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Increasing evidence points to a central link between inflammation and activation of the stroma,
especially of fibroblasts therein. However, the mechanisms leading to such activation mostly
remain undescribed. We have previously characterized a novel type of fibroblast activation
(nemosis) where clustered fibroblasts upregulated the production of cyclooxygenase-2, secretion
of prostaglandins, proteinases, chemotactic cytokines, and hepatocyte growth factor (HGF), and
displayed activated nuclear factor-κB. Now we show that nemosis drives angiogenic responses of
endothelial cells. In addition to HGF, nemotic fibroblasts secreted vascular endothelial growth
factor (VEGF), and conditioned medium from spheroids promoted sprouting and networking of

human umbilical venous endothelial cells (HUVEC). The response was partly inhibited by
function-blocking antibodies against HGF and VEGF. Conditioned nemotic fibroblast medium
promoted closure of HUVEC and human dermal microvascular endothelial cell monolayer wounds,
by increasing the motility of the endothelial cells. Wound closure in HUVEC cells was partly
inhibited by the antibodies against HGF. The stromal microenvironment regulates wound healing
responses and often promotes tumorigenesis. Nemosis offers clues to the activation process of
stromal fibroblasts and provides a model to study the part they play in angiogenesis-related
conditions, as well as possibilities for therapeutical approaches desiring angiogenesis in tissue.

© 2009 Elsevier Inc. All rights reserved.
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Introduction

The repair process of wounded tissue consists of several often
overlapping phases with distinct pathological characteristics [1,2].
Injured tissue reacts initially with bleeding and vasodilation. After
the initial hemostatic response that results in clot formation, acute
inflammation takes place with inflammatory cells invading the
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injured tissue and surrounding stroma. The following step is the
formation of granulation tissue, which serves as a scaffold for
angiogenesis and reepithelialization. Here fibroblasts enter the
stage and form a major stromal component [3]. They are known to
produce and maintain the extracellular matrix (ECM), and also
seem to have an immunological function as ubiquitous sentinel
cells capable of transforming into an inflammatory phenotype,
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often with myofibroblastic characteristics. Myofibroblasts also
orchestrate wound contraction [4,5].

The process of tissue repair requires intense proliferation,
which in turn places demands on the nutrition and oxygen supply
in the tissue surrounding the injury. This shortage is corrected by
angiogenesis, resulting in neovascularization of the inflammatory
microenvironment and granulation tissue. Wound angiogenesis is
activated by the innate immune system and proceeds as a tightly
controlled course of action, where endothelial cells andmural cells
are guided by the microenvironment to sprout, migrate, and form
new capillaries [6,7]. Endothelial cells themselves are anchored to
basement membranes, and the cells of a functioning blood vessel
require constant contact with the ECM. Endothelial cells depend
on the microenvironment for proper function, displaying various
phenotypes depending on the type of vasculature or the organ
they reside in [8].

Angiogenesis is promoted by vascular-endothelial growth
factor (VEGF) and its main receptor on endothelial cells is
VEGFR2 [9]. Characteristics further attributed to VEGF are
promotion of survival and prevention of apoptosis in endothelial
cells, as well as increased vascular permeability, all components
required in acute inflammation and building of new vasculature.

Hepatocyte growth factor or scatter factor (HGF or SF) is
another growth factor with an important role in the tissue
repair process. Produced mainly by stromal fibroblasts, it
promotes cell motility, proliferation, morphogenesis, and matrix
construction [10–12]. HGF is now also recognized as a promoter
of angiogenesis and lymphangiogenesis [13,14]. It is secreted in
an inactive form, and activated by proteolytic cleavage in
damaged tissues [11]. HGF binds to the receptor MET (mesen-
chymal–epithelial transition factor), mostly present on epithelial
cells, but also on endothelial cells [15–18]. MET plays an
important role in wound healing, as shown by the obligatory
presence of MET in keratinocytes for successful wound
reepithelialization [19].

A strong link exists between inflammation and tumorigene-
sis, a connection recently placed in the center of intense
investigation. Many types of cancer arise at sites of chronic
inflammation [20] and in the light of recent results, tumors seem
to be capable of redirecting tissue healing responses, such as
inflammation and wound repair, to promote tumorigenesis. The
highly vascularized and growth-factor rich stromal microenvi-
ronment often functions to serve the developing tumor. Some
types of tumors consist mostly of stromal cells including
fibroblasts, and several reports have observed a tumor-promot-
ing effect of activated stromal fibroblasts (CAFs) on tumor cells
[21,22]. CAFs also promote invasiveness of otherwise non-
invasive cancer cells [23], and are now considered a possible
target for cancer therapy [24,25].

We have developed an experimental model for stromal
activation. Allowing human fibroblasts to cluster into spheroids
leads to proinflammatory activation through upregulation of
cyclooxygenase-2 (COX-2), production of prostaglandins E2, I2,
and F2α, extracellular proteinases (plasminogen activation, matrix
metalloproteinases), chemotactic cytokines (CXCL8 (IL-8), CCL3
(MIP-1α), CCL5 (RANTES)), and activation of NF-κB. This process
of fibroblast activation has been designated as nemosis [reviewed
in 26,27–29]. Fibronectin–Integrin interaction mediates initial
cluster formation [30]. The activated, nemotic fibroblasts also
produce considerable amounts of HGF, which directly promotes
invasiveness of MET-expressing cancer cells [31]. Also bone
marrow mesenchymal stem cells undergo nemosis and have
been shown to induce HGF-dependent keratinocyte wound repair
in vitro [32]. However, MET-negative leukemia cells stimulated by
cytokines produced by nemotic fibroblasts undergo growth arrest
and differentiation to a dendritic phenotype [33]. The nemosis
response displays differing characteristics between normal fibro-
blast and CAF strains [34], whereas nemotic fibroblasts exposed to
malignant HaCaT keratinocytes or their conditioned medium
showed myofibroblast-like differentiation [35].

In conclusion, nemotic fibroblasts display characteristics
similar to fibroblasts in the inflammatory and tumor microenvir-
onments. Since angiogenesis plays a crucial role in both processes,
we followed the trail further. Our current results illustrate how
nemosis induces angiogenic responses of endothelial cells.
Materials and methods

Antibodies and other reagents

The function-blocking antibodies goat-anti-human HGF (AF-294-
NA) and goat-anti-human VEGF (AF-293-NA) were purchased
from R&D Systems (Minneapolis, MN). Goat-anti-human COX-2,
goat-anti-human PCNA (proliferating cell nuclear antigen) and
mouse-pan-anti-human actin were from Neomarkers (LabVision,
Fremont, CA). Anti-rabbit IgG-HRP was from Santa Cruz Bio-
technologies (Santa Cruz, CA) and anti-mouse IgG+IgM-HRP from
Jackson ImmunoResearch (West Grove, PA).

Cell lines and culture methods

Primary human dermal fibroblasts (CRL-2088, from American
Type Culture Collection, Vanassas, VA) were cultured in a mixture
of DMEM and F-12 (1:1) medium (Invitrogen, Carlsbad, CA),
supplemented with 5% FBS (Invitrogen), 0.3 mg/ml glutamine,
100 U/ml penicillin and 0.1 mg/ml streptomycin. The maximum
passage number used was 20. Primary human dermal microvas-
cular endothelial cells (HMEC-dNeo, Clonetics/Lonza, Basel,
Switzerland) were cultured in Endothelial Cell Growth Medium
MV (PromoCell, Heidelberg, Germany), supplementedwith 100 U/
ml penicillin and 0.1 mg/ml streptomycin. Experiments on HMEC-
d cells were performed in Endothelial Cell Basal Medium MV
(PromoCell), supplemented with 5% FBS, 100 U/ml penicillin and
0.1 mg/ml streptomycin. Themaximum passage number used was
25. Primary human umbilical venous endothelial cells (HUVEC, in-
house, a kind gift of Dr. Hannu Koistinen, University of Helsinki)
were cultured in Endothelial Cell Growth Medium MV KIT
(PromoCell), supplemented with 50 μg/ml gentamicin and
0.5 μg/ml amphotericin B. Experiments on HUVECs were
performed in Endothelial Cell Basal Medium MV (PromoCell),
supplemented with 5% FBS, 50 μg/ml gentamicin and 0.5 μg/ml
amphotericin B. Before cell seeding, culture dishes were precoated
with 0.2% gelatin in PBS for 2 h, then washed with PBS.
Experiments on HUVEC cells were performed in Endothelial Cell
Basal MediumMV (PromoCell), supplemented with 5% FBS, 50 μg/
ml gentamicin and 0.5 μg/ml amphotericin B. The maximum
passage number used was 8. Cells were cultured at +37 °C in a
humidified atmosphere with 5% CO2. Adherent cells were
routinely detached from culture dishes by trypsinization.
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For proliferation experiments, HUVECs were seeded onto 6-
well plates at 50,000 cells/well and cultured in normal growth
medium for 24 h. Themediumwas then replacedwith conditioned
media and incubated for a total of 48 h. Images were captured at
time points 0, 24, and 48 h.

Spheroid formation and culture

Spheroids were prepared as described earlier [27], with some
modification. Briefly, 96-well U-bottom plates (Nunc, Roskilde,
Denmark) were coated with 0.8% low melting point agarose in
sterile water, so that a thin agarose layer formed in the wells,
making them nonadhesive. Cells were detached from the
culture dishes by trypsinization and suspended in culture
medium (experiments with endothelial cells only) or separate
experimental medium (experiments involving fibroblast condi-
tioned medium on endothelial monolayers) for HMEC-d or
HUVEC cells (see above section). Cells were seeded in wells at a
concentration of 104 cells/150 μl/well (=67,000/ml). Monolay-
er cultures of fibroblasts were used as a control, and were
directly seeded in flat-bottom 96-well plates at a concentration
of 104 cells/150 μl/well. Conditioned fibroblast monolayer or
spheroid medium used in all experiments below was collected
at 96 h after cell seeding.

Quantification of VEGF by fibroblast spheroids

Supernatants were collected from fibroblast spheroids at 0, 24, 48,
72 and 96 h after cell seeding. VEGF in conditioned medium was
measured by ELISA according to instructions by the manufacturer
(R&D Systems). All samples were assayed in duplicate and the
experiments were repeated three times in total.

Scratch-wound repair assay

Endothelial cells were plated on 12-well or 24-well plates,
20,000 and 10,000 cells per well, respectively. HMEC-d cells
were grown for 96 h on 12-well plates and HUVEC cells for 72
h on 24-well plates, after which the monolayers were scratch-
wounded with a pipette tip and growth medium was substituted
with experimental medium (conditioned fibroblast monolayer or
spheroid medium). Optionally, a function-blocking antibody was
added to the medium: anti-HGF IgG at 0.75 μg/ml and/or anti-
VEGF IgG at 0.04 μg/ml. Samples were collected at time points 0,
24 and 48 h by fixing the monolayers with 4% paraformaldehyde
and permeabilizing with 0.1% Triton X-100, and they were
stored in PBS at +4 °C for further use. For image analysis,
samples were stained with Hoechst dye for nuclear visualization
and cell counting. Imaging was carried out with an Olympus
CKX41 inverted microscope and a UPlan Fluorite phase-contrast
objective with 4× magnification, connected to an Olympus DP12
CCD camera system.

Live-cell imaging of in vitro scratch-wound repair

The process of wound closure was followed with real-time
microscopy, using a Cell-IQ cell culturing platform (Chip-Man
Technologies, Tampere, Finland), equipped with a phase-contrast
microscope (Nikon CFI Achromat phase contrast objective with
10× magnification) and a camera. The equipment was computer-
controlled by Imagen software (Chip-Man Technologies). The
experimental setup was identical to the scratch-wound repair
assay. Images were captured at 30 min intervals for 24 h. Analysis
was carried out with a freely distributed ImageJ software
(McMaster Biophotonics Facility, Hamilton, ON, Canada, available
for download at http://www.macbiophotonics.ca/downloads.
htm), using the Manual Tracking plugin created by Fabrice
Cordeliéres (Institut Curie, Orsay, France), available at http://rsb.
info.nih.gov/ij/plugins/track/track.html. Images were stacked
and the movement of eight cells per image, all located on the
wound edge, was tracked. Means±SEM of three identical
experiments are displayed.

Sprout formation assay

Ninety-six-well plates were coated with 50 μl Growth Factor
Reduced Matrigel® basement membrane matrix (BD Biosciences,
Franklin Lake, NJ) per well, and the matrix was allowed to
polymerize for 1 h in cell culture conditions. Endothelial cells
were seeded in a concentration of 6000 cells/well and covered
with conditioned medium, 200 μl/well, with or without anti-
HGF IgG at 0.75 μg/ml and anti-VEGF IgG at 0.04 μg/ml. Plates
were then incubated in cell culture conditions, and wells were
photographed 24 h after seeding, two randomly selected phase-
contrast images per well. Images were analyzed and quantified
as described below.

Image analysis

Analysis of the scratch-wound repair assay was carried out
using a custom-made software (Molecular Imaging Unit Core
Facility at Biomedicum, Faculty of Medicine, University of
Helsinki, Finland) on Matlab platform (The MathWorks, Inc.,
Natick, MA). The software uses Otsu's tresholding function to
recognize cells, which are then K-means clustered to two
spatial groups: left and right. A boundary is drawn between
monolayer and cell-free cut areas. Any necessary boundary
corrections were carried out by hand and the final cut area was
calculated in pixels. For further information, see Supplementary
Method.

Cell proliferation was analyzed by counting the cells on
images captured at desired time points. Two random images
were analyzed per sample, and each sample was analyzed in
duplicate. Counting was carried out with ImageJ software, using
the Particle Analysis/Cell Counter plugin supplied with the
software.

Analysis of endothelial cell sprout formation was carried out
with ImageJ software. To assess average sprout length, a line was
drawn on the image along the sprout, and its length was
measured in pixels and scaled back to micrometers. Each sprout
was measured as the distance between two branching points.
Simultaneously, the number of sprouts and branching points per
image was measured.

Statistical analysis

Results are presented as the mean±SEM of at least three identical,
independent experiments. The results were analyzed with a two-
tailed paired or unpaired Student's t-test. P≤0.05 was considered
significant.

http://www.macbiophotonics.ca/downloads.htm
http://www.macbiophotonics.ca/downloads.htm
http://rsb.info.nih.gov/ij/plugins/track/track.html
http://rsb.info.nih.gov/ij/plugins/track/track.html
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Results

VEGF production by nemotic fibroblast spheroids

Supported by recent results showing elevated mRNA production
and protein secretion of VEGF in nemotic fibroblasts at a late
time point [35], we measured the secretion of VEGF in
conditioned spheroid medium at time points 0–96 h after cell
seeding. Compared to monolayers, quantification by ELISA
showed a modest increase in VEGF secretion at time points 72
h and 96 h after cell seeding: 1254 pg/ml in monolayer medium
vs. 2388 pg/ml in spheroid medium at time point 96 h,
translating to a 1.9-fold increase (Fig. 1). However, the
differences were not statistically significant due to high variation
in triplicate samples.

Nemotic fibroblasts promote scratch-wound repair in
endothelial cell monolayer cultures

Nemosis has been shown to promote invasiveness in MET-
harboring tumor cells through paracrine signaling due to secretion
of substantial amounts of HGF [31]. Judging by the secretion of
angiogenic growth factors and cytokines (HGF, VEGF, CXCL8) we
hypothesized that nemotic fibroblasts and their conditioned
medium would also have an effect on endothelial cells. Using the
scratch-wound repair assay, we studied migration and prolifera-
tion of endothelial cells exposed to conditioned fibroblast
monolayer or spheroid medium. Endothelial monolayers were
scratch-wounded, conditioned medium applied and wound
closure analyzed on fixed and stained samples with microscope
and a quantitative software. Experiments were performed with
two endothelial cell types: umbilical venous HUVEC and micro-
vascular dermal HMEC-d.

We observed that in the presence of conditioned fibroblast
spheroid medium the wound area decreased more rapidly
compared to monolayer medium (Fig. 2A). The differences
Fig. 1 – VEGF secretion by fibroblast spheroids and monolayers.
VEGF was detected in the conditioned medium of spheroids 24
h after initiation of spheroid formation, increasing in
concentration until the last time point (96 h). VEGF was also
found in monolayer medium, however the concentration was
lower than in spheroids at time points 72 and 96 h. Fold
change=1.9 at time point 96 h. Means±SEM of three identical
experiments are displayed.
were significant in HUVEC monolayers after 48 h: spheroid
medium decreased the HUVEC wound area to 12% of zero-time
point, whereas monolayer medium only narrowed the wound to
31% of the original size (Fig. 2B). The experiment was repeated
with HMEC-d cells, with similar results and a significant
difference in wound area (reduction to 26% by spheroid medium
and 53% by monolayer medium) at time point 48 h (Fig. 2C).
Wound closure induced by spheroid medium was partly
inhibited in HUVEC cells by co-incubation with a function-
blocking antibody against HGF (36% increase in wound area with
anti-HGF at 24 h; 56% at 48 h), whereas the antibody had no
effect in the presence of monolayer medium. A function-blocking
antibody against VEGF had a modest effect without statistical
significance, as did the combination anti-VEGF and anti-HGF (see
Supplementary Figure 1).

Nemotic fibroblasts promote motility of endothelial cells

The wound repair effect of nemotic fibroblasts on endothelial cells
could be due to proliferation and/or migration of the cells. To
elucidate the response, we incubated conditioned spheroid and
monolayer media with subconfluent HUVEC monolayers and
compared the changes in population growth. The amount of
HUVECs doubled after 24 h in presence of both spheroid and
monolayer medium, and there was no significant difference in cell
numbers between the samples (Fig. 3A). We also compared the
levels of the proliferation marker PCNA in the cells. Whole-cell
lysates were processed at 24 h intervals. Incubation with nemotic
fibroblast medium increased the amount of PCNA at 24 h, but the
increase was not significant compared to incubation with
monolayer, and the PCNA levels returned to baseline at 48
h (Supplementary Figure 2).

To examine the possible motogenic activity of conditioned
nemotic fibroblast spheroid medium, we performed real-time
imaging of a scratch-wound repair experiment. Wound closure
was followed for 24 h, and captured images were analyzed with a
cell tracking software. The results showed a modest increase in the
average velocity and total distance traveled by the cells (13% and
14%, respectively; Figs. 3B and C). The variation between samples
was small; however, the change in means was not statistically
significant.

Nemotic fibroblasts promote endothelial cell sprouting
and networking

To further characterize the effect of nemotic fibroblasts on
endothelial cells, we investigated the sprouting response of
endothelial cells grown on basement membrane matrix, in our
experiments Matrigel®. Endothelial cells were seeded on top of
the matrix layer together with conditioned nemotic fibroblast
spheroid or monolayer medium. In the presence of spheroid
medium, HUVEC cells showed an increased sprouting response
compared to monolayer medium, characterized as stouter
sprouts and a denser network, measured as the number of
sprouts and branching points per image field. No difference in
sprout length could be observed (Fig. 4). Inhibition of HGF,
VEGF or both in conditioned fibroblast spheroid medium by
antibodies decreased the sprout number to 69%, 64%, and 63%,
respectively. The blocking effect was not apparent in samples
incubated with monolayer medium. Also, the amount of



Fig. 2 –Nemotic fibroblasts promotewound repair in endothelial cell monolayer cultures. A. Fluorescence images of scratchwounds
in HUVEC cells. HUVEC cells were scratch-wounded, conditioned medium was added, and samples were fixed at time points 0, 24,
and 48 h after wounding and nuclear-stained. Amore effective closure of the wound can be observed in the samples incubated with
conditioned fibroblast spheroid medium. Imaged at 4× magnification with DAPI filter. Image background decreased and contrast
enhanced by applying the Curves-function of Adobe Photoshop CS3. B. Quantitative analysis of wound repair by HUVEC cells.Wound
areas were measured at time points 24 and 48 h after addition of conditioned media with or without antibodies. Results are shown
as percentages of the wound area at zero time point. Means±SEM of five identical experiments are displayed. ⁎P≤0.05.
C. Quantitative analysis of wound repair by HMEC-d cells. Wound areas were measured at time points 24 and 48 h after addition
of conditioned media. Results are shown as percentages of the wound area at zero time point. Means±SEM of six identical
experiments are displayed. ⁎⁎P≤0.01.
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branching points decreased after addition of inhibitory anti-
bodies against HGF, VEGF, and both: 61%, 52%, and 49% of the
control, respectively. Surprisingly, no additive effect of both
anti-HGF and anti-VEGF could be observed in sprout or branch
numbers.

In addition, we wanted to study the response of HUVEC and
HMEC-d cells when grown in agarose-coated wells, similarly to
nemotic fibroblasts. Both types of endothelial cells formed a loose
spheroid by 24 h, which immediately began to disintegrate,
forming a loose cloud by 96 h (see Supplementary Figures 3 and 4).
In both cell types the proliferationmarker PCNAwas negative after
48 h, actin levels decreased markedly, and COX-2 remained
negative, in contrast to fibroblast spheroids.
Discussion

Wound repair requires a complex scaffold or microenvironment,
consisting of several cell types, ECM structures, and signaling
processes that aid the reconstruction of the tissue. The activation
process of stromal fibroblasts is of crucial importance in elucidat-
ing the role of the microenvironment in wound healing, of which
angiogenesis is an important phenomenon. The vascular-forming
response of endothelial cells is regulated by the tissue microen-
vironment [8].

We have characterized an activation process of fibroblasts,
known as nemosis. Clustering of fibroblasts results in an
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upregulation of COX-2 and increased secretion of prostaglandins.
Nemosis induces leukocyte chemotaxis via the cytokines CXCL8,
CCL3, and CCL5, and promotes cancer cell invasiveness through
abundant secretion of HGF.

We have now followed VEGF secretion as a function of time
and noticed that nemotic fibroblast spheroids produce elevated
levels of VEGF, supported by previous results by our group [35].
The fold change compared to a fibroblast monolayer at 96 h is
1.9. However, from further experiments presented here it
appears that the VEGF secreted by nemotic fibroblasts does
play a functional role. Furthermore, our group has previously
Fig. 3 – Nemotic fibroblasts promote motility of endothelial
cells. A. Cell count of HUVEC cells exposed to conditioned
fibroblast spheroid or monolayer medium. Cells were counted
from phase-contrast images at several time points. Data are
displayed as number of cells per image. Means±SEM of three
identical experiments are displayed. ⁎P≤0.005; ⁎⁎P≤0.01;
⁎⁎⁎P≤0.001. B. Live-cell imaging of in vitro scratch-wound
repair; average distance traveled by single cell in 24 h. Images
were captured for 24 h at 30 min intervals, after which they
were stacked and the movement of eight cells per image, all
located on the wound edge, was tracked. Means±SEM of three
identical experiments are displayed. C. Live-cell imaging of in
vitro scratch-wound repair; average velocity of single cell.
Images were captured for 24 h at 30 min intervals, after which
they were stacked and the movement of eight cells per image,
all located on the wound edge, was tracked. Means±SEM of
three identical experiments are displayed.
observed that malignant keratinocytes further augment VEGF
and HGF produced in nemosis [35].

Our results here demonstrate that conditioned medium from
nemotic fibroblasts promotes scratch-wound closure of endothe-
lial monolayers, and the closure process is partly dependent on
HGF but not VEGF.We also describe a positive effect of conditioned
nemotic fibroblast medium on endothelial cell sprouting and
networking, and its partial dependence on HGF and VEGF. Our
previous results exhibit that at least 50% of the HGF produced is in
its active form [33]. As nemotic fibroblasts secrete a variety of
signaling molecules known to induce angiogenesis, blocking one
or two such molecules does not result in completely effective
inhibition of wound repair or sprouting responses to the level of
that of monolayer medium. However, the significant decrease in
the responses after blocking HGF and/or VEGF demonstrates the
importance of these factors in the angiogenesis-promoting role of
nemosis. Curiously, no additive effect on sprouting was perceived
due to the combination of anti-HGF and anti-VEGF. A potential
explanation is a possible convergence of downstream signaling
routes resulting in a maximum inhibition of sprouting when
blocking either HGF or VEGF separately.

We have previously characterized the chemokine secretion
profile of nemotic fibroblasts and demonstrated their capability to
attract leukocytes [29]. CXCL8 promotes angiogenesis and inva-
siveness [36,37], and has been detected in high levels in nemotic
fibroblasts, suggesting an additional influence on the proangio-
genic response of nemosis.

One hallmark of nemosis is strong induction of COX-2 [27] and
an induced secretion of prostaglandins. COX-2 expression, chronic
inflammation, and increased angiogenesis have been linked
[38,39]. COX-2 products have also been shown to stimulate
expression of VEGF and HGF [40,41], and its upregulation is
known to be associated with HGF-promoted angiogenesis [42].
Both COX-2 and VEGF are known to be hypoxia-induced [43,44].
However, we have been unable to find hypoxic conditions in
nemotic fibroblasts. Moreover, the clusters do not appear to have a
necrotic center characteristic of a hypoxic environment, and COX-
2 is shown to be induced uniformly, throughout the spheroid [27].
Therefore we assume that the induction of VEGF, together with
other growth factors and cytokines produced, is an intrinsic
property of the nemosis process.



Fig. 4 – Nemotic fibroblasts promote endothelial cell sprouting and networking. A. Phase-contrast image of sprout formation by
HUVEC cells on Matrigel® after exposure to conditioned fibroblast spheroid or monolayer medium. Imaged at 4× magnification,
time point 24 h after cell seeding. Bar length=200 μm. Image background decreased and contrast enhanced by applying the
Curves-function of Adobe Photoshop CS3. B. Sprout length. Average sprout length from two random images per sample,measured at
time point 24 h. Means±SEM of six identical experiments are displayed. C. Sprout number. Average sprout number from two
random images per sample, measured at time point 24 h. Means±SEM of six identical experiments are displayed. ⁎P≤0.05.
D. Number of branching points. Average sprout branching point number from two random images per sample, measured at time
point 24 h. Means±SEM of six identical experiments are displayed.⁎P≤0.05; ⁎⁎P≤0.01.
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The transcription factor NF-κB is implicated in many aspects
of inflammation and inflammation-related malignancies [45].
Recent work has pointed out the importance of NF-κB in
angiogenesis, such as via control of VEGF transcription [46,47].
We have previously demonstrated that NF-κB is active in
nemosis [29], whereby a role for it in the regulation of
angiogenesis seems plausible. Nemotic fibroblasts produce and
secrete abundant amounts of HGF [31], and HGF has been shown
to be capable of activating NF-κB [48]. The HGF receptor MET,
mostly present on epithelium and endothelium, can be activated
by IL-1 and IL-6 [49], cytokines which also are produced by
nemotic fibroblasts [33]. Such transcriptional feedback loops
would pose interesting implications on the angiogenesis-pro-
moting qualities of nemosis.

The ECM protein fibronectin has been shown to promote
endothelial cell adhesion, growth, survival, and HGF and VEGF
activity [50–52], and it also plays a role in nemosis, initiating
cluster formation [30]. Fibroblasts are an important source of
fibronectin and may in such a way play an indirect role in
angiogenesis [53]. Nemotic fibroblasts also produce matrix
metalloproteinases [28], which are known to break down the
ECM and aid the formation of vasculature [54].

We show that endothelial cells do not respond to conditioned
nemotic fibroblast medium by proliferation, but display a modest
increase in motility, which alone may be sufficient for enhanced
scratch-wound closure. Nemotic fibroblast medium did not
induce a significant increase in endothelial cell numbers, nor
did the proliferation marker PCNA differ markedly between the
two conditions, and the endothelial cells presented increased
motility when tracked live with light microscopy. Growth factors
such as VEGF and HGF are known to be mitogenic for endothelial
cells but especially HGF induces a motogenic response in many
cell types, including endothelial cells [9,13].

Finally, we investigated the response of endothelial cells
encouraged to grow as multicellular spheroids. Based on two cell
types, we conclude that in our model of experimentation,
endothelial cells rather face an anoikis-like fate [55].

Inflammation is clearly implicated in the development and
progress of many types of cancer, and malignancies are known
to arise at sites of chronic inflammation [56]. Solid tumors are
usually surrounded by stroma, a structure resembling the
inflammatory microenvironment and composed of a mixture of
components such as ECM, various inflammatory cell types, and
often also vasculature. Activated, stromal fibroblasts produce
cytokines and growth factors required for tissue repair as well as
for tumor progression, whereas normal, non-activated fibroblasts
have been observed to act as tumor suppressors [24,57,58].
Fibroblasts found in tumor stroma have been noted to remain
constantly activated, and are often called cancer-associated
fibroblasts (CAF). They frequently display a myofibroblastic
phenotype [5,59,60].

In their need of growth-allowing nutrition, tumors also depend
on neovascularization for development beyond a critical volume
[61]. The microenvironment plays a crucial role in supporting
vascularization: CAFs isolated from invasive breast carcinoma have
been shown to promote tumor vascularization when mixed with
breast cancer cells, in contrast to fibroblasts from normal tissue
[62]. In neuroblastoma tumors, CAFs have been associated with
microvascular proliferation [63], and increased vascularity in a
tumor often correlates with poor prognosis. Vascularization of the
tumor also facilitates metastatic escape of malignant cells,
providing a way into the circulation system.

VEGF is a powerful proangiogenic growth factor. Its principal
source in a tumor lies within the inflammatory cells and
fibroblasts of the stroma [64]. However, it would seem that
instead of VEGF release dynamics, regulation of the receptor
itself is more important in controlling tumor vascularization [65].
HGF is another stromal-derived growth factor more recently
linked to angiogenesis. Moreover, many carcinomas have
abundant expression of the HGF ligand MET, and high levels
seem to be substantial for tumor growth and survival [66]. MET
and HGF are implicated in a variety of cancers, and over-
expression of either one results in tumorigenesis and aggressive
metastasis [15,67].

Nemosis is currently an experimental model providing a
possible explanatory mechanism for the activation of fibroblasts.
A plausible in vivo relevance can be depicted in the stroma of
inflammatory sites and inflammation-associated tumors, where
fibroblasts are found in abundance. Interactions of fibroblasts in
such conditions may result in the activation experimentally
profiled as nemosis. The results displayed here expand the
concept to include endothelial cells as targets of nemosis,
describing events observed during angiogenesis. Taken together,
the increasing evidence around nemosis points to a close
resemblance to inflammation- and cancer-associated fibroblasts,
and further experimentation will reveal the actual role of
nemosis in such pathogenic conditions. Because the production
of angiogenic growth factors is an intrinsic property of
clustering fibroblasts, it can be considered a means of inducing
angiogenesis, promoting a wound healing response and subse-
quent tissue regeneration, and possessing a therapeutic
potential.
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