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Cancer-associated stromal fibroblasts (CAFs) are the
main cellular constituents of reactive stroma in primary
and metastatic cancer. We analyzed phenotypical char-
acteristics of CAFs from human colorectal liver metas-
tases (CLMs) and their role in inflammation and cancer
progression. CAFs displayed a vimentin�, �-smooth-
muscle actin�, and Thy-1� phenotype similar to resi-
dent portal-located liver fibroblasts (LFs). We demon-
strated that CLMs are inflammatory sites showing
stromal expression of interleukin-8 (IL-8), a chemokine
related to invasion and angiogenesis. In vitro analyses
revealed a striking induction of IL-8 expression in CAFs
and LFs by tumor necrosis factor-� (TNF-�). The effect
of TNF-� on CAFs is inhibited by the nuclear factor-�B
inhibitor parthenolide. Conditioned medium of CAFs
and LFs similarly stimulated the migration of DLD-1,
Colo-678, HuH7 carcinoma cells, and human umbilical
vein endothelial cells in vitro. Pretreatment of CAFs
with TNF-� increased the chemotaxis of Colo-678 colon
carcinoma cells by conditioned medium of CAFs; how-
ever, blockage of IL-8 activity showed no inhibitory
effect. In conclusion, these data raise the possibility that
the majority of CAFs in CLM originate from resident LFs.
TNF-�-induced up-regulation of IL-8 via nuclear factor-�B
in CAFs is an inflammatory pathway, potentially permis-
sive for cancer invasion that may represent a novel ther-
apeutic target. (Am J Pathol 2007, 171:1608–1618; DOI:
10.2353/ajpath.2007.060661)

Colorectal cancer is one of the most common causes of
cancer death in Western countries. The outcome of the
disease is determined by the occurrence of metastatic
dissemination, mostly to the liver.1 Surgical resection, the
only curative therapy for colorectal liver metastases
(CLMs), is possible in less than 25% of the patients at
time of diagnosis, and the overall prognosis of nonre-
sected colorectal liver metastases is dismal.2 A detailed
understanding of the biological processes that regulate
the establishment and progression of CLMs may lead to
improvements in nonsurgical antitumor therapy.

Cancer-associated stromal fibroblasts (CAFs) repre-
sent the major cellular component of the desmoplastic
stroma of solid cancers and their metastases.3,4 In hep-
atocellular carcinoma and CLMs, most related investiga-
tions implicated activated hepatic stellate cells (HSCs)
responsible for the formation of cancer stroma and fi-
brotic capsule because of their ability do undergo spon-
taneous myofibroblastic transdifferentiation in vitro.5–7

HSCs are located around the sinusoidal endothelial cells
in the space of Disse and have commonly been regarded
as the principal matrix-producing cell type of the liver
involved in fibrogenesis.8,9 Recently, other cell types,
such as portal fibroblasts, smooth muscle cells, and cir-
culating mesenchymal cells, have been identified and
discussed to contribute to fibrogenesis and cirrhosis for-
mation in chronic liver disease.10–13 The fibroblastic cells
present in CLMs, where there exists a large amount of
stroma, have not yet been sufficiently characterized ac-
cording to their phenotype and functions in comparison
with resident fibroblast subpopulations.

Inflammation has increasingly been considered as a
pivotal environmental factor contributing to tumor pro-
gression.14 Invading inflammatory cells and cancer cells
are known to produce a variety of mediators such as
tumor necrosis factor-� (TNF-�), transforming-growth
factor-�1, and platelet-derived growth factor (PDGF),
thereby generating a favorable microenvironment for
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cancer cell invasion and angiogenesis.15–18 TNF-� is a
key mediator of the inflammatory response that acts
through activation of nuclear factor-�B (NF-�B), which in
turn modulates transcription of genes encoding cyto-
kines, cell adhesion molecules, and anti-apoptotic pro-
teins.19–21 Among these factors, the CXC chemokine in-
terleukin-8 (IL-8) has received much interest. IL-8 is a
potent chemoattractant for leukocytes in benign inflam-
matory conditions and wound healing, and many cell
types, including fibroblasts from lung, colon, skin, or
synovial tissue, elicited increased IL-8 expression after
exposure to TNF-�.22–27 In malignancy, IL-8 has been
shown to promote angiogenesis and tumor cell inva-
sion.28,29 It has been observed that the amount of IL-8 in
primary colorectal cancer was positively correlated to the
stage and presence of liver metastases.30 Furthermore,
there exist several reports showing that IL-8 increases
migration of colon carcinoma cells in vitro.31,32 Whether
IL-8 plays a functional role in metastasis progression, as
well as its cellular source and regulating factors in CLM,
has not yet been elucidated.

The aim of this study was first to investigate the pheno-
type of human CAFs isolated from colorectal liver metasta-
ses. We found that CAFs are phenotypically similar to a
population of resident portal liver fibroblasts (LFs) distinct
from HSCs. This raises the possibility that these LFs signif-
icantly contribute to the CAF population in CLM when re-
cruited and embedded in the malignant process. Because
of their close relationship to morphologically evident inflam-
mation and IL-8 immunoreactivity in CLM, we hypothesized
that CAFs play a significant role in IL-8 expression. Our
results point to the existence of an inflammatory, TNF-�/NF-
�B-mediated mechanism for stromal IL-8 expression that
might be of potential biological significance in CLM.

Materials and Methods

Human Tissue Samples

Samples of CLM, adjacent liver tissue, and distant
healthy liver tissue were obtained from 20 patients under-
going liver resection in accordance with the local ethical
committee and after written informed consent. For immu-
nohistochemistry, tissue specimens were immediately re-
moved and embedded in Tissue-Tek (Sakura Finetek,
Zoeterwoude, The Netherlands), frozen in liquid nitrogen,
and stored at �20°C. For RNA isolation, small tissue
pieces were stored at �80°C. For isolation and culturing
of fibroblastic cells, tissue samples were kept in Medium
199 (Invitrogen, Karlsruhe, Germany). The fibroblastic
cells that were generated from tumor tissue were defined
as CAFs, and those that were isolated from the respective
distant liver tissue were regarded as LFs.

Primary Culture of CAFs and LFs

Minced specimens of liver metastases and corresponding
distant liver tissue were incubated in 1 mg/ml collagenase
type IV (Sigma, Deisenhofen, Germany) in Medium 199
(Invitrogen) for 30 minutes. Isolated cells were cultured in

145-cm2 Petri dishes (Nunclon; Nunc, Roskilde, Denmark)
in 30 ml of Dulbecco’s modified Eagle’s medium (DMEM)
supplemented with 10% fetal bovine serum (FBS; Invitro-
gen), 1% penicillin, 1% streptomycin, and 1% amphotericin
B (Invitrogen) at 37°C in 5% CO2. For all experiments de-
scribed below, cells between passages 3 and 10 were
used. For sampling of conditioned medium (CM), 1 � 106

CAFs and 1 � 106 LFs were cultured in DMEM � 10% FBS
for 48 hours, followed by incubation for 24 hours in DMEM
� 0.5% FBS with or without TNF-�.

Cell Lines

DLD-1 and Colo-678 colon carcinoma cells (DSMZ,
Braunschweig, Germany) and HuH7 hepatoma cell lines
(JCRB Cell Bank, Tokyo, Japan) were grown in cell cul-
ture dishes in medium DMEM supplemented with 10%
FBS and containing 1% penicillin, 1% streptomycin, and
1% amphotericin B. Human umbilical vein endothelial
cells (HUVECs) were purchased from Cascade Biologics
(Mansfield, UK) and grown in Medium 200 (M200; Cas-
cade Biologics) supplemented with penicillin/streptomy-
cin/amphotericin B and low-serum growth supplement
(LSGS; Cascade Biologics).

Stimulation Experiments

CAFs (1 � 106) and LFs (1 � 106) grown for 48 hours in
145-cm2 Petri dishes were pretreated for 4 hours in
DMEM containing 0.5% FBS. Then they were incubated
for 24 hours in DMEM � 0.5% FBS with or without (con-
trol) human growth factors. The following human growth
factors and cytokines were used: platelet-derived growth
factor (PDGF-BB; Roche, Basel, Switzerland), TNF-�
(Sigma), and transforming growth factor-�1 (Roche). The
medium was then collected for protein analysis (enzyme-
linked immunosorbent assay), and the cell layer was
subjected to RNA isolation.

Inhibition of NF-�B

The herbal sesquiterpene lactone parthenolide (Calbio-
chem, Bad Soden, Germany), which inhibits activation of
NF-�B, was dissolved in tissue culture-grade dimethyl
sulfoxide and subjected in increasing concentrations to
the above-described stimulation experiments in the pres-
ence or absence of TNF-�. Final dimethyl sulfoxide con-
centration did not exceed 0.1%, a concentration ascer-
tained not to interfere with the experiments.

Immunocytochemistry

For phenotypical characterization of cultured CAFs and
LFs, the cells were seeded at 3 � 105 cells/well onto eight-
chamber slides (BD Falcon; BD Biosciences, Heidelberg,
Germany) and cultured for 48 hours until subconfluent to
confluent. The slides were fixed in acetone and stained with
the primary antibodies listed in Table 1 (all monoclonal
mouse anti-human). After blocking with biotin (DAKO,
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Hamburg, Germany) and horse serum, slides were incu-
bated with the primary antibody for 60 minutes. The re-
activity was detected by using the Vectastain ABC-AP Kit
(Vector Laboratories, Grünberg, Germany) according to
the manufacturer’s instructions. Slides were counter-
stained with hematoxylin. Negative controls were pre-
pared by substituting the primary antibody with isotype-
matched mouse immunoglobulins.

To characterize CAFs and LFs in situ, 5-�m thin cryo-
sections of liver metastasis specimens were immuno-
stained as described above with the antibodies listed in
Table 1. In addition, these cryosections were stained with
an antibody against IL-8 (1/50, clone B-K8; Serotec, Düs-
seldorf, Germany). The percentages of CD45-positive
cells in the metastases, the peritumor margins, and the
distant liver tissues were quantified by two independent
observers by counting the number of stained and un-
stained cells in four different high-power magnification
fields (�400).

Chemotaxis Assay

The migration of HuH7, DLD-1, Colo-678 cells, and
HUVECs toward increasing amounts of concentrated CM
obtained from cultures of CAFs and LFs was investigated
and compared using a modified 96-well Boyden cham-
ber assay as previously described.33 The cells (15 � 103

cells/50 �l) were seeded in the upper chambers. Further-
more, CM of CAFs that were exposed for 24 hours to
TNF-� (10 ng/ml) was compared with CM of nonstimu-
lated cells. To exclude an influence of TNF-� on the
assay, the respective concentration of TNF-� was added
to the CM of nonstimulated cells after the incubation
period. In these experiments, the incubating medium in
the upper chambers was DMEM � 0.5%. The effect of
blockage of IL-8 activity was tested by preincubation of
the respective CM with an inhibiting antibody (10 �g/ml;
mouse monoclonal anti-human IL-8, clone 6217; R&D
Systems, Minneapolis, MN). We furthermore analyzed the
effect of increasing concentrations of recombinant hu-
man IL-8 (R&D Systems). The chambers were covered
with an 8-�m pore size Nucleopore filter (Neuroprobe)
that was coated with Vitrogen 100 (Cohesion, Palo Alto,

CA). The incubation time was 5 hours. After fixing and
staining, the migration was quantified by counting cell
nuclei in 10 high-power fields using a �40 objective and
a calibrated ocular grid.33

Enzyme-Linked Immunosorbent Assay

Release of IL-8 by cultivated CAFs and LFs was quantified
using commercially available enzyme-linked immunosor-
bent assays (ELISAs) according to the manufacturer’s in-
structions (EH2 IL-8; Pierce Endogen, Woburn, MA).

RNA Extraction and Northern Blot Analysis

Total RNA was extracted from cultivated cells or tissue
samples by using the RNeasy Midi Kit (Qiagen, Hilden,
Germany) according to the manufacturer’s protocols. Five
micrograms of total RNA per lane was separated on a 1%
denaturing agarose gel. The synthesis of digoxigenin-la-
beled antisense probes was performed by two subsequent
PCR steps using the PCR DIG Probe Synthesis Kit (Roche)
as previously described.34 The following sets of primers
were used: IL-8 (GenBank accession no. NM_000584),
forward-17 5�-CTTTCAGAGACAGCAGAGCAC-3�, reverse-
972 5�-ACTGTGAGGTAAGATGGTGGC-3�; and glyceral-
dehyde-3-phosphate dehydrogenase (NM_002046.2),
forward-81 5�-GAAGGTGAAGGTCGGAGTC-3�, reverse-
306 5�-GAAGATGGTGATGGGATTTC-3�.

Primers were purchased from MWG-Biotech (Ebers-
berg, Germany). Hybridization and detection were per-
formed as described earlier.34

Statistical Analysis

Data are presented as mean and SEM. For statistical
analysis, at least four experiments using different cell
cultures from different patients were performed. Differ-
ences between experimental groups were analyzed by
one-way analysis of variance (analysis of variance) and
Bonferroni multiple comparison tests. A P value �0.05
was considered statistically significant.

Table 1. Marker Profile of CAFs, Portal LFs, perisinusoidal HSCs, and Smooth Muscle Cells (SMCs) from Vessel Walls in Human
Tissue Samples and of Cultured CAFs and LFs, and Antibodies Used for Immunocytochemistry

Human tissue Cultured cells

Antibody (dilution; clone; provider)CAFs LFs HSCs SMCs CAFs LFs

Vimentin � � � � � � 1/50; V9; Dako, Glostrup, Denmark
Thy-1 � � � � � � 1/25; 5E10; BD Biosciences, Bedford, MA
�-SMA � � � � � � 1/50; 1A4; Dako
Desmin � � � � � � 1/50; D33; Dako
CD45 � � � � � � 1/50; T29/33; Dako
ICAM-1 � � � � � � 1/50; 6.5B5; Dako
NCAM � � � � � � 1/25; T199; Dako
Glial fibrillary acidic protein � � � � � � 1/25; 6F2; Dako
CK-7 � � � � � � 1/50; OV-TL 12/30; Dako
CK-19 � � � � � � 1/100; RCK108; Dako
Laminin � � � � � � 1/25; 4C7; Dako

CK, cytokeratin; NCAM, neural cell adhesion molecule.
�, strongly positive; �, mildly positive; �, not detected.
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Results

CAFs are Phenotypically Similar to Resident
Portal LFs

We first classified fibroblastic cell populations according
to their immunostaining marker profiles on histological
sections of CLM and corresponding distant liver tissues
(at least 3 cm apart the metastasis; n � 20). Within the
tumor stroma, the majority of cells showed a myofibro-
blastic shape and differentiation being positive for vimentin
and �-smooth muscle actin (�-SMA), as described previ-
ously.35 In addition, these CAFs displayed immunoreactivity
for Thy-1 (Figure 1A), a surface glycoprotein that may be
functionally involved in adhesion, migration, and myofibro-
blastic differentiation.36,37 Desmin immunoreactivity was
detected in the walls of larger vessels but not within the
perivascular stroma. Moreover, the stroma of the metasta-
ses was positive for intercellular adhesion molecule-1
(ICAM-1) and laminin (Figure 1A and Table 1).

In distant liver tissues, we identified two cell types that
exhibited immunoreactivity for vimentin, �-SMA, and
Thy-1. First, there were smooth muscle cells that assem-
ble vessel walls in the portal fields. In larger vessels,
these cells moreover showed immunoreactivity for
desmin. Second, there were vimentin�, �-SMA�, and
Thy-1� fibroblastic cells that are arranged as a cellular
network in the portal areas and around the central veins

(Figure 1B). Along the hepatic sinusoids, there were reg-
ularly distributed vimentin� cells, most probably HSCs or
Kupffer cells.10,38 These cells stained negative for Thy-1
and �-SMA (Figure 1B). ICAM-1 was only scarcely ex-
pressed along the sinusoid linings (Figure 1B). Thus, the
fibroblasts present in colorectal liver metastases exhibit a
myofibroblastic phenotype, which is, with respect to
marker expression profile, similar to resident fibroblasts
residing perivascular connective tissue of portal fields in
normal liver tissue (Table 1).

Next, we analyzed the phenotype of collagenase-iso-
lated and subsequently cultured fibroblasts from metastatic
tissue (CAFs) and compared these cells with fibroblasts
generated from liver tissue (LFs) by immunohistochemistry.
Both cell types stained positive for vimentin, Thy-1, �-SMA,
ICAM-1, and laminin. Moreover, few cells expressed cyto-
keratin 7 (Figure 2, A and B). Marker proteins related to
HSCs,9,10 like glial fibrillary acidic protein, desmin, or neural
cell adhesion molecule, were not detected. In addition,
CAFs and LFs were negative for CD45, a panleukocytic
marker that is reported to be expressed by bone marrow-
derived fibroblasts in experimental liver fibrosis.13 In con-
clusion, the phenotypical analysis of cultured CAFs and
LFs suggest that these cultures are, respectively repre-
sentative for the CAFs and portal liver fibroblasts de-
scribed on tissue sections and that both populations of
fibroblasts are identical (Table 1).

Figure 1. Phenotype of CAFs and fibroblastic hepatic cell populations in situ. Immunohistochemical analyses of vimentin, �-SMA, Thy-1, ICAM-1, desmin, and
laminin. Representative images of cryosections from metastatic tissue (A) and liver tissue (B) of 20 patients. Original magnification, �400 (P, portal area; CV, central
vein). The stromal compartment of the metastatic tissue displays intense immunoreactivity for vimentin, �-SMA, Thy-1, ICAM-1, and laminin. Desmin was detected
in the walls of larger vessels. The arrowheads in the vimentin staining of B indicate vimentin-positive hepatic stellate cells or Kupffer cells that are located along
the sinusoid linings. In portal and pericentral regions there are vimentin�, �-SMA�, and Thy-1� cells (LFs), whereas the HSCs residing in perisinusoidal linings
showed no immunoreactivity for �-SMA and Thy-1.
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Liver Metastases Represent a Site of
Inflammation

To validate inflammation in CLM, we analyzed cryosec-
tions of colorectal liver metastases and corresponding
distant liver tissues for the presence of CD45-positive
cells by immunohistochemistry. Staining of liver tissue for
CD45 (also referred to as leukocyte common antigen)
identifies Kupffer cells, which are resident macrophages,
and infiltrating leukocytes.39 As shown in Figure 3A,
many infiltrating CD45-positive cells were found within
the stromal septa in close proximity to stromal fibroblasts.
Large infiltrations of CD45-positive cells were detected at
the tumor margin. Staining for laminin, a basement mem-
brane glycoprotein, revealed that the CD45-positive cells
are located outside vessel- or duct-like structures, which
are surrounded by a laminin-positive layer (Figure 3A).
Quantification of the number of CD45-positive cells un-
veiled that most leukocytes are located at the boundary
region of the metastasis. In comparison with distant nor-
mal liver tissue, the number of CD45-positive cells was

markedly elevated, even within the metastases (Figure
3B). The presence of inflammation was furthermore re-
flected by increased stromal immunoreactivity for ICAM-1
(Figure 1), a cell surface glycoprotein implicated in in-
flammation and cancer invasion that is regulated by
TNF-� and NF-�B.40

Colorectal Liver Metastases Express High
Levels of IL-8

Recognized as a potent chemoattractant for leukocytes
in inflammation, IL-8 has recently been shown to be im-
plicated in tumor invasion and angiogenesis.29–31 We
next confirmed IL-8 expression in CLM by immunohisto-
chemistry. IL-8 was detected within the stromal septae
and at the boundary region of the metastases. Most
fibroblasts showed weak staining, but individual cell
populations within the stroma strongly expressed IL-8
(Figure 4A). On the mRNA level, IL-8 expression was
increased threefold in the metastasis tissue compared

Figure 2. Representative images of cultured CAFs (A) and LFs (B) stained for vimentin, �-SMA, Thy-1, ICAM-1, cytokeratin (CK)-7, laminin, CK-19, and neural
cell adhesion molecule (NCAM), indicating that the myofibroblastic phenotype of CAFs and LFs was stable in vitro (original magnification, �400; positive staining,
red).
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with adjacent and distant liver tissue (n � 10, P � 0.01;
Figure 4, B and C).

TNF-� Induces IL-8 Expression by CAFs and
LFs in Vitro

To investigate the mRNA expression of IL-8 and the effect of
various cytokines on IL-8 expression by primary CAFs and
LFs, we performed nonradioactive Northern blot analyses
using digoxigenin-labeled antisense DNA probes. The ad-
vantage of this technique is that it provides a reproducible
quantitative expression analysis of a selected transcript
from a total RNA sample without potential bias caused by
prior reverse transcription and amplification. PDGF-BB
(10 ng/ml) slightly induced the expression of IL-8 mRNA
by CAFs and LFs, and TNF-� (50 ng/ml) markedly in-
creased IL-8 expression (Figure 5, A and B), whereas
transforming-growth factor-�1 (5 ng/ml) showed no ef-
fect. Following incubation with TNF-�, mean expression
of IL-8 as measured by densitometric band analysis in-
creased approximately 12-fold in CAFs (n � 4, P � 0.01)
and 34-fold in LFs (n � 4, P � 0.01). However, this

difference was not statistically significant. The inducing
effect of TNF-� on IL-8 expression was confirmed at the
protein level by ELISA measurements of the cell culture
supernatants (Figure 5C). The constitutive IL-8 expres-
sion levels in controls (CAFs and LFs cultured in the
presence of 0.5% FBS) ranged from 0 to 390 pg/ml in
CAFs and from 0 to 175 pg/ml in LFs (n � 5). As shown
in Figure 5C, TNF-� (50 ng/ml) up-regulated the expres-
sion of IL-8 protein in both cell types without significant
difference. A slight increase on IL-8 protein expression
was observed by stimulation with PDGF-BB (10 ng/ml) in
both CAFs and LFs, but this effect was not statistically
significant.

Parthenolide Suppresses TNF-�-Mediated IL-8
Expression by CAFs

NF-�B has been identified as the pivotal TNF-� down-
stream signaling component in inflammation.19,21 Once
activated, NF-�B dissociates from its inhibitors and trans-
locates to the nucleus where it leads to the activation of

Figure 3. The metastatic site is associated with leukocyte infiltration. A:
Representative immunohistochemical staining of serial sections from colo-
rectal liver metastases and their margins for CD45 and laminin (original
magnification, �400). B: Mean numbers of CD45-positive cells within tumor,
tumor margin, and liver tissue (n � 14; mean � SEM; *P � 0.05, **P � 0.01).

Figure 4. CAFs in situ stain positive for IL-8, and IL-8 mRNA is increased in
metastatic tissue. A: Representative immunohistochemical analysis of IL-8 in
colorectal liver metastases and the tumor margin (original magnification,
�400). B: Representative Northern blot analysis showing IL-8 mRNA expres-
sion in tumor tissue (I), adjacent, peritumor tissue (II), and distant liver tissue
(III) in tissue samples from two different patients. Rehybridization for glyc-
eraldehyde-3-phosphate dehydrogenase for normalization. In the diagram
below (C), mean results of Northern analyses for IL-8 mRNA expressions in
tumor tissue (I), adjacent, peritumor tissue (II), and distant liver tissue (III)
are quantified (n � 10; mean � SEM; **P � 0.01 versus peritumor tissue (II)
and distant liver tissue (III)).
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proinflammatory and chemotactic agents and adhesion
molecules, thereby creating an inflammatory self-main-
taining state. The sesquiterpene lactone parthenolide has
recently been shown to inhibit the activation of NF-�B.41

To analyze whether TNF-� acts via NF-�B on CAFs, in-
creasing concentrations of parthenolide (1, 5, and 10
�mol/L) in the absence or presence of TNF-� (10 ng/ml)
have been tested. Whereas the lowest concentration of
parthenolide tested in our experiments (1 �mol/L) had no
effect on TNF-�-induced IL-8 expression, we found that
the addition of 5 �mol/L parthenolide significantly inhib-
ited TNF-�-mediated IL-8 mRNA expression (Figure 6, A
and B). Similar results were obtained by analyzing IL-8
protein by ELISA (Figure 6C).

CM from CAF and LF Cultures Similarly
Promotes Tumor and Endothelial Cell Migration

We next studied the effect of conditioned media from
CAF and LF cultures on tumor and endothelial cell che-
motaxis using a modified Boyden chamber assay. Con-
ditioned media from both cultures significantly increased
the number of migrating HuH-7 hepatoma, DLD-1, and
Colo-678 colon carcinoma cells as well as HUVECs (Fig-
ure 7, A–D) toward CM from CAFs and LFs in a concen-
tration-dependent manner. Unexpectedly, the response
of the DLD-1 cells to conditioned media from LF cultures
was stronger than that observed with conditioned media
from CAF cultures. However, this difference was statistically
not significant. The differential responses of HUVECs to CM

from CAF and LF (Figure 7D) were also not significant. Thus,
both CAF and LF secrete factors that direct migration of
different tumor cells and endothelial cells in vitro.

CM from CAFs Exposed to TNF-� Increase
Migration of Colo-678 Cells, but Blockage of
IL-8 Had No Inhibitory Effect

IL-8 has been previously described to promote the mi-
gration of colon cancer cells and endothelial cells in
vitro.31,32,42 We speculated that the increased IL-8 pro-
tein levels in cell culture supernatants of CAFs exposed
to 10 ng/ml TNF-� (Figure 6C) would increase the migra-
tion of these cells in comparison with CM of nonstimu-
lated CAFs. As shown in Figure 8, Colo-678 cells showed
increased migration toward CM from CAFs incubated
with TNF-� in comparison with CM of CAFs that were
incubated in 0.5% FBS for the same time period. Block-
age of IL-8 by neutralizing antibody as described in
Materials and Methods showed a mild, but not significant,
inhibitory effect (Figure 8C). We followed this lack of
evidence for a role of IL-8 as a chemoattractant of the
tested cell lines by investigating their migration toward
increasing concentrations of IL-8 in the lower chamber.
Among the tested cell lines, these experiments revealed
only slight increases for migratory activity in Colo-678
cells and HUVECs (data not shown). With respect to the
concentration-dependent increases as shown in Figure
7, the lack of responsiveness to IL-8 in our Boyden sys-

Figure 5. TNF-� induces expression of IL-8 by human CAFs and LFs in vitro. A: Representative Northern blot analysis showing the effect of cytokines [transforming
growth factor-� (TGF-�), 5 ng/ml; PDGF-BB, 10 ng/ml; and TNF-�, 50 ng/ml) and increased concentration of FBS (10%) on IL-8 mRNA expression by CAFs and
liver fibroblasts. Controls (CON) are nonstimulated CAFs or LFs (0.5% FBS) (ST, molecular RNA weight marker). The lower bands show glyceraldehyde-3-
phosphate dehydrogenase mRNA expression after rehybridization for normalization. Note that the IL-8-specific band is still abundant. B: Results of densitometric
band analysis of IL-8 mRNA expression by CAFs and LFs (n � 4; mean � SEM; ns, not significant; * and #P � 0.01 versus respective control). C: Protein expression
of IL-8 by CAFs and LFs in vitro, determined by ELISA measurements (n � 5; mean � SEM; * and #P � 0.01 versus respective control).

Figure 6. The NF-�B inhibitor parthenolide inhibits the effect of TNF-� on IL-8 expression by CAFs. A: Representative Northern blot analysis of IL-8 mRNA
expression by the CAFs in vitro under incubation with or without TNF-� in the presence or absence of increasing concentrations of parthenolide. B: Results of
densitometric band analyses of IL-8 mRNA expression by CAFs that were exposed to TNF-� in either the presence or absence of increasing concentrations of
parthenolide (n � 4; mean � SEM; *P � 0.05, **P � 0.001). C: The combined effect of increasing concentrations parthenolide and TNF-� on IL-8 protein
expression released by CAFs that were incubated for 24 hours was measured by ELISA and quantified for statistical analysis (n � 4; mean � SEM; *P � 0.05, **P �
0.001).
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tem strongly indicates that CAFs release other as yet
unidentified chemoattractants.

Discussion

In this study, we present three novel observations with
respect to CAF biology and inflammation in CLM. First,
we show that the CAFs are phenotypically and function-
ally similar to a population of fibroblastic cells located in
the portal area of normal liver tissue, raising the possibil-
ity that these resident liver fibroblasts significantly con-
tribute to the CAF population. Second, we show that IL-8
expression is increased in CLM in comparison with sur-
rounding liver tissue. Third, we show for the first time that
CAFs are highly responsive to proinflammatory TNF-� by
means of up-regulation of IL-8 through activation of NF-
�B. We conclude that the proinflammatory milieu in CLM

is at least in part generated by fibroblasts that originate in
the liver itself.

In established CLM, the cellular origin of the CAF pop-
ulation is not fully defined. With respect to gene expres-
sion patterns, a recent study showed a higher homology
between CAFs and liver fibroblasts in comparison with
skin fibroblasts.43 It is generally believed that CAFs are
generated from HSCs, which are well characterized for
their ability to undergo myofibroblastic transformation in
liver fibrogenesis.8–10 One aim of our study was to pro-
vide further insight into this issue. We have observed by
immunohistochemistry on tissue sections that CAFs from
CLM are phenotypically similar to liver (myo)fibroblasts
residing in the portal and pericentral area (Figure 1 and
Table 1), being vimentin�, �-SMA�, and Thy-1�. These
findings are in agreement with our morphological in vitro
analyses (Figure 2 and Table 1). In addition, both cell

Figure 7. Boyden chamber analyses testing
chemotaxis of HuH7 hepatoma cells (A), DLD1
colon carcinoma cells (B), Colo-678 colon car-
cinoma cells (C), and HUVECs (D) induced by
conditioned medium from CAFs and LFs. In-
creasing concentrations of the conditioned me-
dia were placed in the lower chamber of a
modified Boyden chamber system as described
in Materials and Methods. Tumor cells (15 �
103) or HUVECs in 50-�l medium containing 2%
bovine serum albumin were seeded in the up-
per wells. Each experimental condition was ex-
amined by quadruplicate measurements. Quan-
tification results from five different CAF cultures
and corresponding LF cultures are shown (n �
5; mean � SEM; * and #P � 0.001 versus respec-
tive control).

Figure 8. Effect of TNF-� on chemotactic prop-
erties of CAFs. The migration of HuH7 hepa-
toma cells (A), DLD1 colon carcinoma cells (B),
Colo-678 colon carcinoma cells (C), and
HUVECs (D) toward conditioned medium of
CAFs that were incubated for 24 hours in 10
ng/ml TNF-� [CAF-CM (TNF)] and toward CM of
nonstimulated CAFs (CAF-CM) were compared.
In the CM of nonstimulated CAFs, TNF-� was
added after the incubation time to exclude that
differences in migration were caused by the
presence of exogenous TNF-�. The effect of IL-8
blockage was tested by preincubation with an
IL-8-neutralizing antibody (10 �g/ml; R&D Sys-
tems). The experiments were repeated four
times using CAF cultures from different patients
(n � 4; mean � SEM; *P � 0.05 versus
CAF-CM).
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types release mediators that promote tumor and endo-
thelial cell migration to a comparable dose-dependent
extend (Figure 7). Recently, it has been described that
blood or bone marrow-derived mesenchymal precursors
contribute to the excessive population of fibroblasts in
liver fibrosis,12,13 and this may potentially represent an
alternative source for CAFs in solid organ malignancy.
There exist several reports showing that a proportion of
fibroblasts located in experimental tumors have a bone
marrow origin.44,45 Direkze et al44 observed a proportion
of 25% myofibroblasts derived from transplanted bone
marrow in a model of murine pancreas tumor. There is
also experimental data supporting the concept that the
percentage of bone marrow-derived fibroblasts increases in
advanced stages of cancer development.45 Therefore, it
is possible that bone marrow-derived mesenchymal pre-
cursors contribute to the CAF population in established
CLM.

Our results indicate that the CAFs are located in an
inflammatory milieu, as evidenced by ICAM-1 immuno-
histochemistry (Figure 1) and the presence of CD45-
positive leukocyte cluster within the tumor stroma (Figure
3). Among the various growth factors and cytokines that
are expected to be released in this microenvironment,
some were clearly related to specific functional roles in
metastasis progression. For example, it has been shown
that targeting of stromal PDGF receptors decreases
growth and metastasis of orthotopic implanted colon can-
cer cells at the primary and the metastatic site.18 These
data are compatible with our previous observation that
PDGF-BB is a mitogen for cultured CAFs from CLM,35

suggesting a role in the recruitment of resident fibroblasts
from liver tissue to generate the CAF population.

We hypothesized that the morphologically evident in-
flammation is associated with IL-8 expression, because
the latter is reputed for its role as a chemoattractant for
leukocytes.27 Several functional implications arise from
our observation of increased IL-8 expression in CLM in
comparison to surrounding liver tissue. IL-8 has been
established as a proinvasive factor for malignant cells, as
a proangiogenic factor, and as a chemotactic factor, that
maintains the inflammatory microenvironment. In colon
cancer cells, a positive correlation between their level of
endogenous IL-8 expression and invasive capacity in
vitro has been reported,31 and exogenous IL-8 enhanced
the proliferation and adhesion to endothelial cells in cell
lines with low endogenous expression of IL-8.31 In accor-
dance with these data, Terada et al30 recently described
an association between IL-8 levels and tumor size, depth
of infiltration, Dukes stage, and presence of liver metas-
tasis in primary colorectal carcinoma. Apart from exper-
imental data on xenografts,46 a proangiogenic role of IL-8
in primary colorectal cancer or metastases is less evident
based on the existing literature. Recently, Miyagawa et
al47 described a significant positive correlation between
macrophage density and microvessel count in 71 cases
of CLM. It is interesting to speculate whether the relation
between inflammation and angiogenesis is mediated by
IL-8. Collectively, it seems plausible to conclude that the
increased IL-8 levels in CLM contribute to a microenvi-
ronment that favors metastasis progression.

The screening for a possible role of inflammatory me-
diators that could regulate IL-8 expression by CAFs from
CLM clearly point to TNF-�. Recently, increased TNF-�
production by Kupffer cells in vivo has been shown to be
an essential step during the formation of colorectal liver
metastasis in mice.16 Increased TNF-� levels were more-
over found around colorectal liver metastases and within
mononuclear cells in the tumor periphery of intrahepatic
cholangiocarcinoma.48,49 Our in vitro analyses suggest
that the increased expression of IL-8 in CLM is in part due
to TNF-�-mediated release by fibroblasts (Figure 5).
Moreover, the finding that CAFs and LFs were similarly
responsive to TNF-� raises the possibility that resident
liver fibroblasts may already contribute to IL-8 production
following paracrine stimulation without direct contact to
tumor cells. Because IL-8 itself promotes chemotaxis of
neutrophils and macrophages, important cellular sources
of TNF-�,27 it is likely that the effect of TNF-� on CAFs and
LFs helps to generate a self-maintaining inflammatory
microenvironment.

We have shown that the extracellular signal-activated
transcription factor NF-�B contributes to TNF-�-mediated
induction of IL-8 in human CAFs from CLM as a down-
stream effector (Figure 6). Thus, NF-�B-selective inhibi-
tors such as parthenolide may have potential clinical
benefit in the context of anticancer drug development. It
was already shown that NF-�B up-regulated chemokine
expression in fibroblasts associated with nonmalignant
inflammation as well as in cancer cells.22,50 However, a
link between NF-�B and IL-8 expression has not yet been
described for fibroblasts from cancerous stroma. It can-
not be excluded that fibroblasts from other human tissues
would behave like the tested CAFs or LFs because there
exists published data that fibroblast populations from
benign tissue are more or less responsive to TNF-� by
means of IL-8 induction,22–25 most probably to a different
extent because of their heterogeneity.26 Therefore it
seems necessary to evaluate carefully the potential side
effects of a NF-�B inhibition on non-cancer related inflam-
matory conditions, eg, wound healing, by appropriate in
vivo experiments.

A potential limitation of this study is that we were not
able to provide clear evidence that IL-8 acts as a che-
moattractant for tumor cells and endothelial cells (Figure
8). Contrary to our results, the latter has been described
by several authors in the literature.28,31,32,42 Indeed,
there exist numerous possibilities to perform migration
analyses in vitro, and we cannot exclude the possibility
that the usage of other experimental methods would lead
to different results. However, our observation of in-
creased migration of Colo-678 cells toward CM of CAFs
stimulated with TNF-� points to a potential role of other
chemokines that are transcriptional regulated by NF-�B.

In summary, CAFs from human CLM are myofibroblas-
tic cells that show clear similarities to resident portal LFs.
CAFs are located in an inflammatory microenvironment
and contribute significantly to IL-8 expression that is in-
creased in CLM in comparison with surrounding liver
tissue. The IL-8 expression by CAFs is highly inducible by
TNF-� through activation of NF-�B. Thereby, these cells
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may help to form a permissive microenvironment for can-
cer invasion and angiogenesis.
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