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Tumor-associated fibroblasts isolated from colorectal cancer
tissues exhibit increased ICAM-1 expression
and affinity for monocytes
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Abstract. Progression of colorectal cancer (CRC) is strongly
associated with inflammation and other desmoplastic reac-
tions in the tumor cell-surrounding tissue. We successfully
isolated fibroblasts from the desmoplastic stroma of human
CRC specimens and uninvolved colon tissue of patients treated
surgically for CRC and investigated potential functional
capacities. All of the isolated fibroblasts were vimentin-posi-
tive and CK-20/CD45-negative confirming the fibroblast
phenotype. Differential expression patterns were detected
between tumor-associated fibroblasts (TAFs) and normal
tissue-associated fibroblasts (NAFs) regarding intercellular
adhesion molecule-1 (ICAM-1) expression. In 11 of 12 TAF
cultures, basal ICAM-1 expression was increased as compared
to corresponding NAF cultures (p=0.001). After stimulation
of the cultures with interleukin-1f, 8 of the 12 TAF cultures
presented higher ICAM-1 levels when compared with the level
in the corresponding NAF cultures (p=0.001). Moreover, the
adhesive capacity of these cultures for U937 was increased in
8 out of 10 unstimulated and in 10 out of 10 stimulated cultures
when TAFs and NAFs were compared. In corresponding
tumor tissue sections from the same patients, the amount of
ICAM-1-positive fibroblasts was significantly higher than
that in the corresponding normal colon mucosa, indicating
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a tumor-specific effect that was maintained in the isolated
cultures. These results indicate that fibroblasts from CRC
tissue exhibit an increased affinity for monocytic cells. This
increased intercellular interaction may contribute to elongated
residence times of monocytes in CRC tissue. Therefore, these
isolated fibroblasts are a useful tool for further functional
investigation of desmoplastic tissue reactions in CRC.

Introduction

Colorectal cancer (CRC) is one of the leading cancers in
Western countries and is responsible for ~500,000 deaths/year
worldwide (1,2). Inflammation is a key factor in the develop-
ment and progression of CRC. The close interaction between
inflammatory processes and the development of malignancy is
documented by a high incidence of CRC in inflammatory bowel
disease as well as a decreased CRC incidence in patients under
ingestion of COX-2 inhibitors (3-5). Moreover, it is increas-
ingly recognized that tumor initiation, growth and progression
are results of complex interactions between cancer cells and
the surrounding tissue, mainly consisting of fibroblasts, called
the tumor microenvironment (6). Tumor-associated fibroblasts
(TAFs) interact strongly with cancer cells and appear to
enforce tumor progression e.g. by remodeling of the extracel-
lular matrix, their pro-inflammatory gene signature and by
guidance of cancer cells during invasion (6).

Intercellular adhesion molecule-1 (ICAM-1) is a member of
the immunoglobulin superfamily and is expressed as a single
cell surface glycoprotein by different cell types including
fibroblasts, endothelial cells, epithelial cells, cardiomyocytes,
smooth muscle cells, lymphocytes and monocytes (7-9).
This molecule typically participates in cell-cell as well as
cell-matrix adhesion and is also involved in cancer cell adhe-
sion and in the immune response of tumors (9-12).

Several studies suggest that ICAM-1 plays a major role in
CRC (13-17). Interestingly, the impact of ICAM-1 depends
on whether the protein is expressed in a membrane-bound
or a soluble form (13). Immunohistochemical staining of
CRC revealed a lower incidence of lymph node and liver
metastases in primary tumors expressing membrane-bound
ICAM-1, whereas a lower number of ICAM-1-positive cells
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are noted in primary tumors that metastasize (14,16,17).
Taglia et al (16) showed that membrane-bound ICAM-1 medi-
ates tumor cell attachment to the extracellular matrix. Thus,
ICAM-1 is expected to prevent cells from detaching from the
primary tumor and to attenuate metastases (16). Furthermore,
membrane-bound ICAM-1 expression by cancer cells in CRC
correlates with differentiation. Higher amounts of ICAM-1
were found in well-differentiated compared to lower levels in
poorly differentiated tumors (16).

In contrast, the soluble form of ICAM-1 (SICAM-1) is
significantly correlated with tumor stage and the develop-
ment of metastasis, not only in CRC (13,15,18-20) but
also in other cancers such as gastric cancer (21,22), breast
cancer (23-25), urological malignancies (26), malignant
melanoma (27), lung cancer (28), hepatocellular cancer (29)
and chronic B-lymphocytic leukemia (30). At present, the
source of SICAM-1 is unclear (13,22) but it may be produced
by proteolytic cleavage of membrane-bound ICAM-1 (31-33).
Interestingly, SICAM-1 levels decrease significantly after cura-
tive surgery for CRC (13,15).

In order to investigate the impact of the fibroblast pheno-
type on CRC progression, we isolated viable pure fibroblasts
from human CRC and corresponding healthy colon mucosa
of 14 patients to compare potential differences regarding their
adhesive capacity mediated by ICAM-1. We demonstrated for
the first time that TAFs isolated from human CRC exhibit an
increased affinity for monocytic cells. Moreover, increased
ICAM-1 expression was confirmed in stromal fibroblasts in
CRC tissues in vivo.

Materials and methods

Tissues from the tumor and the corresponding healthy colon
were obtained from 14 patients (6 females and 8 males;
mean age: 68 years; range: 55-80 years) undergoing elective
standard surgical procedure for primarily diagnosed CRC
at the Department of Surgery, University Medical Center
Erlangen between February 2008 and July 2010. None of the
patients received pretreatment prior to surgery. Tumors were
histopathologically characterized according to the Union
International Contre le Cancer (UICC). Patients with UICC
stage I/II (n=8) and with UICC stage III/IV CRC (n=6) were
included. Due to the limited life span of the isolated primary
cells, not all of the tests were performed for each patient.
The patient characteristics and analyses that were performed
are documented in Table I. The procedure was approved by
the local ethics committee, and all patients provided written
informed consent.

Fibroblast isolation and cell culture. According to our
published protocol (34), small pieces from the non-necrotic
center of the CRC as well as from the healthy tissue at a
minimum distance of 10 cm from the visible tumor margin
were used for the generation of a single-cell suspension (34).
Approximately 5 to 7 days after initial seeding, endothelial
cells were removed by magnetic cell separation. The resulting
negative fraction was cultivated in Dulbecco's modified
Eagle's medium (DMEM) (Life Technologies, Darmstadt,
Germany) supplemented with 10% fetal bovine serum
(FBS) (Cambrex, Verviers, Belgium) and antibiotics (1X
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penicillin/streptomycin) in a 8.5% CO, humid atmosphere at
37°C. Cells were grown until confluence, and were routinely
tested for mycoplasma contamination. Medium replacement
was performed every 3 days.

Immunocytochemistry. Cells were cultured on LabTek
chamber slides (Nunc, Wiesbaden, Germany) until confluent
and subsequently fixed and stained. For ICAM-1 staining,
the cells were either starved for 14 h in DMEM-0.5% FBS
and stimulated in the same medium enriched with 200 U/ml
interleukin-1p (IL-1B; Roche, Mannheim, Germany) for 14 h
or received control medium without cytokine before fixation.
All slides were washed once with PBS and fixed in ice-cold
ethanol for at least 20 min. The cells were rehydrated and
incubated for 2 h with anti-human CD45 antibody (1:10;
clone T29/33), anti-human cytokeratin-20 antibody (CK-20;
1:10; both from DakoCytomation, Hamburg, Germany; clone
KS 20.8) or anti-human ICAM-1 antibody (1:20; R&D Systems,
Wiesbaden-Nordenstadt, Germany; clone BBIG-I1 11C8).
Subsequently, rabbit anti-mouse immunoglobulin (1:50) was
added for 45 min followed by APAAP mouse (1:50; both from
DakoCytomation) for another 45 min. Staining was developed
using Fuchsin chromogen (DakoCytomation). Nuclei were
counterstained with Gill-III hematoxylin (Merck KGaA,
Darmstadt, Germany). Slides were mounted with Aqueous
Mount (Zytomed Systems, Berlin, Germany). Stained sections
and cells were photographed using a Sony 3CCD color video
camera (Sony Corporation, Munich, Germany) mounted on a
Leitz Aristoplan microscope (Leica, Solms, Germany).

Stained sections were evaluated by 2 independent individ-
uals. The ratio of ICAM-1-positive/unstained fibroblasts was
evaluated for each slide, and ICAM-1 expression in TAFs and
corresponding normal tissue-associated fibroblasts (NAFs)
was categorized as follows: TAFs>NAFs; TAFs=NAFs;
TAFs<NAFs. In case of inconsistent results, a third evaluation
was performed.

Adhesion assay. For the adhesion assay, 50,000 fibroblasts/well
were cultivated in DMEM-10% FBS (Life Technologies) on
1.5% gelatin-precoated LabTek 4-chamber slides (Nunc).
After 6 h, the cells were starved for 14 h in DMEM-0.5% FBS,
stimulated with or without tumor necrosis factor-o. (TNF-q;
1000 U/ml; Roche, Grenzach, Germany) for 24 h, and U937
cells (500,000/well) were placed in RPMI-0.5% FBS (PAA,
Colbe, Germany) for 15 min at 37°C in a 8.5% CO, atmosphere.
Afterwards the slides were washed with RPMI-0.5% FBS and
fixed in paraformaldehyde (Sigma-Aldrich, Munich, Germany)
for at least 30 min. Three different optical fields/chamber were
documented with a Sony 3CCD color video camera mounted
on a Leitz Aristoplan microscope. TAFs and corresponding
NAFs with equal confluence rates were included in the final
evaluation. Adherent U937 cells were counted manually, and a
mean value/culture was calculated.

Immunohistochemistry. ICAM-1 staining of formalin-fixed,
paraffin-embedded sections (4 ym) from the tumor and
normal tissues was performed as follows. Antigen retrieval
was carried out using Target Retrieval Solution citrate buffer
pH 6.0 (DakoCytomation). The primary rabbit anti-human
ICAM-1 antibody (DakoCytomation) was diluted (1:25)
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Table I. Characteristics of the study patients and the performed analyses.
Included in analysis
UICC Vimentin/CK-20/CD45 ICAM-1 ICAM-1

Patient no. stage Gender immunocytochemistry Adhesion assay immunocytochemistry = immunohistochemistry

1 v M . . °

2 III F . . °

3 1 F . . °

4 I M ° ° °

5 II M ° ° °

6 I M ° ) °

7 I F . ° °

8 1 M . ° . °

9 v M ° ° . )
10 1T F ° ° °
11 II M ° ° ° °
12 I M ° ° ° °
13 I F ° ° °
14 I F . ) . )

n=14 n=10 n=12 n=13

UICC, Union International Contre le Cancer; CK-20, cytokeratin-20; ICAM-1, intercellular adhesion molecule-1. M, male; F, female.

in Antibody Diluent (Zytomed Systems) and incubated for
1 h in a wet chamber at room temperature. After a washing
step with Tris-buffered saline (0.05 M, pH 7.6) the Rabbit
Vectastain Elite ABC kit (Linaris, Dossenheim, Germany)
was used as a detection system. The staining was developed
using the NovaRED Substrate kit (Linaris) for 30 min. After
counterstaining of nuclei with Gill-III hematoxylin, the slides
were dehydrated and mounted with VectaMount Permanent
Mounting Medium (Vector Laboratories, Burlingame, CA,
USA).

The stained sections were evaluated by 3 independent
investigators. First, the ratio of ICAM-1-positive/negative
fibroblasts (in %) was evaluated for each slide and second,
the slides of the normal and tumor tissue for each patient
were compared with each other. Statistical differences were
evaluated by the Student's t-test (SPSS Statistic Program,
IBM, version 18.0). Stained tissue sections were photographed
using an AxioCam MRc mounted on a Zeiss Imager A.2 Axio
(Zeiss, Jena, Germany).

Results

TAFs and NAFs are vimentin-positive and CK-20/CD45-
negative. Viable fibroblasts were isolated from the surgical
specimens of 14 patients and cultivated for several passages.
The isolated fibroblasts presented with the typical spindle-
shaped morphology (Fig. 1). All cells were positive for
vimentin (Fig. 1, vimentin). Contamination by epithelial and
hematopoietic cells was excluded by negative CK-20 (epithelial
cells) and CD45 (hematopoietic cells) staining (Fig. 1, CK-20
and CD45). Due to the limited life span of the isolated cells,
ICAM-1 staining and the adhesion assays were performed

with 12 (ICAM-1 staining) and 10 (adhesion assay) out of the
14 TAF/NAF pairs (Table I).

ICAM-1 expression is increased in unstimulated and stimu-
lated TAFs when compared to ICAM-1 expression in NAFs.
Immunocytochemical staining of ICAM-1 was performed
in 12 out of 14 TAF/NAF pairs. In 11 out of 12 cultures, a
higher number of [CAM-1-positive cells was detected in TAF
when compared to the corresponding NAF cultures (Fig. 2A,
compare TAF vs. NAF, unstimulated; Fig. 2B, unstimulated).
After stimulation of the fibroblast cultures with interleukin-1
(IL-1B), ICAM-1 expression was increased in all of the
cultures when compared to the basal levels (Fig. 2A, compare
unstimulated vs. stimulated). When comparing stimulated
TAF with the corresponding stimulated NAF cultures in 8
out of the 12 cultures, TAFs presented with a higher number
of ICAM-1-positive cells (Fig. 2A, compare stimulated TAF
vs. NAF; Fig. 2B, IL-1p stimulated, p=0.001). The amount
of ICAM-1-positive cells in TAFs and NAFs was equal after
IL-1p stimulation in 4 out of the 12 cultures (Fig. 2B, IL-1§3
stimulated, p=0.001).

TAFs display a higher adhesion capacity for U937 monocytic
cells when compared to NAFs. In order to estimate whether
the increased ICAM-1 expression leads to increased adhesive
capacity, adhesion assays using U937 monocytic cells were
performed with 10 TAF/NAF pairs (Fig. 3A). In 8 out of
10 unstimulated TAF/NAF pairs, the number of adherent U937
cells/optical field was increased in the TAFs when compared to
the number in the NAFs (Fig. 3B, patient no. 2, 3,6, 7,8, 9, 12,
14). Of note, in 3 of the pairs, the differences were statistically
significant (Fig. 3B, asterisks, p<0.05). Comparing the average
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Figure 1. TAFs and NAFs isolated from CRC and healthy colon express vimentin but not CK-20 and CD45. Immunocytochemical staining of TAF and NAF
cultures for vimentin, CK-20 (epithelial marker) and CD45 (hematopoietic marker). Staining was performed using the APAAP system. Counterstaining was
performed with hematoxylin (blue color). Arrows indicate positive staining. Scale bar, 100 ym. TAFs, tumor-associated fibroblasts; NAFs, normal tissue-
associated fibroblasts; CRC, colorectal cancer; CK-20, cytokeratin-20.

B unstimulated

>

TAF NAF

p=0.001

ICAM-1 unstimulated

IL-1p stimulated

ICAM-1 stimulated

Figure 2. Unstimulated as well as stimulated (IL-1p) TAFs present with a higher expression of ICAM-1 than NAFs. (A) Immunocytochemical staining for
ICAM-1 in unstimulated and stimulated TAF and NAF cultures. Counterstaining was performed with hematoxylin (blue color). Arrows indicate positive
staining. Scale bar, 100 #m. (B) Evalutation of immunocytochemical staining for ICAM-1 expression in unstimulated and IL-13-stimulated TAFs as compared
to NAFs. The ratio of ICAM-1-positive/unstained fibroblasts was evaluated for each slide and ICAM-1 expression in TAFs and corresponding NAFs was
categorized as follows: TAF>NAF; TAF=NAF; TAF<NAF. y? test revealed significant differences between unstimulated and stimulated fibroblast cultures
(p=0.001). Stained sections were evaluated by 2 independent individuals. IL-1p, interleukin-1f3; TAFs, tumor-associated fibroblasts; ICAM-1, intercellular
adhesion molecule-1; NAFs, normal tissue-associated fibroblasts.
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Figure 3. Unstimulated as well as stimulated (TNF-a) TAF cultures showed a higher adhesion capacity for U937 when compared with the capacity of NAFs.
(A) Starved fibroblast cultures (unstimulated or stimulated with TNF-a for 24 h) were incubated with U937 monocytic cells for 15 min. After fixation, adherent
U937 cells were counted manually. Arrows indicate adherent U937 monocytic cells. Scale bar, 1000 xzm. (B) In 8 out of 10 unstimulated TAF/NAF pairs, the
mean number of adherent U937 cells in 3 different optical fields was increased in TAFs when compared to the number in the NAFs (patient no. 2, 3,6,7, 8,9,
12, 14). In 3 of the pairs, the differences were statistically significant ("p<0.05, “p<0.01). (C) After TNF-a stimulation in all of the 10 cultures, the adhesion
capacity of TAFs was higher when compared to this capacity in the NAF cultures. In 4 of the pairs, the differences between TAFs and NAFs were statistically
significant ("p<0.05). (D) Average fold-changes are given for unstimulated and stimulated TAFs vs. NAFs. The respective p-values are indicated in the graph
(Student's t-test). TNF-a, tumor necrosis factor-a; TAFs, tumor-associated fibroblasts; NAFs, normal tissue-associated fibroblasts.

number of U937 cells/optical field in all unstimulated TAFs
vs. NAFs, the number was increased by 2.33-fold (Fig. 3D,
compare TAF/NAF, p=0.051).

After stimulation of the cultures with TNF-a, in all of the
10 cultures, the adhesion capacity of TAFs was higher when
compared to the NAF cultures (Fig. 3C). Of note, in 4 of the
pairs, the differences between TAF and NAF were statistically
significant (Fig. 3C, asterisks, p<0.05). The average number
of U937 cells/optical field was increased in the stimulated
TAFs when compared to the number in the stimulated NAFs
by 2-fold (Fig. 3D, compare TAF + TNF-a vs. NAF + TNF-q,
6.24- vs. 3.06-fold, p=0.002), was increased in the stimulated
TAFs when compared to the number in the unstimulated TAFs
by 2.67-fold (Fig. 3D, compare 6.24- vs. 2.33-fold, p=0.002)
and was also increased in the stimulated when compared to
the unstimulated NAFs by 3.06-fold (Fig. 3D, compare 1 vs.
3.06, p=0.015).

Increased ICAM-1 expression in TAFss is reflected by a corre-
sponding increase in ICAM-1 expression in fibroblasts of the

tumor tissue. In order to determine whether the increased
expression of ICAM-1 in TAFs was an effect that was already
present in the original tumor tissue, immunohistochemical
staining was performed in 13 out of 14 tumor/normal tissue
pairs (Fig. 4A). In one TAF/NAF pair, the corresponding
tumor section presented only parts of an adenoma without
invasive carcinoma, therefore the tumor and normal tissues of
this patient were excluded from the evaluation. When counting
ICAM-1-positive and -negative fibroblasts, the frequency of
ICAM-1-positive fibroblasts was significantly increased in
the tumor tissue as compared to the normal tissue (Fig. 4B,
p<0.001). This indicates that the increased ICAM-1 expression
of TAFs was a tumor-specific effect stably maintained in the
isolated cultures.

Discussion
Recently, the understanding of fibroblast function in tumor

development is gaining renewed attention. Tumor progression
and the development of metastasis appear to be influenced by
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Figure 4. Anincreased number of ICAM-1-positive fibroblasts was present in the CRC tissue sections when compared to normal mucosa. (A) Immunohistochemical
staining for ICAM-1 in paraffin-embedded tissue sections of CRC and normal mucosa. Arrows indicate positive staining. Magnification, x200. (B) Quantitative
evaluation of ICAM-1-positive fibroblasts in CRC tissue and normal mucosa of all analyzed patients (p<0.001). ICAM-1, intercellular adhesion molecule-1;

CRC, colorectal cancer.

the tumor microenvironment. The so-called tumor-associated
fibroblasts, fibroblasts activated by tumor-derived mediators
such as transforming growth factor 1 and platelet-derived
growth factor, play a crucial role in these processes (35,36).

Cellular adhesion molecules manage the interactions
between cells and are therefore essential during the develop-
ment and maintenance of the tissue architecture (15). ICAM-1
has received increased attention in cancer biology. Notably,
membrane-bound ICAM-1 appears to protect tumor cells from
separation from the tumor mass by tumor cell attachment to
the extracellular matrix. Therefore, patients with increased
membrane-bound ICAM-1 are found to have decreased lymph
node and liver metastases as well as better differentiated
tumors (14,16,17).

In this report, we isolated and characterized tumor-asso-
ciated-fibroblasts and compared them with corresponding
normal tissue-derived fibroblasts. Both cell types were
isolated from fresh CRC surgical specimens. Notably, TAFs
presented with higher ICAM-1 expression when compared
to the expression in NAFs, despite their separation from
malignant cells during in vitro cultivation. These results
were obtained by immunocytochemical staining of isolated
fibroblast cultures for ICAM-1 and by performing adhe-
sion assays with U937 cells to demonstrate the functional
capacity of increased ICAM-1 expression. The performed
tests revealed higher expression levels of ICAM-1 in 11 out
of 12 CRC fibroblast pairs and a higher adhesion capacity of
TAFs compared to corresponding NAFs in 8 out of 10 pairs.
These results were reproducible after stimulation of cultures
by IL-1B and subsequent ICAM-1 detection or with TNF-a
and subsequent measurement of the cell adhesive capacity.
In the paraffin-embedded tumor and mucosal tissue sections,
we demonstrated a corresponding significant increase in the
number of ICAM-1-positive fibroblasts in tumor tissue when
compared to that in fibroblasts within the normal mucosa.
This indicates, that i) the pro-inflammatory micromilieu of
CRC leads to a higher expression of ICAM-1-positive cells in
the tumor-surrounding tissue and that ii) these alterations are
stable in fibroblasts when isolated from the surgical specimens
and cultured in vitro.

These results support the theory that inflammation, as
detected here by increased ICAM-1 expression in tumor-asso-
ciated fibroblasts may i) enhance intratumoral adhesion of
infiltrating antitumor immune cells and thereby foster a host
reaction against the tumor. Moreover, fibroblasts stimulated
by such an inflammatory reaction within the tumor do show
stable expression of ICAM-1 in vitro and in vivo and ii) may
stabilize the tumor by reducing tumor cell dissemination and
consequently tumor progression may be reduced. As yet it is
unclear how this reaction by TAFs influences the survival of
CRC patients. Therefore, TAFs isolated from CRC will be an
important tool for further elucidation of tumor microenviron-
ment-associated processes in human CRC.

In conclusion, we demonstrated the successful isolation
and cultivation of fibroblasts from fresh surgical specimens of
patients with CRC. Importantly, the isolated cells preserved
their commemoration which is affected by the microenviron-
ment of the tumor. These fibroblasts are the main cellular
component of the desmoplastic tumor stroma but their func-
tion in tumor progression is not well understood. Further
elucidation of these cells and their interactions may open new
options for non-surgical antitumor therapy.
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