed
to cool for 30 minutes. Antigen was blocked with blocking
solution (Protein Block Serum-Free Ready-To-Use Dako)
for 25 minutes in a humidity chamber at room temperature.
Sections were incubated with primary antibody over night
at 4°C in humidity chamber. Primary antibodies used were
recognizing a-SMA (anti human Smooth Muscle Actin,
code M0851, Clone 1A4; Dako, Inc., Denmark (dilution
1:300)), PDGFBR (PDGF Receptor beta 28E1 Rabbit
mAb, 3169, Cell Signaling Technology, Danvers, MA
(dilution 1:70)) and Desmin (Rabbit Anti-Human Desmin
code HPA 018803-100UL Sigma Life Sciences, St Louis,
MO (dilution 1:500)).

Sections were then incubated with secondary anti-
mouse or anti-rabbit antibody (ImmPRESS™-AP Polymer
Anti-Mouse I1gG, MP-5402 and InmPRESS™-AP Polymer
Anti-Rabbit IgG MP-5401, Vector Laboratories, Burlingame,
CA) for one hour at room temperature. Section were washed
for 5 minutes twice in PBS-T (Phosphate buffered saline -
0.1% Tween 80), and once in Tris acetate buffer 0.2 M Tris
acetate 0.005M EDTA pH 8.1 for 5 minutes, and developed
with Vector Blue AP substrate Kit (SK-5300, Vector
Laboratories, Burlingame, CA) using the same Tris acetate
buffer with 0.07 g of NaCl per 5 ml of the solution.

Sections were then again denatured in decloaking
chamber at 90°C for 5 minutes, with pH=9 solution,
blocked in blocking solution for 25 minutes in humidity
chamber and incubated with primary antibody against
CD34 (Clone JC70A; Dako, Inc., Denmark (dilution
1:100)) for 1 hour at room temperature. Sections were
then incubated with InmPRESS-AP Alkaline Phosphatase
Polymer Anti-Mouse Kit at room temperature in a
humidity chamber. Following washes in PBS-T for 5
minutes twice and once in Tris acetate buffer (described
above) for 5 minutes, and developed with Vector Red AP
substrate Kit (SK-5100, Vector Laboratories, Burlingame,
CA) using the Tris acetate buffer with NaCl described
above. Sections were finally mounted with aqueous
mounting media.

Digital image analyses

The double stained slides were scanned and, after
quality selection, images were analyzed using Image
J software, with an algorithm developed in-house (see
Supplemental Material and Methods for details). CD34
staining was used to determine vessel density, mean vessel
area and mean vessel perimeter. For perivascular-restricted
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measurements the areas surrounding the vasculature were
analyzed. Analyses of desmin-, PDGFBR- and a-SMA-
stained samples yielded information about average
intensity of the staining with these three markers in the
perivascular area (perivascular intensity). Perivascular
intensities of individual vessels were measured in optical
density values (OD), (for details see Supplementary Files).
To obtain values for perivascular fraction, individual
vessels were classified as ‘uncovered’ (OD value below
or equal to the 10% of maximal detected intensity) or
‘covered’ (OD value above 10% of maximal detected
intensity) and ratio of covered vessels over total vessels
per case was thereafter calculated, to yield the perivascular
fraction metric.

PDGFBR- and a-SMA-staining were also used to
determine the stroma fraction: the fraction of total tumor
area positive for these markers. The marker-positive area
was defined as the sum of regions which had a pixel
intensity above a pre-set background value. Small regions
(up to 15 square micrometers, or 50 square pixels) with
pixel intensity above the threshold and all regions below
the threshold were categorized as marker-negative. The
threshold was set after evaluation of a set of 10 randomly
selected images. If the small ‘negative’ regions (with
minimal linear dimension up to 11 micrometers, or 20
square pixels) appear inside ‘positive’ areas, the former
were considered as positive. The stroma fraction was
calculated as the sum of all positive regions divided by
the total tumor area. In the case of PDGFfBR analyses this
step also included exclusion of 35 cores with positive
epithelial staining. Finally, PDGFBR and a-SMA-staining
were used to obtain values for PDGFBR- and a-SMA -
intensity (stroma intensity) by calculating the average
intensity of PDGFBR- and a-SMA-staining in the marker-
positive area.

Together these analyses, performed on the CD34/a-
SMA, CD34/desmin and CD34/PDGFR-staining yielded
quantitative data for 13 different stroma-related metrics
(Figure 1).

Statistical analysis

The Spearman two-tailed test was used for
correlation estimation between stromal markers
expression, a correlation coefficient of 0.5 and a p-
value <0.01 were used as reference threshold values.
Cox proportional hazards model and the Kaplan-Meier
estimator were used to analyze the association between
the markers and overall survival (OS). Kaplan Meier
survival analysis was used to analyze survival rates and a
multivariate Cox regression model was used to calculate
hazard ratios of the clinical-pathological factors and
the stroma related metrics for patients survival and to
determine their independence. The survival findings were
confirmed by backward selection. Associations between
stroma metrics and clinico-pathological characteristics
of the patients were performed with Chi-square test. All

tests were done at the 95% significance level and were
performed using SPSS version 22 (SPSS Inc., Chicago,
IL). Forest Plot was done using R 3.2.2. meta package.

ACKNOWLEDGMENTS

The authors thank Jan Mulder for providing help
with the digital image acquisition, Tommy Nyberg for
statistical advice and analyses and Lawrence Lundgren
for his professional language services. Members of the
A Ostman group are acknowledged for providing support
and constructive criticism.

CONFLICTS OF INTEREST

The authors have no conflicts of interest to disclose

GRANT SUPPORT

The study was supported by The Cancer Research
Foundations of Radiumhemmet, Swedish Research
Council (STARGET Linné grant), The Swedish Cancer
Society and Stockholm City Council.

REFERENCES

1. Aletti GD, Dowdy SC, Gostout BS, Jones MB, Stanhope
CR, Wilson TO, Podratz KC, Cliby WA. Aggressive surgical
effort and improved survival in advanced-stage ovarian
cancer. Obstetrics and gynecology. 2006; 107:77-85.

2. Goodman MT, Shvetsov YB. Incidence of ovarian, peritoneal,
and fallopian tube carcinomas in the United States, 1995-
2004. Cancer Epidemiol Biomarkers Prev. 2009; 18:132-139

3. Bodurka DC, Deavers MT, Tian CQ, Sun CC, Malpica
A, Coleman RL, Lu KH, Sood AK, Birrer MJ, Ozols R,
Baergen R, Emerson RE, Steinhoff M, Behmaram B, Rasty
G, Gershenson DM. Reclassification of serous ovarian
carcinoma by a 2-tier system. Cancer-Am Cancer Soc.
2012; 118:3087-3094.

4. Malpica A, Deavers MT, Lu K, Bodurka DC, Atkinson EN,
Gershenson DM, Silva EG. Grading ovarian serous carcinoma
using a two-tier system. Am J Surg Pathol. 2004; 28:496-504.

5. Integrated Genomic Analysis of Ovarian Carcinoma.
Cancer Discov. 2011; 1:197-197.

6. Konstantinopoulos PA, Ceccaldi R, Shapiro GI, D'Andrea
AD. Homologous Recombination Deficiency: Exploiting
the Fundamental Vulnerability of Ovarian Cancer. Cancer
Discov. 2015; 5:1137-1154.

7. Clark TG, Stewart ME, Altman DG, Gabra H, Smyth JF.
A prognostic model for ovarian cancer. British journal of
cancer. 2001; 85:944-952.

8. Lessan K, Aguiar DJ, Oegema T, Siebenson L, Skubitz
APN. CD44 and beta 1 integrin mediate ovarian carcinoma

cell adhesion to peritoneal mesothelial cells. American
Journal of Pathology. 1999; 154:1525-1537.

www.impactjournals.com/oncotarget

18582

Oncotarget



10.

11.

13.

14.

16.

17.

19.

20.

21.

22.

Oktem O, Oktay K. The ovary: anatomy and function
throughout human life. Annals of the New York Academy
of Sciences. 2008; 1127:1-9.

Lee WS, Otsuka F, Moore RK, Shimasaki S. Effect of bone
morphogenetic protein-7 on folliculogenesis and ovulation
in the rat. Biology of reproduction. 2001; 65:994-999.

Yao Q, Qu X, Yang Q, Wei M, Kong B. CLIC4
mediates TGF-betal-induced fibroblast-to-myofibroblast
transdifferentiation in ovarian cancer. Oncology reports.
2009; 22:541-548.

Lis R, Touboul C, Halabi NM, Madduri AS, Querleu D,
Mezey J, Malek JA, Suhre K, Rafii A. Mesenchymal cell
interaction with ovarian cancer cells induces a background
dependent pro-metastatic transcriptomic profile. Journal of
translational medicine. 2014; 12:59.

Zhang Y, Tang H, Cai J, Zhang T, Guo J, Feng D, Wang
Z. Ovarian cancer-associated fibroblasts contribute to
epithelial ovarian carcinoma metastasis by promoting
angiogenesis, lymphangiogenesis and tumor cell invasion.
Cancer letters. 2011; 303:47-55.

Schauer IG, Sood AK, Mok S, Liu JS. Cancer-Associated
Fibroblasts and Their Putative Role in Potentiating the
Initiation and Development of Epithelial Ovarian Cancer.
Neoplasia. 2011; 13:393-405.

Leung CS, Yeung TL, Yip KP, Pradeep S, Balasubramanian
L, LiuJ, Wong KK, Mangala LS, Armaiz-Pena GN, Lopez-
Berestein G, Sood AK, Birrer MJ, Mok SC. Calcium-
dependent FAK/CREB/TNNCI signalling mediates the
effect of stromal MFAP5 on ovarian cancer metastatic
potential. Nat Commun. 2014; 5:5092.

Cirri P, Chiarugi P. Cancer associated fibroblasts: the dark
side of the coin. American journal of cancer research. 2011;
1:482-497.

Pietras K, Ostman A. Hallmarks of cancer: interactions
with the tumor stroma. Experimental cell research. 2010;
316:1324-1331.

Kraman M, Bambrough PJ, Arnold JN, Roberts EW,
Magiera L, Jones JO, Gopinathan A, Tuveson DA, Fearon
DT. Suppression of antitumor immunity by stromal cells
expressing fibroblast activation protein-alpha. Science.
2010; 330:827-830.

Paulsson J, Micke P. Prognostic relevance of cancer-
associated fibroblasts in human cancer. Seminars in cancer
biology. 2014; 25:61-68.

Gaengel K, Genove G, Armulik A, Betsholtz C.
Endothelial-mural cell signaling in vascular development
and angiogenesis. Arteriosclerosis, thrombosis, and vascular
biology. 2009; 29:630-638.

Gerhardt H, Betsholtz C. Endothelial-pericyte interactions
in angiogenesis. Cell and tissue research. 2003; 314:15-23.
Franco M, Roswall P, Cortez E, Hanahan D, Pietras
K. Pericytes promote endothelial cell survival through
induction of autocrine VEGF-A signaling and Bcl-w
expression. Blood. 2011; 118:2906-2917.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Benjamin LE, Hemo I, Keshet E. A plasticity window for
blood vessel remodelling is defined by pericyte coverage
of the preformed endothelial network and is regulated by
PDGEF-B and VEGF. Development. 1998; 125:1591-1598.

Cooke VG, LeBleu VS, Keskin D, Khan Z, O'Connell JT,
Teng Y, Duncan MB, Xie L, Maeda G, Vong S, Sugimoto
H, Rocha RM, Damascena A, Brentani RR, Kalluri R.
Pericyte depletion results in hypoxia-associated epithelial-
to-mesenchymal transition and metastasis mediated by met
signaling pathway. Cancer cell. 2012; 21:66-81.

Yao X, Qian CN, Zhang ZF, Tan MH, Kort EJ, Yang XJ,
Resau JH, Teh BT. Two distinct types of blood vessels in
clear cell renal cell carcinoma have contrasting prognostic
implications. Clinical Cancer Research. 2007; 13:161-169.
Dulauroy S, Di Carlo SE, Langa F, Eberl G, Peduto L.
Lineage tracing and genetic ablation of ADAMI2(+)
perivascular cells identify a major source of profibrotic cells
during acute tissue injury. Nat Med. 2012; 18:1262-1270.

Gerlinger M, Rowan AJ, Horswell S, Larkin J, Endesfelder
D, Gronroos E, Martinez P, Matthews N, Stewart A, Tarpey
P, Varela I, Phillimore B, Begum S, McDonald NQ, Butler
A, Jones D, et al. Intratumor heterogeneity and branched
evolution revealed by multiregion sequencing. The New
England journal of medicine. 2012; 366:883-892.

Ozdemir BC, Pentcheva-Hoang T, Carstens JL, Zheng
XF, Wu CC, Simpson TR, Laklai H, Sugimoto H, Kahlert
C, Novitskiy SV, De Jesus-Acosta A, Sharma P, Heidari
P, Mahmood U, Chin L, Moses HL, et al. Depletion of
Carcinoma-Associated Fibroblasts and Fibrosis Induces
Immunosuppression and Accelerates Pancreas Cancer with
Reduced Survival. Cancer cell. 2014; 25:719-734.

Rhim AD, Oberstein PE, Thomas DH, Mirek ET, Palermo
CF, Sastra SA, Dekleva EN, Saunders T, Becerra CP,
Tattersa IW, Westphalen CB, Kitajewski J, Fernandez-
Barrena MG, Fernandez-Zapico ME, lacobuzio-Donahue C,
Olive KP, et al. Stromal Elements Act to Restrain, Rather
Than Support, Pancreatic Ductal Adenocarcinoma. Cancer
cell. 2014; 25:735-747.

Acosta S, Mayol G, Rodriguez E, Lavarino C, de Preter
K, Kumps C, Garcia I, de Torres C, Mora J. Identification
of tumoral glial precursor cells in neuroblastoma. Cancer
letters. 2011; 312:73-81.

Driskell RR, Lichtenberger BM, Hoste E, Kretzschmar
K, Simons BD, Charalambous M, Ferron SR, Herault
Y, Pavlovic G, Ferguson-Smith AC, Watt FM. Distinct
fibroblast lineages determine dermal architecture in skin
development and repair. Nature. 2013; 504:277-+.
Yachida S, Jones S, Bozic I, Antal T, Leary R, Fu BJ,
Kamiyama M, Hruban RH, Eshleman JR, Nowak MA,
Velculescu VE, Kinzler KW, Vogelstein B, Iacobuzio-
Donahue CA. Distant metastasis occurs late during the
genetic evolution of pancreatic cancer. Nature. 2010;
467:1114-U1126.

Webster JA, Beck AH, Sharma M, Espinosa I, Weigelt B,
Schreuder M, Montgomery KD, Jensen KC, van de Rijn

WWWwW

.impactjournals.com/oncotarget

18583

Oncotarget



34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

M, West R. Variations in stromal signatures in breast and
colorectal cancer metastases. J Pathol. 2010; 222:158-165.

Helfrich I, Scheffrahn I, Bartling S, Weis J, von Felbert V,
Middleton M, Kato M, Ergun S, Augustin HG, Schadendorf
D. Resistance to antiangiogenic therapy is directed by
vascular phenotype, vessel stabilization, and maturation in
malignant melanoma. J Exp Med. 2010; 207:491-503.

Pietras K, Hanahan D. A multitargeted, metronomic, and
maximum-tolerated dose "chemo-switch" regimen is
antiangiogenic, producing objective responses and survival
benefit in a mouse model of cancer. J Clin Oncol. 2005;
23:939-952.

Frings O, Augsten M, Tobin NP, Carlson J, Paulsson
J, Pena C, Olsson E, Veerla S, Bergh J, Ostman A,
Sonnhammer EL. Prognostic significance in breast cancer
of a gene signature capturing stromal PDGF signaling. The
American journal of pathology. 2013; 182:2037-2047.

Hagglof C, Hammarsten P, Josefsson A, Stattin P, Paulsson
J, Bergh A, Ostman A. Stromal PDGFRbeta expression in
prostate tumors and non-malignant prostate tissue predicts
prostate cancer survival. PloS one. 2010; 5:¢10747.

Andrae J, Gallini R, Betsholtz C. Role of platelet-derived
growth factors in physiology and medicine. Gene Dev.
2008; 22:1276-1312.

Forsberg K, Valyinagy I, Heldin CH, Herlyn M,
Westermark B. Platelet-Derived Growth-Factor (Pdgf) in
Oncogenesis - Development of a Vascular Connective-
Tissue Stroma in Xenotransplanted Human-Melanoma
Producing Pdgf-Bb. Proceedings of the National Academy
of Sciences of the United States of America. 1993;
90:393-397.

Pena C, Cespedes MV, Lindh MB, Kiflemariam S,
Mezheyeuski A, Edqvist PH, Hagglof C, Birgisson H,
Bojmar L, Jirstrom K, Sandstrom P, Olsson E, Veerla
S, Gallardo A, Sjoblom T, Chang ACM, et al. STC1
Expression By Cancer-Associated Fibroblasts Drives
Metastasis of Colorectal Cancer. Cancer research. 2013;
73:1287-1297.

LeBleu VS, Kalluri R. Blockade of PDGF receptor
signaling reduces myofibroblast number and attenuates
renal fibrosis. Kidney international. 2011; 80:1119-1121.
Pietras K, Ostman A, Sjoquist M, Buchdunger E, Reed
RK, Heldin CH, Rubin K. Inhibition of platelet-derived
growth factor receptors reduces interstitial hypertension
and increases transcapillary transport in tumors. Cancer
research. 2001; 61:2929-2934.

Pietras K, Rubin K, Sjoblom T, Buchdunger E, Sjoquist
M, Heldin CH, Ostman A. Inhibition of PDGF receptor

signaling in tumor stroma enhances antitumor effect of
chemotherapy. Cancer research. 2002; 62:5476-5484.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Baranowska-Kortylewicz J, Abe M, Pietras K, Kortylewicz
ZP, Kurizaki T, Nearman J, Paulsson J, Mosley
RL, Enke CA, Ostman A. Effect of platelet-derived
growth factor receptor-beta inhibition with STI571 on
radioimmunotherapy. Cancer research. 2005; 65:7824-7831.

Magnusson PU, Looman C, Ahgren A, Wu Y, Claesson-
Welsh L, Heuchel RL. Platelet-derived growth factor
receptor-beta constitutive activity promotes angiogenesis
in vivo and in vitro. Arteriosclerosis, thrombosis, and
vascular biology. 2007; 27:2142-2149.

Tothill RW, Tinker AV, George J, Brown R, Fox SB,
Lade S, Johnson DS, Trivett MK, Etemadmoghadam D,
Locandro B, Traficante N, Fereday S, Hung JA, Chiew YE,
Haviv I, Australian Ovarian Cancer Study G, et al. Novel
molecular subtypes of serous and endometrioid ovarian
cancer linked to clinical outcome. Clinical cancer research.
2008; 14:5198-5208.

Yoshihara K, Tsunoda T, Shigemizu D, Fujiwara H, Hatae
M, Fujiwara H, Masuzaki H, Katabuchi H, Kawakami
Y, Okamoto A, Nogawa T, Matsumura N, Udagawa Y,
Saito T, Itamochi H, Takano M, et al. High-risk ovarian
cancer based on 126-gene expression signature is uniquely
characterized by downregulation of antigen presentation
pathway. Clinical cancer research. 2012; 18:1374-1385.

Cancer Genome Atlas Research N. Integrated genomic
analyses of ovarian carcinoma. Nature. 2011; 474:609-615.

Sennino B, Kuhnert F, Tabruyn SP, Mancuso MR, Hu-Lowe
DD, Kuo CJ, McDonald DM. Cellular source and amount
of vascular endothelial growth factor and platelet-derived
growth factor in tumors determine response to angiogenesis
inhibitors. Cancer research. 2009; 69:4527-4536.

Heintz APM, Odicino F, Maisonneuve P, Quinn MA,
Benedet JL, Creasman WT, Ngan HY'S, Pecorelli S, Beller
U. Carcinoma of the ovary. Int J Gynecol Obstet. 2006;
95:S161-S192.

Bocker W. The WHO classification of breast tumours
and tumours of the female genital organs: Pathology and
genetics. Verh Deut G. 2002; 86:116-119.

Vermeij R, de Bock GH, Leffers N, Ten Hoor KA, Schulze
U, Hollema H, van der Burg SH, van der Zee AG, Daemen
T, Nijman HW. Tumor-infiltrating cytotoxic T lymphocytes
as independent prognostic factor in epithelial ovarian cancer
with wilms tumor protein 1 overexpression. Journal of
immunotherapy. 2011; 34:516-523.

Ganzfried BF, Riester M, Haibe-Kains B, Risch T,
Tyekucheva S, Jazic I, Wang XV, Ahmadifar M,
Birrer MJ, Parmigiani G, Huttenhower C, Waldron L.
curatedOvarianData: clinically annotated data for the
ovarian cancer transcriptome. Database. 2013; 2013:bat013.

www.impactjournals.com/oncotarget

18584

Oncotarget



