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Immunohistochemistry. Paraffin-embedded sections were depar-
affinised in xylene and dehydrated through a graded ethanol series.
The sections were heated in Tris-EDTA buffer (pH 9.0) for 10 min
at 121°C in an autoclave for antigen retrieval, and endogenous
peroxidase was quenched in 0.03% hydrogen peroxidase for
15min. The specimens were then incubated with the primary
antibody: anti-NRP1 (sc-5307, 1:50; Santa Cruz Biotechnology,
Santa Cruz, CA, USA) overnight at 4 °C, or anti-CD31 (LS-B1932;
LifeSpan BioSciences, Seattle, WA, USA) for 1h at room
temperature. The remaining steps were carried out with the
Envision + System-HRP (DAKO, Glostrup, Denmark), followed
by counterstaining with haematoxylin. Specificity of this antibody
was verified by immunostaining of human kidney tissue samples.
To assess tissue NRP1 expression, the sections were scored semi-
quantitatively (on a scale of Immunohistochemistry (IHC)-0-3:
negative =0, weak = 1, moderate = 2, and strong = 3) according to
the intensity of chromogen deposition in 10% or more of the
neoplastic cells.

Microvessel density. Microvessel density (MVD) was measured
by counting the number of CD31-positive blood vessels at selected
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Figure 1. (A-D) Representative photomicrographs showing
immunohistochemical staining and detailed expression of neuropilin-1
(NRP1, brown colour) in pancreatic ductal adenocarcinomas. Nine
(18.8%) cases were negative (IHC-0, A), 17 (35.4%) were weakly positive
(IHC-1+, B), 12 (25.0%) were moderately positive (IHC-2 +, C), and 10
(20.8%) were strongly positive (IHC-3+, D). (E and F) Kaplan-Meier
analysis of overall survival (E) and disease-free survival (F) in relation to
low (IHC-0/1 +) or high (IHC-2 +/3 +) NRP1 expression in pancreatic
cancer. Patients with high NRP1 expression showed shorter overall
survival (P=0.0278) and disease-free survival (P=0.0173) than patients
with low NRP1 expression.
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Abbreviation: CEA=carcinoembryonic antigen.
#Number of vessels per 100 magnification field.
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hotspots in high-magnification fields ( x 200). Four randomly
selected regions were analysed and averaged.

Statistical analysis. Values are presented as the means and
standard deviation. Statistical analyses were conducted using
Dr SPSS II for Windows software (SPSS Inc., Chicago, IL, USA).
Differences between groups were assessed statistically using
Student’s #-test or Tukey-~Kramer test for parametric data, or the
Mann-Whitney U-test for non-parametric data. Overall and
disease-free survival curves were drawn according to the Kaplan-
Meier method, and differences between the curves were analysed
by applying the log-rank test. Multivariate Cox regression analysis
was used to analyse the independent prognostic factors related to
survival. Differences at P<0.05 were considered to be statistically
significant.

Correlation of NRP1 overexpression with poor outcome in
clinical cases of pancreatic cancer. Neuropilin-1 immunostaining
in clinical specimens of pancreatic ductal adenocarcinoma from 48
patients was predominantly identified in the cytoplasm and on the
cell surfaces of malignant ductal cells (Figure 1). According to the
semi-quantitative assessment criteria employed, the specimens
were divided into 4 groups: 9 cases (19.7%) that were negative
(THC-0, Figure 14), 17 (35.4%) that were weakly immunostained
(THC-1 +, Figure 1B), 12 (25.0%) that were moderately immuno-
stained (IHC-2+, Figure 1C), and 10 (20.8%) that showed
strongly positive immunostaining (IHC-3 +, Figure 1D). Compar-
isons between low NRP1 expression (IHC-0/1 + ) and high NRP1
expression (IHC-2 + /3 + ) demonstrated similar clinicopathological
features, except for MVD within the tumour (P =0.018, Table 1).
The 3- and 5-year survival rates for the 48 patients overall were
54.2% and 12.5%, respectively. Kaplan-Meier analysis demon-
strated a significant difference in overall survival between the
groups showing high NRP1 expression (median 16.7 months,
range 0.5-46.6 months) and low NRP1 expression (median 34.9
months, range 5.6-94.3 months) (P = 0.0278, Figure 1E). Disease-
free survival also differed significantly between high (median 8.2
months, range 0.5-46.6 months) and low NRP1 expression
(median 16.1 months, range 3.2-943 months) (P=0.017,

Figure 1F). Multivariate analysis using the Cox proportional
hazards model indicated that, apart from positivity for lymph-node

metastasis (hazard ratio (HR) =5.620, 95% confidence interval
(CI): 1.312-24.071, P=0.020), involvement of the resection
margin (HR = 5.394, 95% Cl: 2.227-13.068, P<0.001) and high
expression of NRP1 (HR ==2.391, 95% CI: 1.045~5.469, P = 0.039)
were significantly correlated with poor overall survival, and were
independent prognostic factors for pancreatic cancer (Table 2).

iRGD peptide facilitates drug penetration into murine pancreatic
cancer models showing NRP1 overexpression. To investigate the
activity of iRGD peptide, co-injection of Evans blue dye, and
fluorochrome-labelled dextran was performed. Evans blue dye
accumulation was enhanced 1.9-fold in two CXs (BxPC-3 and MIA
PaCa-2) by co-administration of iRGD; however, enhanced dye
accumulation was not observed in the remaining three CXs
(Figure 2A; Supplementary Figure S1).

To evaluate the correlation between the iRGD inducing drug
penetration effect and NRP1 expression in cancer cells, IHC was
performed. Two CXs that showed enhanced dye accumulation
were strongly positive (3 --), and the remaining three CXs were
weakly positive (1+) (Figure 2B; Supplementary Figure 52).

Three CXs (BxPC-3, MIA PaCa-2, and SUIT-2) and three TGs
that showed NRP1 overexpression (Supplementary Figure S2) were
employed in dextran experiments. Co-administration of iRGD
peptide induced the dextran penetration into tumour parenchyma
compared with dextran single administration (Figures 2C and D).
Extended dextran-positive areas in CXs were 1.8-fold in BxPC-3
(P=10.001) and 2.1-fold in MIA PaCa-2 (P =0.024), but had no
effect in SUIT-2 (Figure 2E). Penetration of dextran by co-
administration of iRGD peptide was also observed in TGs, the
areas of dextran distribution were extended 1.7-fold in PC-03
(P=0.008), 3.0-fold in PC-09 (P =0.001), and 1.9-fold in PC-10
(P=0.040) (Figure 2E).

Enhancement of the anticancer effect by co-administration of
GEM and iRGD peptide in comparison with GEM monotherapy.
Enhanced drug penetration into tumour was evaluated by Evans
blue dye as a drug substitute tracer (Figure 3A). Drug accumula-
tions in two CXs and one TG (PC-03) were significantly enhanced
by iRGD co-administration; however, the effects in other two TGs
(PC-09 and 10) were not remarkable. Similarly, co-administration
of iRGD with GEM significantly decreased tumour growth in
comparison with GEM monotherapy in BxPC-3 (P=0.046,
PFigures 3B and C) and MIA PaCa-2 (P =0.037, Figure 3C). One
TG model (PC-03) also showed a significant tumour growth

| Univariate analysis I Multivariate analysis
Factor HR 95% Cl P-value HR 95% ClI P-value
Age (360 years) 0.934 0.418-2.084 0.867 NA NA NA
Gender (male) 0.885 0.415-1,887 0.752 NA NA NA
T factor (T4) 1.433 0.642-3.199 0.380 NA NA NA
Tumour size (240 mm) 2.166 1.010~4.646 0.047 1.738 0.748-4.042 0.199
Lymph-node status (positive) 6.712 1.585-28.421 0.010 5.620 1.312-24.071 0.020
Vascular invasion (positive) 1.768 0.769-4.068 0.180 NA NA NA
Perineural invasion (positive) 1.726 0.797-3.740 0.166 NA NA NA
Resection margin {positive) 5.757 2.501-13.251 <0.001 5.394 2.227-13.068 <0.001
Microvessel density® (25) 1.214 0.543-2.715 0.637 NA NA NA
Neuropilin-1 expression (high) 2.334 1.072-5.083 0,033 2.391 1.045-5.469 0.039
Abbreviations: Cl = confidence interval; HR = hazard ratio; NA = not applicable.
ANumber of vessels per 100 magnification field.
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Figure 2. (A) Evans blue dye accumulation assay for cell line-based xenograft models (cell xenografts: CXs). Co-administration of iRGD peptide
with a drug (black bar) was compared with administration of a single drug alone (grey bar) or IRGE peptide (white bar). Dye accumulation was
enhanced 1.9-fold in BxPC-3 and MIA PaCa-2, but not in SUIT-2. Control peptide (iRGE) showed no enhancement of dye accumulation (N=4 per
group). (B) Neuropilin-1 (NRP1) expression in animal models (> 400 magnification; scale bar, 100 um). Overexpression of NRP1 was shown in
BxPC-3 (upper) and MIA PaCa-2 (not shown), but not in SUIT-2 (lower). (C and D) Distribution of fluorochrome (Alexa-488, green)-labelled dextran
in frozen sections of PC-09 ( x 200 magnification; scale bar, 200 um). Tumour vasculature was stained with anti-CD31 antibody (red), and nuclei
were stained with DAP! (blue). Dextran appeared faintly after single administration (C), and it was more widely distributed with a stronger intensity
after co-administration with iRGD peptide (D). (E) The areas of dextran distribution were calculated and compared. iRGD co-administration
increased the area of dextran distribution 1.8-fold in BXxPC-3 (P =0.001), 2.1-fold in MIA PaCa-2 (P=0.024), 1.7-fold in PC-03 (P=0.008), 3.0-fold
in PC-09 (P =0.001), and 1.9-fold in PC-10 (P=0.040). *P<0.05, **P<0.01.

suppression by the combination therapy (P = 0.048), but the other
two TGs (PC-09 and 10) exhibited no significant differences
(Figure 3C). The body weight of mice was decreased on days 12
and 15 in the GEM administered groups relative to the control
group, but there was no significant difference in body weight
between the iRGD co-administration group and the GEM
monotherapy group (data not shown).

The present study conducted to re-evaluate the use of iRGD
peptide demonstrated that it boosted the accumulation of drugs in
two of five pancreatic cancer CXs that showed high expression of

NRP1, and the anticancer effects of GEM were also enhanced by
iRGD co-administration in these two CXs. We concluded that
iRGD co-administration therapy would be indicated for nearly half
of all patients with pancreatic cancer showing NRP1 over-
expression, and we further evaluated this possibility using clinically
relevant murine pancreatic cancer TG models. Enhancement of
drug accumulation by iRGD was also observed in TGs, but the
effects were less marked than those in CXs. Additionally, a
significant anticancer booster effect of GEM plus iRGD combina-
tion therapy was observed in only one model.

First, our experiments using five CXs reconfirmed the enhanced
drug accumulation effect of iRGD peptide. It was noteworthy that
our experiments demonstrated that the effect of iIRGD was
dependent on the level of NRP1 expression; that is, the effects of
iRGD were marked in two high-NRP1 CXs, but not significant in
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Figure 3. Tumour treatment studies involving co-administration of IRGD peptsde A Enhar\ced drug accumulat:on into tumour using Evans blue
dye as a drug substitute tracer. Drug accumulations were enhanced about twofolds by iRGD in two CXs and one TG; however, the effects were not
significant in another two TGs. (B) Tumour appearances in ectopic BxPC3 models at 28 days after the treatment initiation. (C) Tumour growth
curves of gemcitabine (GEM) and iRGD combination therapy. Tumour—bearmg mice were mjected with 100mg kg ! gemcitabine or 100 ul of PBS
(twice per week for 2 weeks; days 1, 4, 8, and 11; arrows show the day of infusion) combined with injection of PBS (Control, and GEM groups) or
8 umolkg ™! IRGD peptide (IRGD, and GEM +iRGD group) 10 min beforehand (N =4 per group). Tumour growth curves of two CXs (BxPC-3 and
MIA PaCa-2) and three TGs (PC-03, PC-09, and PC-10) are indicated. *P<0.05, **P<0.01, ***P<0.001; n.s., not statistically significant.

three low-NRP1 models. These results suggest that iRGD peptide -

co-administration would be beneficial for subset patients with
NRP1-overexpressing tumours, similarly to a molecular targeting
agent.

We then evaluated the populations of pancreatic cancer

overexpressing NRP1 in clinical specimens. Neuropilin-1 over-
expression was seen in 45.8% of specimens, and the patients
concerned had worse outcomes than patients whose tumours had
low NRP1 expression (Figures 1E and F), Neuropilin-1 is known to
be a co-receptor that enhances the binding of VEGF-A to the
VEGF receptor (Soker et al, 1998), and NRP1 overexpression
induces upregulation of VEGF signalling that is associated with
angiogenesis and cancer metastases (Poon et al, 2001). Our finding
that NRP1 overexpression was associated with higher MVD
(Table 1) was considered to reflect upregulation of VEGF
signalling. However, it should also be noted that resistance to
GEM might have contributed to the differences in outcome.
Neuropilin-1-overexpressing pancreatic cancer cell lines showed
chemoresistance to GEM in vitro (Wey et al, 2005). All of the
patients included in our study had received GEM-based adjuvant
chemotherapy, and the effects of drug resistance should therefore
be considered.

The effect of iRGD peptide in enhancing drug penetration is
expected to improve the efficacy of treatment for dismal solid
tumours, including pancreatic cancer. However, CXs do not
adequately represent the clinical features of pancreatic cancer. We
therefore employed pancreatic TGs, which have been reported to
show better clinical predictive ability (Dong et al, 2010; Hidalgo
et al, 2011; Morelli et al, 2012), and our previous evaluation had
indicated that the drug delivery characteristics of TGs were more
clinically reproducible. Histological findings of pancreatic TGs
were more similar to clinical pancreatic cancer compared with
CXs, as showing the atypical cancer glands and stromal tissues
(Supplementary Figure S2). Internalised-RGD peptide certainly

induced ‘drug penetration in all TGs that were overexpressed
NRPI, combination therapy using iRGD peptide was considered to
be .applicable for clinical pancreatic cancer.

I“mally, the efficacy of iRGD peptide co-administration with
GEM was verified using five pancreatxc cancer models that showed
“enhanced drug accumulation ‘in dextran experiments. In three
models, iRGD ‘peptide significantly enhanced drug accumulation
into tumour (Figure 3A). Anticancer effect of GEM was also
enhanced by iRGD co-administration in these three models
(Figure 3C). Therefore, it seems possible to co-administer GEM,
which is a key first-line drug for pancreatic cancer, with iRGD
peptide, though the molecular size of GEM (0.3kDa) is smaller
than that of agents previously validated (0.6 kDa-130 nm, Sugahara
et al, 2010). On the other hand, enhanced drug accumulations by
iRGD peptide in the remaining two TGs were limited (Figure 3A),
and the anticancer effects were also not significantly enhanced
(Figure 3C). A major factor influencing the results was considered
to be different histological findings among these models. Drug
penetrations around the perfusing tumour vessels were not so
different between CXs and TGs as shown in dextran experiments
(Figure 2E). However, TGs included relative fewer blood vessels
and more stromal tissues like clinical pancreatic cancer, as we
previously reported (Akashi et al, 2013). We therefore considered
that the efficacy of iRGD co-administration might be limited in
clinical pancreatic cancer, characterised as poor vascularity and
prominent desmoplastic reaction. A TG model (PC-03) that
showed significant effect of iRGD peptide was established by
transplantation of liver metastatic cancer tissue, whereas the other
two TGs (PC-09 and 10) were established from primary pancreatic
cancer. Histological findings of PC-03 (Supplementary Figure S2)
were relatively similar to CXs, as characterised as hypervascular
and fewer stromal tissues (Supplementary Figure $2; Akashi et al,
2013). Paradoxically, it is presumed that the impact of histological
features on the iRGD efficacy is greater. Though, the difference of

6
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drug susceptibility between CXs and TGs should be accounted for
the interpretation of our results. As shown in Figure 3C, GEM
monotherapy showed <50% inhibition of tumour growth in two
CXs. In contrast, tumour growths in both TGs were significantly
supressed by GEM monotherapy. Therefore, further validations,
such as experiments using GEM-resistant TGs, might be required.
Our re-evaluations of iRGD peptide demonstrated a substantial
booster accumulation effect of drugs in mouse pancreatic cancer
models with high NRP1 expression, and this effect may be
exploitable in nearly half of all patients with pancreatic cancer
showing high NRP1 expression. Since the booster anticancer effects
of iRGD co-administration with GEM were marked only in cell
line-based models but not so great in TGs, the possible clinical
application of iRGD peptide should be considered carefully.
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Introduction

Although tumor size is a major prognostic factor in many
cancers, prognosis in gastrointestinal cancer is stratified not by
tumor size but by tumor spread [1]. Peritoneal invasion in
colorectal cancer has been reported to be a strong prognostic
factor, but this term was not well defined, and detection and
diagnosis methods have been questioned [2-4]. Recent patholog-
ical reports have demonstrated that elastica stain, which highlights
the peritoneal elastic lamina near the periotoneal surface, is useful
for objective detection of peritoneal invasion. We and others have
determined that peritoneal invasion defined as tumor invasion

PLOS ONE | www.ploscne.org

beyond the peritoneal elastic lamina (elastic laminal invasion: ELI)
is a strong prognostic factor that can influence future pT criteria in
the Union for International Cancer Control (UICC) TNM
classification [5-7]. The peritoneum is a very thin membrane,
within 500 pm thick, and the peritoneal elastic lamina exists
within this membrane. The frequency of synchronous metastasis
and recurrence is increased by 2 to 4 times when a tumor invades
this narrow space [5]. These results may suggest that tumor
progression and metastasis are facilitated by a cancer microenvi-
ronment formed by peritoneal invasion (CMPI). The extent of

February 2014 | Volume 9 | Issue 2 | e88018



CMPI can be identified by using elastica stain, and pathological
features of CMPI can also be determined.

A tissue microarray facilitates the evaluation of protein
expression for a large number of tissue blocks from a single
specimen, and area-specific tissue microarrays have been reported
to be useful for studying specific tumor areas in large cohorts [8].
After determination of CMPI by using elastica stain, a tissue core
can be obtained from this area and a comparison with the features
of other tumor areas can also be performed. This process may
allow for an assessment of the important biological phenomena
occurring in this cancer microenvironment.

Recent advances in cancer research have established the
concept of cancer microenvironment that promotes tumor
initiation, invasion, and metastasis [9]. Although the cancer
microenvironment is composed of many types of cells, the use of
area-specific tissue microarrays may allow for a focus on the cell
components that characterize CMPI, Furthermore, if these cell
components can be cultivated from the histologically correspond-
ing subperitoneal region, a biological study to elucidate this
putative cancer-promoting microenvironment can be performed.

The aim of this study was to explain how the colorectal cancer
prognosis is affected by peritoneal invasion. We constructed area-
specific tissue microarray system to determine the characteristic
cell components of CMPIL Next, we cultivated specific fibroblast
subpopulations from the submucosal and subperitoneal layers of
the human colonic wall. The biological characteristics and gene
profiles of submucosal fibroblasts (SMFs) and subperitoneal
fibroblasts (SPFs) with or without cancer-cell-conditioned medium
(CCCM) stimulation were compared. Subsequently, we construct-
ed xenograft tumors by co-injection of cancer cells with either
SPFs or SMFs. Our study proposed a new candidate for a cancer-
promoting microenvironment in colon cancer and elucidated SPFs
as crucial players in the enhancement of tumor progression and
metastasis.

Patients and Methods

Ethics Statement

This study was approved by the National Cancer Center
Hospital East Institutional Review Board (No: 19-021). A written
general consent to use biologic materials for research was obtained
from each participant prior to tissue acquisition. Animal exper-
iments were approved by the Animal Ethics Committee of the
National Cancer Center Hospital East (K11-032).

Patient Characteristics and Detection of ELI

Four hundred consecutive patients with TNM classification (
edition) pT3 and pT4a colon cancer [10], undergoing surgery
between 1996 and 2003 at the National Cancer Center Hospital
East, were enrolled. Using elastica stain, we identified 173 cases
with ELL and further examined these using area-specific tissue
microarrays [5,8]. Of the 173 cases with ELI, 107 were pT3 and
66 were pT4a.

5lh

Construction of Area-Specific Tissue Microarrays

To elucidate the pathological features of CMPI in colon cancer
tissue, we defined the cancer microenvironment as follows: (a)
CMPI has a tumor border with peritoneal invasion and (b) the
cancer microenvironment formed by submucosal invasion (CMSI)
has a submucosal invasive tumor border (Figure 1A) [5]. The 2-
point tissue microarray was then established as previously
described [8]. Each tumor area was marked with ink on the
histological slide; a single tissue core of 2 mm in diameter was
obtained from each cancer microenvironment and transferred to a

PLOS ONE | www.plosone.org

Colonic Subperitoneal Fibroblast

recipient block using a Tissue Microarrayer (Azumaya, Tokyo,
Japan). In 24 cases, insufficient cancer tissue was obtained from
the CMPL However, sufficient tissue was obtained in 149 cases;
these were analyzed histologically and immunohistochemically
(See Materials and Methods S1, and Table S1).

Antibodies, Regents, and Immunohistochemistry

The antibodies, reagents, and the immunohistochemical proce-
dures used are described in Materials and Methods S1 and the
Table S2.

Evaluation of Area-Specific Tissue Microarray Sections

High-resolution slide images were acquired from all tissue cores
with hematoxylin-eosin (H.E) and immunohistochemistry staining,
using NanoZoomer 2.0-HT slide scanner (Hamamatsu photonics,
Hamamatsu, Japan). All cores were examined using viewer
software (NDP view: Hamamatsu photonics, Hamamatsu, Japan).
When the area of fibrosis exceeded 50% of a whole tissue core
with a 2 mm diameter upon H.E staining, it was defined as
positive for marked fibrosis. On immunohistochemical staining,
hot spots with CD3-, CD31-, and CD68-positive cells or vessels
were selected in the viewer software, then an image of x20
magnification (0.51 mm?) was taken, and saved as a JPEG file.
Positive cells or vessels were counted in each image using
morphometric software (WinRoof, Mitani Corporation, Fukui,
Japan). Moreover, the area with highest alpha smooth muscle
actin (a-SMA) expression in fibroblasts was selected, then a x20
magnification (0.51 mm? image was taken, and saved as a JPEG
file. The ratio of the «-SMA positive area in the image was
calculated using morphometric software, as described previously
[11]. The o-SMA expression in normal muscle tissue, as
determined by comparison with a serial H.E slide, was not
evaluated. H.E and immunohistochemical staining data of CMPI
was compared with that of CMSI to elucidate the histological
characteristics of CMPL

Primary Cells and Cell Lines

Submucosal tissue was obtained from sigmoid colon tissue more
than 5 cm distant from the tumor. Colonic tissue was dissected
from the muscular layer on the luminal side, and lamina propria
and mucosal layer tissues were obtained. Next, the lamina propria
was scrubbed away to obtain submucosal tissue. Subperitoneal
tissue was obtained from the sigmoid colon mesentery at more
than 5 cm distant from the tumor by using operating tweezers and
scissors. These tissues were washed with phosphate-buffered saline
(PBS) and incubated in 5% trypsin for 20 minutes, 3 times. The
supernatant was centrifuged, plated on a dish, and submucosal
fibroblasts (SMFs) and subperitoneal fibroblasts (SPFs) were
obtained and then grown and maintained in MF-medium
(Toyobo, Tokyo, Japan) [12]. All experiments were performed
on cells within 8 passages.

The human colorectal cancer cell lines DLD-1 and Caco-2 were
obtained from the American Type Culture Collection and grown
in Dulbecco’s modified Eagle medium (DMEM) (Sigma-Aldrich,
Saint Louis, MO) containing 100 U/mL penicillin, 100 pg/mL
streptomycin (Sigma-Aldrich, Saint Louis, MO), and 10% fetal
bovine serum (FBS; Gibco, Palo Alto, CA).

Cell Proliferation Assay, Immunocytochemical Staining,
and Flow Cytometry Analysis
Cell proliferation assays, immunocytochemical staining, and

flow cytometry analyses were performed as described in Materials
and Methods S1.
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Stimulation of Fibroblasts by Cancer Cell Medium

Initially, 1.7x10*/cm” of fibroblasts and DLD-1 cells were
grown separately in DMEM containing 100 U/mL penicillin,
100 pg/mL streptomycin, and 10% IFBS for 48 hours, and then
were starved for 24 hours. Next, the medinm was removed from
the fibroblasts, and the medium from the starved DLD-1 cells was
added to the fibroblasts for 24 hours to establish fibroblasts with
cancer-cell-conditioned medium (CCCM) stimulation. As control,
fibroblasts were starved for 48 hours (yielding fibroblasts without
CCCM). SPPs and SMIs either with or without CGCM were
assessed by using immunocytochemistry or gene expression
analysis. As for the evaluation of immunocytochemical o-SMA
expression, the area with highest 0-SMA expression was selected,
then a x20 magnification (0.51 mm®) image was taken, and saved
as a JPEG file. The ratio of a-SMA positive area in the image was
calculated using morphometric software (WinRoof, Mitani Cor-
poration, Fukui, Japan).

Gene Expression Analysis using Microarray

Three sets of SPls and SMI, either with or without CCCM,
obtained from 3 different patients, were used in this study. We
used GeneChip Human Genome U133 Plus 2.0 arrays (Affyme-
trix, Santa Clara, CA). Target ¢cDNA was generated from 100 ng
of total RNA extracted from each sample using a 3" IVT Express
Kit (Affymetrix, Santa Clara, CA). The procedures for target
hybridization, washing and staining for signal amplification were
performed according to the supplier’s protocols. The arrays were
scanned with a Gene Chip Scanner 3000 (Affymetrix, Santa
Clara, CA), and the intensity of each feature of the array was
calculated by using GeneChip Operating Software, version 1.1.1
(Affymetrix, Santa Clara, CA). The average intensity was
standardized to the target intensity, which was set equal 1o 1000,
to reliably compare different arrays. The values were log
transformed and median centered. The programs GeneSpring
(Agilent T'echnologies, Santa Clara, CA) and Excel (Microsoft
Clorporation, Redmond, WA) were used to perform the numerical
analyses for gene selection.

Xenograft Transplantation and Tumor Formation -:ssay

Lither 1x10°% human colorectal cancer cells Caco-2 or < :LD-1
alone, or with either 1x10° SPFs or SMFs, were 1 -cted
subcutaneously (s.c.) into the back of SCID mice (8-12 wc s of
age; CLEA, Tokyo, Japan). Tumor volumes were calc:: ted
weekly as described previously [13]. Mice injected with Ci 0-2
alone or with either SPFs or SMFs were killed after 10 weeks. nd
those injected with DLD-1 alone or with either SP¥s or SM s
were killed after 8 weceks, and tumor weights were evaluated. I r
distant metastatic analysis, lung and liver tissue was removed a: -
fixed in 10% formalin, and for the analysis of lymph noc
metastasis, neck and inguinal aclipose tissue was also removed an:
fixed; all tissues were histologically examined. We used 8 mice in:
each group.

To elucidate the capacity of fibroblasts to enhance tumor
formation, serial dilutions of Gaco-2 or DLD-1 cancer cells were
similarly co-injected with either 1x10° SMFs or SPFs. Tumor
formation was evaluated 4 weeks after the injection. We used 4
mice for each group.

Statistical Analysis

X? test and Student’s ¢ test were used in the tissue microarray
analysis, cell proliferation assay, xenograft transplantation, and
tumor formation assay. A £<0.05 was defined as statistically
significant. In the microarray analysis, gene expression data were
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analyzed using GeneSpring GX12 (Agilent Technologies, Santa
Clara, CA). Row data were summarized by using MAS5 and
normalized by log transformation and median centering for
numerical analyses for gene selection. For principal component
analysis (PCA), we used probe sets that were reliably measured and
varied by 3-fold above the global median in at least 2 samples
{approximately 10%); analyses were performed using GeneSpring
GX12. The differentially expressed probe sets used in supervised
hierarchical clustering were selected based on P<0.05 and fold
change (FC) >2.0. P values were calculated using one way
ANOVA with Benjamini and Hochberg FDR multiple testing
correction. Hierarchical clustering: with weight-average linkage
clustering was performed using Cluster and Ireeview programs
(Michael Lisen, Stanford University, genome-www.stanford.edu).
The functional annotation clustering of Gene Ontology Lnrich-
ment analysis was performed using DAVID software, with the
classification stringency set to “High”, and the significant clusters
were selected based on an enrichment score >2.0 and a P<0.01
(Fisher’s exact test after Benjamini and Hochberg FDR multiple
testing correction) [14,15].

Results

Histological Features of ELI

Not only tumor cells, but also varieties of stromal cells constitute
a distinct cancer microenvironment, and some promote tumor
metastasis [9). First, we eclucidated the significant histological
features of CMPI to shed light on phenomena occurring in this
milieu by using area-specific tissue microarrays. The clinicopath-
ological features of the 149 cases used are shown in Table S1. On
H.I staining, we found extensive fibrosis (over 50%) more
frequently in CMPI than was seen in CMSI (Figure 1B). The
ratio of «-SMA positive area in CMPI was also higher than that
seen in CMSI (Figure 1C). The proportions of I" lymphocytes,
macrophages, or microvessels evaluated using CD3, CD68, or
CD31, respectively, were not significantly different between GMPL
and CMSI (Figure 1D-F). Both in CMPI and CMSI, plump
spindle-shaped fibroblasts were major source of a-SMA expres-
sion, and the ratio was successfully analyzed by using morpho-
metric software (Figure 2A D). Considering our previous results,
which indicated that peritoneal invasion defined by ELI was
closely associated with distant metastasis, we hypothesized that
fibroblasts in the subperitoneal layer could be implicated not only
in prominent fibrosis and activation, but also in the tumor’s
progression and metastasis. We then decided to isolate fibroblasts
from the subperitoneal layer that histologically corresponded to
peritoneal invasion. Fibroblasts from the submucosal layer were
used as controls.

Isolation and Characterization of Cultured Human SPFs

and SMFs

At first, we evaluated the morphological and biological
characteristics of SPFs and SMFs in a normal state. Both cultured
human SPFs and SMFs showed similar spindle-shaped morpho-
logic characteristics (Figure S1A-B). SPFs and SMFs from 3
patients could be cultured over 10 passages, except for 1 SPY case
(data not shown). Immunocytochemistry and flow cytometry
revealed the obtained SPFs and SMFs were consistent with
fibroblasts (Figure S1C-D). We found weak a-SMA expression in
a few SPFs and SMFs. The doubling time for SPFs and SMFs was
79.9 hours and 36.3 hours, respectively, and the growth of SMFs
was faster than that of SP¥s (£<0.05), which suggested a biological
difference between SPFs and SMFs (Figure S1L).
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Figure 1. Pathological features of tumor microenvironment explored by using area-specific tissue microarray. (A) Schema of the
cancer microenvironment formed by peritoneal invasion (CMPI) and the cancer microenvironment formed by submucosal invasion (CMSI) defined as
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(a) invasive front with peritoneal invasion and (b) submucosal invasive front, respectively. (B) The distribution of fibrosis in human colon cancer tissue.
Dark gray bars show the number of the cases with fibrosis over 50% of the core from each tumor area, and light gray bars show the number of the
cases without extensive fibrosis. Core samples with CMPI showed a higher frequency of marked fibrosis than did core samples with CMSI (P<0.01). (C)
Distribution of a-SMA expression in human colon cancer tissue. CMPI showed higher «-SMA expressions than those seen in CMS| (P<0.01). (D)
Distribution of CD3-positive cells in human colon cancer tissue. Numbers of CD3-positive cells were not significantly different between CMPI and
CMSI. (E) Distribution of CD68-positive cells in human colon cancer tissue. Numbers of CD68-positive celis were not significantly different between
CMPI and CMSL. (F) Distribution of CD31-positive vessels in human colon cancer tissue. Numbers of the CD31-positive vessels were not significantly
different between CMPI and CMSI. Results in (B) are presented by case numbers, and those in (C-F) are presented as the mean = SD of 149 cases

(**P<0.01).
doi:10.1371/journal,pone.0088018.g001

Gene Expression Profiling Comparison between SPFs and
SMFs

To assess the phenotypical differences between SPFs and SMUFs,
the gene expression profiles of fibroblasts with or without CCCM
stimulation were compared. PCA revealed 4 distinct clusters,
depending on their origin and CCCM stimulation, which
overcame the individual variation (Figure 3A and B). Supervised
cluster analysis also revealed 4 distinct clusters (Figure 3C). This
indicated the phenotypical difference in fibroblasts within the
colonic wall. And this difference depended on the histoanatomical
location. Furthermore, the reaction to CCCM stimulation was also
different.

Next, we compared gene expression profiles in these fibroblasts
with and without CGCM stimulation, separately (Iligure 3D-E).
Data from SPFs without CCCM stimulation were enriched by the
gene ontology (GO) terms “extracellular matrix” and “proteina-
ceous extracellular matrix”, which formed annotation cluster 1.
Major expracellular matrix (ECM) components of collagens
(COLIAL, COL4Al, COL4A2, COL5Al, and COLIGAL),
laminin, or fibronectin were included in this cluster. Moreover,
gene expression related to components that bind to the ECM was
also upregulated in SPIs and formed annotation cluster 2.
Annotation cluster 3 was enriched for GO terms associated with
“granules” or “vesicles” (Figure 3D and Table S3). This result
suggested the gene expression profile associated with basic
function in fibroblasts is different between SPFs and SMFs within
the colonic wall. The top 20 genes highly expressed in SPIs also
included several ECM components. Genes associated with
fibrogenesis or the myofibroblastic differentiation of FLII and
NOX4 were also found in the top 20 genes (Table S4). Among

Figure 2. Histological features of fibrosis in the cancer
microenvironment formed by peritoneal invasion (CMPI). (A)
Histological features of stromal component of CMPI. Both in CMPI and
the cancer microenvironment formed by submucosal invasion (CMSI),
plump spindle-shaped fibroblasts were major sources of the stroma. (B)
Marked o-SMA expression was found in fibroblasts. (C) Higher
magnification more clearly revealed plump spindle-shaped fibroblasts.
(D) Using morphometric software, we successfully detected and
analyzed «-SMA expression.

doi:10.1371/journal.pone.0088018.g002
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other highly expressed genes in SPFs without CCCM stimulation,
we found POSN, SPARC, or COL4Al, which are known to be
highly expressed in the cancer stroma; and many of these are
prognostic factors [11,16,17].

Most of the genes with increased expressions in SPFs without
CCCM stimulation were also retained in the presence of CGCM
stimulation; however, there were some differences (Figure 3D-E,
Table $5-6). In GO analysis of SPFs with CCCM stimulation, the
order of annotation clusters were changed compared to that seen
in SPFs without GCCM stimulation. Among the top 20 genes, 13
genes were conserved and 7 genes were replaced. These results
suggest a difference in the reaction to CCCM stimulation between
SPFs and SMFs. The existence of SPFs-specific genes that are
upregulated after CCCM stimulation was estimated.

We then analyzed these genes to establish the biological
characteristics of SP¥s after exposure to CCCM. A Venn diagram
revealed 193 upregulated genes in SPFs and 59 in SMFs after
CCCM stimulation. Of these, 51 were commonly upregulated
both in SPFs and SMFs, 142 were SPFs specific, and only 8 were
SMFs specific (Figure 4A). We then also focused on downregulated
genes, and discovered 215 in SPFs and 146 in SMFs. Of these, 138
were commonly downregulated both in SPFs and SMFs, 77 were
SPFs specific, and only 8 were SMFs specific (Figure 4B). These
results suggested that SPFs showed more variable alteration in
gene expression after CCCM stimulation. GO term analysis of
SPF-specific genes downregulated after CCCM stimulation did
not revealed any annotation cluster over 3.0 of the enrichment
score (data not shown). In contrast, GO term analysis of SPFs-
specific genes upregulated after CCCM stimulation revealed that
terms such as “actin binding”, “cytoskeletal binding protein”,
“contractile fiber”, “LIM domain”, “contractile fiber part”,
“sarcomere”, and “myofibril” formed annotation cluster 1-3
(Figure 4C). Most of these genes were known to be related to cell
contraction. Among the top 20 genes were many cytoskeletal or
contractility associated genes. Surprisingly, ACTA2 that encodes
a-SMA was upregulated specifically in SPFs after CCCM
stimulation (Figure 4D). This result was confirmed by immuno-
cytochemistry (Figure 4E-F). Morphometric analysis in immuno-
cytochemical expression revealed that a-SMA expression was
upregulated specifically and significantly in SPFs after GCCM
stimulation in. protein level (Figure S2, P<0.05). Variable
upregulation and downregulation of genes after CCCM stimula-
tion was a significant feature in SPFs. ACTA2 encoding ¢-SMA
was included in this SPFs-specific upregulated gene set. Cancer
associated fibroblasts’ (CAFs) include o-SMA-positive activated
myofibroblasts. Together with the result of area-specific tissue
microarrays, marked o-SMA expression in CMPI is depended on
the sensitive character of SPFs which may associated with the
difference in cancer microenvironment.

SPFs Enhance Tumbr Growth, Metastasis and Tumor

Formation Ability more Strongly than do SMFs
To elucidate the functional differences of fibroblasts in the
colonic wall, we injected human colorectal cancer cell lines Caco-2
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Figure 3. Gene expression profiles in subperitoneal fibroblasts (SPFs) and submucosal fibroblasts (SMFs) with and without cancer-
cell-conditioned medium (CCCM) stimulation. (A) Red is the microarray profile in SMFs with CCCM stimulation, blue is SMFs without CCCM
stimulation, green is SPFs with CCCM stimulation, and silver is SPFs without CCCM stimulation. Three-dimensional representation of principal
component analysis (PCA) component 1, 2, and 3. (B) Two dimensional representation of PCA components 1 and 2 (upper), and PCA components 1
and 3 (lower). Fibroblasts formed independent clusters, depending on histoanatomical site and the presence of CCCM stimulation. (C) Supervised
cluster analysis in fibroblasts also revealed distinct clusters depending on histoanatomical site and the presence of CCCM stimulation. (D) Gene
ontology analysis of upregulated genes in SPFs compared with SMFs. (E) Gene ontology analysis of genes upregulated in SPFs with CCCM
stimulation, compared with SMFs with CCCM stimulation. Most of the genes with increased expressions in SPFs were retained after CCCM stimulation;
however, there were some differences, and the order of annotation clusters were changed after CCCM stimulation.
doi:10.1371/journal.pone.0088018.g003

or DLD-1 s.c., alone, or along with either SPTs or SMI's, into injection of cancer cells alone or co-injection with SMFs
SCID mice. At 7 weeks after the injection, all mice demonstrated (Figure 5A). The final weights of tumors arising from cancer cells
tumor formation. The growth of tumors arising from cancer cells co-injected with SPFs were also larger than those arising from the
injected along with SP¥s grew faster than that arising from the injection of cancer cells alone or from co-injection with SMI's

C SPFs specific upregulated gene [ Top 20 in SPFs specifically upregulated

. . ! enes after CCCM stimulation
cluster after CCCM stimulation ‘ﬁ%be Sl P F6 Gone Syl

Q"M%mic‘uﬁfg' i gﬁn:hg‘;; ‘)3;"%;;‘“»73 - 206029 at <01 1341 ANKRDI
sne OB : ¥
L e pemk o nwom
SR PIRKEYWORDS  sctin-binding <01 -2 : -
A cotutal orotein bindin 501 210511 s.at <01 809 INHBA
o % g 2046713 at <01 766 ANKRDS
Annatation Cluster 2 Envichment Score: 3.97 212478.5 at <ot 757 MGAL2
Gona Ontelogy 10 Gene Ontology Term 2 value 202628 5. at <Ol 896 SERPINET
5P PIRKEYWORDS Lt domain <01 229669 at <01 675 LOCI00507263
INTERFRO IPROOITBLZinG finger, Libttype < 01 201185 s.at <01 661 SLOTAS
SMART SMO0132:L04 <01 200974 at {0t 652 ACTAZ
205518.5.at <01 649 CMAH
Annotation Cluster 3 Enrichment Score: 3.84 217452 5 at <.01 632 BIGALTZ
Gene Ontology 1D Gene Ontology Term P oalus 205442 at <O 821 MFAPSL
GOL044449 contrastile fiber part <Dt 1558820 5.t <01 82 LOCT28264
GO:043292 sontractile fiber <0t 223083 at <01 584 OCtorfl9s
GO:0030017 sarcomere <ot 204589 at < o1 559 NUAK1
GO:0030016 myoliori) <01 226889 at <0l 544 MEGFS
213067.at <01 543 MYHIO
203432 at <Ol 514 TMPO
206117.at <ot 509 TPMi

Figure 4. Gene modification in subperitoneal fibroblasts (SPFs) after cancer-cell-conditioned medium (CCCM) stimulation. (A) Genes
upregulated by CCCM stimulation. (B) Genes downregulated by CCCM stimulation. (C) Top 3 annotation clusters in gene ontology analysis of SPFs-
specific genes upregulated by CCCM stimulation. (D) Top 20 genes upregulated specifically in SPFs after CCCM stimulation. () Immunocytochemical
o-SMA expression in SMFs after CCCM stimulation. (F) Immunocytochemical ¢-SMA expression in SPFs after CCCM stimulation. «-SMA expression was
upregulated specifically in SPFs after CCCM stimulation (see also Figure S2).

doi:10.1371/journal.pone.0088018.g004
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Figure 5. Subperitoneal fibroblasts (SPFs) actively contribute to cancer progression. (A, left) Xenograft tumor growth in mice injected
with DLD-1 human colorectal cancer cells alone (blue line, 840.7112.6 mm® in 7 weeks), co-injected with DLD-1 cells and submucosal f’broblasts
(SMFs; red line, 1178.02177.6 mm® in 7 weeks), and co-injected with DLD-1 cells and subperitoneal fibroblasts (SPFs; green line, 1672.8+214.7 mm®

in 7 weeks). The differences of tumor volume between DLD-1 cells alone and DLD-1 cells with SPFs, and between DLD-1 cells alone and DLD-1 cells
with SMFs were statistically Slgnn" cant (P<<0.05). (A, right) Xenograft tumor growth in mice injected with Caco 2 human colorectal cancer cells alone
(blue line, 308.6+127.7 mm® in 9 weeks), co injected with Caco-2 cells and SMFs (red line, 1363.1+284.3 mm? in 9 weeks), and co-injected with Caco-
2 and SPFs (green line, 2595.1349.5 mm? in 9 weeks). The differences of tumor volume between Caco-2 cells alone and Caco-2 cells with SPFs (P<
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0.07), and between Caco-2 cells with SMFs and Caco-2 cells with SPFs (P<<0.05) were statistically significant. Xenograft tumors derived from co-
injection of cancer cells and SPFs grew faster than those derived from injection of cancer cells alone, or co-injection of cancer cells and SMFs. (B, left)
Xenograft tumor weight in mice injected with DLD-1 cells alone was 0.71£0.11 g, co-injected with DLD-1 cells and SMFs was 1.270.19 g, and co-
injected with DLD-1 cells and SPFs was 1.82:£0.28 g in 8 weeks, The differences of tumor weight between DLD-1 cells alone and DLD-1 cells with SPFs
(P<0.01), and between DLD-1 cells alone and DLD-1 cells with SMFs (P<0.05) were statistically significant. (B, right) Xenograft tumor weight in mice
injected with Caco-2 cells alone was 0.53+0.24 g, co-injected with Caco-2 cells and SMFs was 1.9120.34 g, and co-injected with Caco-2 cells and
SPFs was 3.66::0.45 g in 10 weeks. The differences of tumor weight between DLD-1 cells alone and DLD-1 cells with SPFs (P<0.01), between DLD-1
cells alone and DLD-1 cells with SMFs (P<20.05), and between DLD-1 cells with SPFs and DLD-1 cells with SMFs (P<<0.05) were statistically significant.
Weights of xenograft tumors derived from co-injection of cancer cells with SPFs were higher than those of tumors derived from injection of cancer
cells alone, or co-injection of cancer cells and SMFs (left: DLD-1, right: Caco-2). (C) Although the value did not reach statistical significance, xenograft
tumors derived from co-injection of DLD-1 cells and SPFs showed twice the frequency of lymph node metastasis (n=4) compared to those deriving
from co-injection of DLD-1 cells and SMFs (n=2). (D) Co-injection of cancer cells and SPFs result in enhanced tumor formation capacity. Results are

presented as the mean == SE of 8 mice (*P<0.05. *¥P<0.01).
doi:10.1371/journal.pone.0088018.g005

(Figure 5B). Although the difference was not statistically signifi-
cant, tumors arising from the co-injection of DLD-1 cells with
SPIs more frequently resulted in lymph node metastasis than did
those formed [rom the co-injection of DLD-1 cells with SMFs
(Figure 5C).

Next, the cancer cells being injected were serially diluted and
tumor formation was evaluated at 4 weeks after the injection, as
described previously [13]. Comparison with mice injected with
cancer cells alone or co-injected with cancer cells and SMFs,
enhanced tumor formation was found in mice co-injected with
cancer cells and SPFs, and tumor formation was observed even
when the injected cells were diluted to 5x10* (Caco-2) or 1x10*
(DLD-1). These results suggested that SPFs enhanced tumor
growth, metastasis, and tumor formation capacity, in comparison
with the effect of SMYFs; these findings may be related to the
peritoneal invasion dependent clinical outcome in colon cancer.

Discussion

Fibroblasts are one of the most common types of stromal cells in
connective tissue. Fibroblasts and loose connective tissue, which is
one morphological type of connective tissue, are present through-
out the body and contribute to the maintenance of the structural
framework of most tissues, including the gastrointestinal tract [18].
Histologically, the gastrointestinal tract is composed of 5 layers
that consist of the lamina propria, submucosa, muscular layer,
subserosa, and serosa. Loose connective tissue and fibroblasts exist
in every layer and have distinct physiological and pathological
functions [19,20}].

SPFs are known to produce peritoneal fluid and facilitate
appropriate functioning of intra-abdominal organs [21]. Previous
reports have shown that the marked contractile ability in SPFs was
implicated in the colonic strictures in Crohn’s disease [22,23]. In
the field of peritoneal dialysis, SPFs have been reported to produce
growth factors, cytokines, or chemokines in response to TGF-B
stimulation and have been implicated in the failure of peritoneal
dialysis [24]. However, the implication of SPFs in tumor
progression is not known, and our study is the first to report the
contribution of SP¥s in tumor progression and metastasis that is
dependent on peritoneal invasion in colon cancer.

Our findings seem to support the concept of microenvironmen-
tal regulation of cancer. The tumor microenvironment consists of
distinct cell types, including fibroblasts, blood cells, vascular-
originated cells, and more. They synergistically create a distinct
microenvironment according to tumor progression, such as the
core primary tumor microenvironment, the invasive tumor
microenvironment, or the metastatic tumor microenvironment
[9]. Area-specific tissue microarrays were very useful to expand
this concept into the pathological phenomenon and biological
study was then performed based on these results. Interestingly, the
fibroblasts we obtained from the submucosal and subperitoneal
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tissues showed biological differences dependent on the histoana-
tomical site. In addition, our finding of marked phenotypical
modification in SPFs suggests that fibroblasts from different
histoanatomical sites show different reactions to cancer stimuli. We
used Caco-2 with low tumorigenic and metastatic potential and
DLD-1 with a higher tumorigenic and metastatic potential in this
stucly. DLD-1 has been known to preferentially cause lymph node
metastasis rather than lung or liver metastasis, and our data is in
accordance with previous reports [25-28]. Together with the
xenograft tumor results in which SPFs enhanced tumor growth
and tumor formation in Gaco-2 and DLD-1, and promote lymph
node metastasis in DLD-1, we have clarified that this fibroblastic
difference is implicated in colon cancer progression that is
dependent on peritoneal invasion.

In general, fibroblasts within the tumor stroma, so-called CAFs,
acquired a modified phenotype. CAI’s are enriched in «-SMA
positive active myofibroblasts and are known to play an active role
in tumor progression {29,30]. Residual fibroblasts are one of the
sources of CAFs, and residual fibroblasts exposed to cancer
stimulation show phenotypical modification. Although the tumor-
promoting ability of CAFs has been reported to be diverse and
dependent on cancer origin, intra-tumoral diversity has not been
clear [31]. Our data suggests the physiological diversity of
fibroblasts within one organ produces the intra-tumoral diversity
of CAFs. Therefore, gene profiles in fibroblasts with and without
cancer CGCCM stimulation may provide new insights into their
diversity in colon cancer.

We are speculating that a fibroblast subpopulation with tumor-
promoting capacity can be enriched in the subperitoneal layer.
Their original phenotype may include a previously reported GAFs
marker, and variable gene modification in response to cancer
stimuli could be a characteristic feature of tumor-promoting
fibroblasts. Recently, activated proteins in CAFs have been
considered to be a target of therapy [32]. However, not all kinds
of GAFs may promote tumor progression [31]. Our gene
expression profile data in SPFs with and without CCCM
stimulation may also be useful for future stromal-target therapy.
SPFs with robust tumor promotion ability showed higher gene
expression associated with an ECM component, and marked gene
upregulation associated with cell contraction, including «-SMA,
after CCCM stimulation. Recently both stromal-cell contractile
ability and ECM stiffness have been reported to influence
epithelial cell migration and invasion. Also, «-SMA is one of the
representative markers of CAFs and myofibroblasts, and its
expression is assoclated with biological contractile ability.
Furthermore, a-SMA expression in tumor stroma was reported
to be a prognostic factor in colorectal cancer. Therefore, our result
suggests the importance of mechanotranscduction theory in the
study of the tumor microenvironment [33--35].
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From the first categorization efforts reported by Lockhart-
Mummery, primary colon cancer has been consistently stratified
based on the extent of its spread into the bowel wall [36]. More
recent pathological investigations have revealed that peritoneal
invasion is a prognostic factor, and is a candidate for discriminat-
ing high-risk stage 1I colon cancer, and those patients who may
receive benefit from post-operative therapy [3,37,38]. We and
others reported the utility of elastica stain for the objective
diagnosis of peritoneal invasion. We have proven that objective
identification of peritoneal invasion is also useful for investigating
biological phenomena specifically occurring in this tumor micro-
environment [39]. Recently, Liang et al. proposed that pT3
tumors with ELI should be subdivided into further categories like
pT3b [6]. Our findings support the subdivision of cases with ELL
from those without ELI, and the diversity of the fibroblasts could
be one factor associated with frequent metastases in cases with
LELL

In conclusion, fibrosis with o-SMA expression is a significant
feature of the cancer microenvironment formed by peritoneal
invasion in human colon cancer. The biological features and
functions of fibroblasts in the subperitoneal tissue are different
from those in submucosal tissue, and their phenotypical modifi-
cation by cancer stimuli and contribution to tumor growth and
metastasis are also different. Specifically, SPFs from the subper-
itoneal tissue showed characteristic biological features of a marked
ECM component and contractile-associated gene expression, and
functions that accelerate tumor formation and metastasis. Con-
sidering these comprehensive pathological and biological data, we
propose that CMPL is a special microenvironment that promotes
tumor growth and metastasis. In CMPIL, SPFs and cancer cells
interaction play an active and crucial role in tumor progression.

Supporting Information

Figure S1 - Biological characteristics of subperitoneal fibroblasts
and submucosal fibroblasts. (A) Immunocytochemical staining for
vimentin in SPFs. (B) Immunocytochemical staining for vimentin
in SMFs. (C) Flow cytometric analysis of SPFs and SMFs. (D)
Immunocytochemical staining of SPFs and SMFs. Protein
expression results were positive for vimentin and CD105, and
negative for an epithelial marker (ALE1/3), a neural marker (-
100), mesothelial markers (calretinin, CK8), endothelial markers
(CD31, 34), and lymphocyte and monocyte markers (CD3, 14, 20,
45, 68), suggesting that the obtained cells were fibroblasts. We
found weak «-SMA expression in a few SPFs and SMFs. (I)
Growth curve of SPFs (blue) and SMFs (red). SPFs showed
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Pathological diagnostic criterion of blood and
lymphatic vessel invasion in colorectal cancer:

a framework for developing an objective pathological
diagnostic system using the Delphi method, from the
Pathology Working Group of the Japanese Society for
Cancer of the Colon and Rectum
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ABSTRACT ;
Aims The goal of this study is to create an objective
pathological diagnostic system for blood and lymphatic
vessel invasion (BL).

Methods 1450 surgically resected colorectal cancer
spedimens from eight hospitals were reviewed. Our first step
was to compare the current practice of pathclogy
assessment among eight hospitals. Then, H&E stained
slides with or without histochemical/immunohistochemical
staining were assessed by eight pathologists and
concordance of BLI diagnosis was checked. In addition,
histological findings associated with BLI having good
concordance were reviewed. Based on these results,
framework for developing diagnostic criterion was
developed, using the Delphi method. The new criterion was
evaluated using 40 colorectal cancer specimens.

Results Frequency of BLI diagnoses, number of blocks
obtained and stained for assessment of BLI varied
among eight hospitals. Concordance was low for BLI
diagnosis and was not any better when histochemical/
immunohistochemical staining was provided. All
histological findings associated with BLI from H&E
staining were poor in agreement. However, observation
of elastica-stained internal elastic membrane covering
more than half of the circumference surrounding the
tumour cluster as well as the presence of D2-40-stained
endothelial cells covering more than half of the
circumference surrounding the tumour cluster showed
high concordance. Based on this observation, we
developed a framework for pathalogical diagnostic
criterion, using the Delphi method. This criterion was
found to be useful in improving concordance of BUI
diagnosis.

Conclusions A framework for pathological diagnostic
criterion was developed by reviewing concordance and
using the Delphi method. The criterion developed may
serve as the basis for creating a standardised procedure
for pathological diagnosis.

INTRODUCTION

Blood and lymphatic vessel invasion (BLI) in colo-
rectal cancer (CRC) are known to be strong risk
factors correlated with poor outcome. Since it was
first reported by Brown et a/ in 1938, numerous

studies have been conducted on BLIL. BLI is
adopted in TNM Classification of Malignant
Tamours and College of American Pathologists
Consensus Statement in pathology reports.’™
Assessment of BLI enables identifying patients with
high risk within the same TNM stage and thera-
peutic strategy can be tailored accordingly, espe-
cially for patients with Stage II CRC and patients
with endoscopically resected pT1.>~ Observation
of BLIL however, is also known for its weakness,
which is high interobserver variability. Many arti-
cles report poor interobserver concordance of BLI
assessment and no solution has been offered so
far.51% One solution may be to use elastica for
histochemical staining or D2-40 for immunohisto-
chemical staining of internal elastic lamina of vessel
and lymphatic endothelium.’*™** Another solution
may be to take a conventional approach to develop
a framework for diagnostic criterion, through
formal procedure to reach consensus, gain support
and understanding of pathologists worldwide.*® It
was under this concept that pathologists belonging
to the Japanese Society for Cancer of the Colon
and Rectum decided to join hands and took a com-
prehensive approach as follows: (1) review current
practice of pathologists’ assessment including sam-
pling methods, staining methods and BLI in differ-
ent medical institutions (2) evaluate concordance of
BLI diagnosis and histological findings associated
with BLI (3) develop a framework for diagnostic
criterion using the Delphi method, with data from
current practice and (4) conduct a concordance
study to evaluate the usefulness of the new criter-
lon. Our atcempt was to develop a framework for
an objective criterion to assess BLIL, in order to
improve concordance in all settings.

MATERIALS AND METHODS

Multicentre, retrospective review of pathological
assessment at different departments of pathology

A total of 1450 patients with CRC who underwent
surgical resection in 2003 from eight institutions
under the Japanese Society for Cancer of the Colon
and Rectum were reviewed. Clinicopathological
factors including the TNM stage according to the -
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fifth edition of TNM dlassification,” the presence of BLI, number
of paraffin blocks taken to examine primary tumours, use of mega-
block, tangential tissue sectioning, histochemical staining and
immunohistochemical staining were reviewed and compared.’”
The range of histochemical staining and antibody used for immu-
nohistochemical staining were also reviewed.

Interohserver study

Eighty consecutive, surgically resected specimens of Stage II
CRC according to the seventh edition of TNM classification”
between 2003 and 2005 from. the National Cancer Center
Hospital East were used for the interobserver study. Eight
pathologists from eight institutions assessed the slides.
Specimens for pathological assessment were divided into six
cohorts as follows (table 1) and concordance of diagnosis was
reviewed. Cohort 1: H&ZE-stained slides without any guiding
criteria. Cohort 2: H&E-stained slides without any criteria, but
focus on designated area of lesion. Assessment was later checked
to see which histological findings associated with BLI had good
agreement. Concordance of assessment for designated area
was also reviewed (figure 1). Cohort 3: H&E-stained, elastica-
stairied and D2-40-stained slides. Histochemical and immuno-
histochemical staining without any guiding criteria. Cohort 4:
HE&E-stained, elastica-stained and D2-40-stained slides.
Histochemical and immunohistochemical staining without any
guiding criteria but focus on designated area of lesion (figure 1).
Observation was later checked to determine which slides of
H&E, histochemical or immunchistochemical staining asso-
ciated with BLI diagnosis had good concordance. Concordance
of assessment for designated area of lesion was also reviewed.
Cohort 5: H&E-stained, elastic-stained and D2-40-stained
slides. Histochemical and immunohistochemical staining and
our new criterion were used for assessment. Finally, for
Cohort 6, the same H&E-stained, elastic-stained and
D2-40-stained slides used in Cohort 3 were assessed by the
pathologists (who were unaware of reviewing the same slides) to
check diagnostic agreement of histochemical and immunohisto-
chemical staining using our new criterion. Cohorts 1, 3, 5 and 6
each consisted of 20 CRC specimens and Cohorts 2 and 4 each
consisted of 10 CRC specimens. H&E-stained slides and slides

of largest slice from blocks of specimen including the deepest
invasive area of tumour were used in Cohorts 1, 3, 5 and 6,
while one representative slide of the tumour was used in
Cohorts 2 and 4. In Cohorts 2 and 4, assessment of designated
area was reviewed to evaluate the agreement of BLI diagnosis.
Three areas of lesion containing histological tumour cluster sur-
rounded by some space or fibrous rim-like vascular structure
were chosen randomly and marked with ink. Since the desig-
nated area was very small, virtual slides were used to indicate
with an arrow where assessment should be made (figure 1). In
Cohorts 1, 3, 5 and 6 the ‘presence’ or ‘absence’ of BLI was
reported. In Cohorts 2 and 4, assessment of designated area was
made as ‘blood vessel invasion’, ‘lymphatic vessel invasion’ or
‘neither’. In Cohorts 2 and 4, histological findings associated
with the diagnosis of BLI were collected. This was reviewed
thoroughly in a meeting and was recorded in the survey sheet,
as either ‘present’ or ‘absent’ (table 2).

Developing diagnostic criteria using the Delphi method

Four rounds of consensus meetings, participated by eight
pathologists were held as shown in figure 2. Before the meeting,
a survey on histological, histochemical and immunohistochem-
ical diagnostic criteria of BLI was prepared. All pathologists
were requested to answer the survey anonymously and send it
by mail after the meeting.'® There were a total of 34 questions:
2 on the definition of BLI, 7 on the assessment of BLIL, 4 on the
use of histochemical and immunohistochemical staining, § on
assessment of blood vessel invasion and 13 on the assessment of
lymphatic vessel invasion (table 3). Scoring was based on 1 to 6
Likert scale (1=strong disagreement, 2=moderate disagreement,
3=some disagreement, 4=some agreement, 5=moderate agree-
ment, 6=strong agreement), maximum score being 6 points.
Scores of 5 and 6 were regarded as ‘agreement’. Consensus was
considered to be achieved when over 80% of the participants’
scores resulted in ‘agreement’, based on the previously described
scoring method."®° Four rounds of meetings with active dis-
cussion took place and surveys were conducted three times,
after the second and third rounds of meetings, as shown in
figure 2. At the beginning of the second and third rounds of
meetings, interim results of survey were reported to the

Table 1 Details of cohorts and concordance of blood and lymphatic vessel invasion (BLI)

D2-40 and Designated Positive

H&E staining elastica staining area of lesion Criterion Kk Value 95% CI ratio (%)
Cohort 1 s

+ - - - Agreement in blood vessel invasion 0.524 0.441 to 0.606 28.1
o« - - - Agreement in lymphatic vessel invasion 0.216 0133100299 325
Cohort 2 R SRR

+ - + - Agreement in BLI 0.466
Cohort 3 . k

+ + - . Agreement in blood vessel invasion 0.502 0.419 to 0.584 73.8

+ + - - Agreement in lymphatic vessel invasion 0.153 0.071 to 0.236 3.8
Cohort 4 [ ‘ :

+ + + - Agreement in BLI 0.622
Cohort 5 }

+ o+ ) - o+ Agreement in blood vessel invasion 0.547 0.464 to 0.630 425
‘ ”+{ ' + - + Agreement in lymphatic vessel invasion 0492 0.409 to 0.575 26.9
Cohort 6 o a T
4 + -~ +  Agreement in blood vessel invasion 0617 0534t00700 756

¥ g ‘ - I Agreement in lymphatic vessel invasion 0,618 0534100700 319
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Figure 1 (A-D) A case from Cahort 2. In Cohorts 2, 4, three regions of interest within the histological tumour cluster with surrounding space or
fibrous rim-like vascular structure were chosen randomly and marked with ink near the lesion (A). The lesion to be reviewed was indicated with an
arrow on the virtual slides (B-D). Eight pathologists reviewed the slides. The assessment for each of the indicated lesions was reported as ‘blood
vessel invasion’, ‘lymphatic vessel invasion’ or ‘neither'. Furthermore, pathological findings associated with the diagnosis of blood and lymphatic
vessel invasion were studied. Reviewers recorded their interpretations of the indicated lesion using the query sheet, answering the questions as

‘present’ or ‘absent’.

participants to facilitate building consensus on key histological the findings for which consensus had been reached were sum-
findings with high concordance. For findings that failed to marised and new diagnostic criterion was developed.

present immediate agreement, further discussion took place and
the next vote was performed. Consistent with the Delphi  statistical analysis

method, some questions in lfshe survey were modified to enable  The concordance reached by pathologists on rating tumour inva-
building general agreement."® After the third round of meetings, sion was evaluated using x coefficients. Using %mx SAS macro, we

Table 2 Concordance of histological findings associated with the blood and lymphatic vessel invasion

Histological findings x Value 95% I

Cohort 2
Presence of space around tumour nests 0.492 0.424 to 0.560
Prasence of endothelium around tumour nests 0.518 0.451 to 0.586
Presence of vascular smooth muscle around tumour nests 0.412 0.344 to 0.479
Presence of spicula at the periphery of tumour nests 0.308 0.240 to 0.376
Presence of lymphatic fluid in peritumoural space 0.454 0.386 t0 0.522
Presence of blood cells in peritumoural space 0.395 0.327 to 0.462
leflcult to dlstlngutsh blood and lymphatic vessel 0.064 —0.033 t0 0.132
Presenice of continuity in normal blood or lymphatic vessel 0.276 0.209 to 0.344

Cohort 4
Presénce of space around tumour nests 0.471 0.404 to 0.539
Prasence of endothelium around tumaur nests 0.269 0.201 to 0.336
Presence of vascular smooth muscle around tumour nests 0.372 0.305 to 0.440
Presence of spicula at the penphery of turmolir nests 0.002 ~0.066 to 0.069
Presence of Iymphanc fluid in peritumoural space 0.142 0.075 to 0.210
Presence of bldod cells in pentumoural space 0.055 -0.013 toﬂo._122
Difficult to distmgulsh blood and lymphatic vessel 0.055 ~0.013 to 0.123
Presence of contmmty in normal blood or. iymphatlc vessel 0.150 0.082 to 0.217
Growth along with normal artery 0491 0.424 t0 0.559
Presence of elastxca-sta ed mtemal elastic membrane covering more than half of the clrcumference surrounding the tumour cluster 0.801 0'.734t 869
Presence of D2-40 po itive cells mVenng more than half of the circumference surroundmg the tumour cluster 0.451 0. 383 to 0.518
Presence of D2-40 posmve endothehal cells covering more than half of the c‘rcumfetence surroundmg the tumour cluster 0.682 0.615 to 0. 750
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Figure 2 Time flow for consensus [The first round of meeting: Explain the objectives and goals of this }

development. study.

No.1 Multicenter, retrospective review of current practice of pathological
assessment at different pathological departments.

No.2 Circulation of slides from Cohort 1 and 2.

No.3 First vote based on Delphi method.

[The second round of meeting: Show the results from procedures
No.1 to 3 in the previous meeting and discuss the result of first vote.

% ‘" No.4 Circulation of slides from Cohort 3 and 4.
No.5 Second vote based on Delphi method.:

Third round of meeting: Show the result from No. 4 and 5 in the
previous meeting and discuss the result of second vote,

No.6 Final vote based on Delphi method.
No.7 Circulation of slides from Cohort 5 and 6.
No.8 Development of diagnostic criterion.

[Fourth round of meeting: Revise consensus statement. }

estimated the Fleiss type multi-rater x coefﬁcienc and correspond-
ing 95% CL*' All statistical analyses was performed with SAS
Release V9.3 (SAS Institute, Inc, Cary, North Carolina, USA).

RESULTS

Multicentre retrospective review of current practice

of pathological assessments

The result of the study is shown in table 4 and figure 3. The total
number of cases reviewed in this study by eight institutions ranged
from 54 to 441, of which 51.0-72.5% were colon cancer,
53.5-68.0% were male patients, and their average age was
between 63 years and 68 years. The average number of paraffin
blocks used for primary tumour pathological assessment varied
widely among institutions, ranging from 4.8 blocks to 34.4 blocks.
Use of histochemical staining and immunostaining was also
different among eight institutions. And the range of histochemical
staining performed was also different. Antibody used in immuno-
histochemical staining was D2-40 in three institutions. And one
institution used D2-40 and alpha-smooth muscle actin (SMA).
Figure 3 shows the results of a retrospective review of the stage
and assessment of BLL Although the stage distributions were
similar among the eight institutions (Stage 0, I; 19.8-28.09%, Stage
I1; 10.2-17.4%, Stage 1II; 12.1-21.5% and Stage IV; 3.0-9.9%),
substantial difference was noted on the presence of BLI (lympharic
vessel invasion; 18.9-74.8%, blood vessel invasion; 17.7-66.7%).
None of the institutions in this study used megablock or tangential
sectioning.

Interobserver study and development of diagnostic

criterion using the Delphi method

The result of the interobserver study is shown in table 1. After the
first round of meeting, Cohorts 1 and 2 were given only H&E
stained slides without any additional staining or guiding criteria.
The concordance of assessment of blood vessel invasion was mod-
erate and it was low for lymphatic vessel invasion. This was not
any better when pathologists in Cohort 2 were asked to focus on
the designated area. Furthermore, the concordance of all histo-
logical findings associated with BLI was low in Cohort 2 (table 2).
Diagnosis of BLI is based on multiple histological findings consid-
ered to be associated with BLI, most of which were included in
this study as shown in table 2. Consistent diagnosis of BLI only
with H&E-stained slides seemed to be difficult to achieve and this

was informed to the pathologists during the second round of
meetings. [t was then decided to distribute H&E-stained slides as
well as the histochemical and immunohistochemical staining,
without any guiding criteria (Coborts 3 and 4). Although this
increased positive findings of blood vessel invasion in Cohort 3, it
did not improve the concordance of BLI diagnosis. In Cohort 4,
concordance improved for the designated area. Interestingly, we
found few histochemical and immunohistochemical findings asso-
clated with the diagnosis of BLI having good agreement (table 2).
This was reported to pathologists during the third round of meet-
ings and it was agreed that they should be included in the diagnos-
tic criteria of BLI (table 3). Pathologists summarised the findings
which they were able to agree upon and new diagnostic criterion
was developed with active discussion (box 1). Finally, the use of
the new criterion was evaluated with Cohorts 5 and 6. There was
a remarkable improvement in concordance in Cohort 5 (k=0.547
for blood vessel invasion, k=0.492 for lymphatic vessel invasion),
as well as in Cohort 6 (x=0.617 for blood vessel invasion,
x=0.618 for lymphatic vessel invasion), which used the same slide
as in Cohort 3 (x=0.502 for blood vessel invasion, xk=0.153 for
lymphatic vessel invasion). This serves as direct evidence on the
usefulness of new criterion in improving agreement in BLI diagno-
sis (table 1).

DISCUSSION

The need for a diagnostic criterion which enables a standardised
and objective diagnosis is clear. Our attempt was to provide a
framework for developing a consensus-based criterion to be used
in different pathological settings through this study. BLI are dis-
tinct pathological factors and have different clinicopathological
implications.** There are, however, some common morphologies
such as the presence of endothelium or cavity, and distinct identi-
fication of small venules and lymphatic vessel is often difficult.
There is also the problem of interobserver variability. BLIs are
strong risk factors in many types of cancer. In CRC, BLIs can be
used as a criterion to determine the need for adjuvant therapy in
Stage II cases, which account for a significant proportion of CRC
cases (27.1% in this study). For endscopically resected pT1 cases,
BLIs are reported to be risk factors of lymph node metastasis and
can be used as a criterion for making a decision of surgical resec-
tion. In this study, we tried to solve interobserver variabilities in
BLL The criterion that we developed may be useful for achieving
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