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Abstract Keloid scars are common benign fibroprolifer-
ative reticular dermal lesions with unknown etiology and
ill-defined management with high rate of recurrence post
surgery. The progression of keloids is characterized by
increased deposition of extracellular matrix proteins,
invasion into the surrounding healthy skin and inflamma-
tion. Fibroblasts are considered to be the key cellular
mediators of fibrogenesis in keloid scars. Fibroblast acti-
vation protein alpha (FAP-o) and dipeptidyl peptidase IV
(DPPIV) are proteases located at the plasma membrane
promoting cell invasiveness and tumor growth and have
been previously associated with keloid scars. Therefore, in
this study we analyzed in further detail the expression of
FAP-o in keloid fibroblasts compared to control skin
fibroblasts. Dermal fibroblasts were obtained from punch-
biopsies from the active margin of four keloids and four
control skin samples. Flow cytometry was used to analyze
FAP-« expression and the CytoSelect® 24-Well Collagen I
Cell Invasion Assay was applied to study fibroblast
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invasion. Secretion of extracellular matrix (ECM) proteins
was investigated by multiplexed particle-based flow cyto-
metric assay and enzyme-linked immunosorbent assay. We
found an increased expression of FAP-o in keloid fibro-
blasts compared to control skin fibroblasts (p < 0.001).
Inhibition of FAP-o/DPPIV activity using the irreversible
inhibitor H,N-Gly-Pro diphenylphosphonate reduced the
increased invasiveness of keloid fibroblasts (p < 0.001)
indicating that keloid invasion may be partly FAP-o/
DPPIV mediated. FAP-o/DPPIV inhibition had no effect,
(a) on the synthesis of the ECM proteins procollagen type I
C-terminal peptide and fibronectin, (b) on the production of
fibroblast growth factor or vascular endothelial growth
factor, (c) on the expression of the proinflammatory cyto-
kines interleukin-6 (IL-6), interleukin 8 (IL-8) or monocyte
chemotactic protein-1. These results suggest a potential
role for FAP-oo and DPPIV in the invasive behavior of
keloids. FAP-o and DPPIV may increase the invasive
capacity of keloid fibroblasts rather than by modulating
inflammation or ECM production. Since FAP-o expression
is restricted to reactive fibroblasts in wound healing and
normal adult tissues are generally FAP-o negative, inhib-
iting FAP-o/DPPIV activity may be a novel treatment
option to prevent keloid progression.
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Introduction

Keloids are benign dermal skin tumors unique to humans
[38]. They represent a form of abnormal wound healing

process which is commonly found in genetically suscepti-
ble individuals [20, 23, 33]. Keloids occur at areas of
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cutaneous injury and grow continuously beyond the origi-
nal margins of the wound and invade the surrounding
healthy skin [22]. Even the spontaneous development of
keloids has been discussed but may be the result of a
minor, overlooked trauma [27]. Keloids are characterized
by the increased production of extracellular matrix proteins
including collagen I and fibronectin [13, 32, 38] and by
inflammatory processes driven by cytokines such as inter-
leukin-6 [6]. Keloids are more common in darker pig-
mented ethnicities with up to 15% of the population at risk
[38]. The development of keloids leads to enormous clin-
ical problems for the patients [19]. Patients with keloids
suffer from itching, pain, restriction of mobility and
experience a dramatic decrease of their quality of life [3].
Numerous treatment options have been described [10, 11,
32] but there is still no single effective therapeutic regimen
for the treatment of keloids, and keloids have a high rate of
recurrence post surgery [4].

The invasive growth of keloids into the surrounding
healthy skin requires the breakdown of extracellular
matrix (ECM) at the leading edge of keloids [12]. Factors
including matrix metalloproteinases (MMPs) [12] or
insulin-like growth factor-1 receptor (IGF-1R) [25] have
been described to be involved in the invasive character of
keloid fibroblasts but the exact mechanisms need to be
elucidated. Fibroblast activation protein-alpha (FAP-«), a
member of the group II integral serine proteases [24],
may play an important role in the invasive properties of
keloids. The expression of FAP-o on the cell membrane
is a common attribute of reactive stromal fibroblasts
[30]. Immunohistological studies have demonstrated that
FAP-o, beside its expression in reactive stroma respond-
ing to epithelial cancers, is also found in fetal mesen-
chymal tissues and during wound healing [5, 29]. This led
to the conclusion that FAP-o expression is correlated with
specialized fibroblast functions in wound healing and
since normal adult tissues are generally FAP-o negative
[24] FAP-a might be an important target for keloid
treatment [15].

FAP-o has been shown to associate with another serine
protease, dipeptidylpeptidase IV (DPPIV), on the mem-
brane of fibroblasts [7]. A recent study described that
inhibitors of DPPIV-like activity suppress expression of
TGFf-1, fibronectin as well as collagen I which are major
components in the pathogenesis of keloids [37]. Therefore,
in the present study we analyzed the expression of FAP-«
in human keloid fibroblasts compared to control skin
fibroblasts. Furthermore, FAP-o: and DPPIV activity were
inhibited using a well-described irreversible inhibitor H,N-
Gly-Pro diphenylphosphonate [8] to study the effect on the
invasive capacity of keloid and control skin fibroblasts.

As the development and growth of keloids is charac-
terized by inflammation, increased biosynthesis of growth
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factors, and deposition of ECM proteins [1, 2, 39] we tested
the hypothesis whether FAP-o/DPPIV inhibition can
influence the expression of pro-inflammatory cytokines
[interleukin-6 (IL-6), interleukin-8 (IL-8) and monocyte
chemotactic protein-1 (MCP-1)], the expression of extra-
cellular matrix proteins (procollagen type I C-terminal
peptide and fibronectin) and growth factors [fibroblast
growth factor (FGF) and vascular endothelial growth factor
(VEGF)].

Materials and methods
Patients

All experiments were performed according to the ethical
principles of the Helsinki declaration and approved by the
Ethical Committee at LinkOping University, Sweden.
Primary human skin fibroblasts were obtained as previously
described [31]. 5 mm punch biopsies were taken from the
upper back of four Caucasian donors (25-38 years of age)
and from four Caucasian patients (23-37 years of age)
with keloids on corresponding anatomical sites. The
punch biopsies were taken from the active margin of the
keloids. A keloid scar was defined as a dermal tumor that
spread beyond the margin of the original wound, contin-
ued to grow over time, did not regress spontaneously
and had been present for at least a minimum period of
1 year. Keloids were not treated before biopsies were
taken.

Cell cultures and conditions

Primary skin fibroblast cultures were established in
HEPES-buffered RPMI 1640 (GIBCO, Invitrogen, Paisley,
UK) supplemented with 10% fetal calf serum (FCS) (PAA,
Pasching, Austria), 10 mM L-glutamine (Invitrogen), 100
U/ml penicillin, and 0.1 mg/ml streptomycin (Sigma-—
Aldrich). Cell cultures were maintained at 37°C in a
humidified incubator with 5% CO,. Cells from passage 27
were used and not cultured for more than 3 weeks. Serum-
free media was used 24 h prior to all experiments. Keloid
and control fibroblasts showed a viability >95% as deter-
mined by trypan-blue (Sigma—Aldrich, Deisenhofen, Ger-
many) exclusion.

FAP-u inhibition

The cell permeable inhibitor H,N-Gly-Pro diphenylphosph-
onate (Gly-ProP(OPh),, 100 pM, 24 h prior to experiment,
stock in DMSO [8]) was used to block FAP-oc and DPPIV
activity. Controls for DMSO effects were analyzed and no
interference with the experiments was noted.
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Multiplexed particle-based flow cytometric assay

The Fluorokine MultiAnalyte Profiling assay (R&D Sys-
tems, Minneapolis, USA) was performed as previously
described [40]. Cytokines analyzed in duplicate included
IL-6 and IL-8, FGF, VEGF, and MCP-1. In brief standard
curves for each cytokine were generated by using the ref-
erence cytokine concentrations supplied by the manufac-
turer. 50 pl of standard or sample was added per well and
incubated for 3 h at room temperature. The microplate
wells were washed three times using a vacuum manifold.
50 pl diluted Biotin Antibody Cocktail was added to each
well and incubated for 1 h at room temperature. After
washing 50 pl Streptavidin-PE were added to each well
and incubated for 30 min at room temperature. Hereafter,
the microparticles were resuspended by adding 100 pl
wash buffer to each well and after 2 min incubation raw
data (mean fluorescent intensity) were analyzed using a
Luminex analyzer.

Cell invasion assay

Cells were starved in serum-free media 24 h prior to assay
to allow expression of free receptors. CytoSelect® 24-Well
Collagen I Cell Invasion Assay was used (Cell Biolabs Inc,
San Diego,CA, USA). Cells were placed at 5 x 10° cells/
well on top of the gel matrix inside the upper chamber with
or without inhibitor [the cell permeable FAP-o/DPPIV
inhibitor Gly-ProP(OPh),] and allowed for 24 h to invade
toward 10% fetal bovine serum (FBS) through the matrix
and adhere to the bottom membrane of the insert. Non-
invasive cells were removed from the upper chamber.
Invaded cells on the bottom of the invasion membrane
were extracted and stained with cell stain solution where
after the cells were quantified at OD 560 nm using a col-
orimetric plate reader.

Enzyme-linked immunosorbent assay (ELISA)

The amounts of fibronectin and procollagen type I
C-terminal peptide used as a marker for procollagen I secretion
were determined in cell culture supernatants using commer-
cially available ELISA kits (Chemicon, Millipore, Temecula,
CA, USA and Quidel, San Diego, USA). Keloid and control
fibroblasts were seeded into 12-well tissue culture plates at a
density of 1 x 10 cells/well. After 24 h the medium was
exchanged by serum free medium. Culture supernatants were
harvested after 24, 48, and 72 h then centrifuged, and frozen at
—70°C until use. The number of viable fibroblasts in each well
at the different time points was analyzed and ELISA results
were normalized to 1 x 10* cells. Fibronectin concentration
was determined by a microplate reader at 450 nm and pro-
collagen type I C-terminal peptide at 405 nm.

Flow cytometry

Fibroblasts were incubated 30 min at room temperature
with 1 pg monoclonal FAP-o antibody (Santa Cruz,
Heidelberg, Germany), rinsed twice and incubated with
secondary goat anti-mouse IgG-FITC antibody (R&D
Systems, Minneapolis, MN, USA) for 30 min. The cells
were washed twice and resuspended in PBS with 1% FCS
prior to analysis. FAP-o expression was determined by
FACScan (Becton—Dickinson, Cockeysville, MD, USA)
and data analysis was performed by FACSQuest software
(BD). From each sample 2 x 10% cells were analyzed.
Fibroblasts incubated with mouse IgG-FITC (Santa Cruz)
were used as isotype control.

Statistics

Each experiment was repeated three times. Results are
expressed as means * standard deviation. Differences
among groups were analyzed using the one-way analysis of
variance (ANOVA) with the Tukey’s post hoc multiple
comparison as a post test. p values <0.05 were considered
significant.

Results

To analyze the expression of FAP-o primary human
fibroblasts from control skin and keloids were studied.
Flow cytometry results showed a significant increased
expression of FAP-o in keloid fibroblasts (p < 0.001)
compared to control skin fibroblasts (Fig. 1a, b).

To determine the effect of FAP-o/DPPIV inhibition on
the invasive capacity of keloid and control fibroblasts a
collagen I invasion assay was performed. Keloid fibroblasts
revealed significant increased invasiveness compared to
control skin fibroblasts (p < 0.001) and supplementation of
Gly-ProP(OPh), significantly reduced the number of
invaded keloid fibroblasts (p < 0.001) (Fig. 2).

We studied the consequence of FAP-o/DPPIV inhibition
on the expression of procollagen type I C-terminal peptide
and fibronectin. Our results showed no effect of FAP-o/
DPPIV inhibition on the production of procollagen type I
C-terminal peptide and fibronectin (Fig. 3a, b).

To investigate whether FAP-o/DPPIV inhibition can
influence the expression of the inflammatory cytokines
IL-6, IL-8 and MCP-1 or the production of the growth
factors FGF and VEGF a multiplexed particle-based flow
cytometric assay of cell culture supernatants from keloid
fibroblasts and control skin fibroblasts was performed.
Keloid fibroblasts produced more IL-8 after 72 h and
VEGEF after 24 h compared to control fibroblasts (Fig. 4)
but no effect of FAP-a/DPPIV inhibition on the expression
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Fig. 1 Increased expression of fibroblast activation protein-alpha
(FAP-u) in keloid fibroblasts. a Keloid fibroblasts express higher levels
of FAP-a compared to control fibroblasts (n = 4, ***p < 0.001).
b FAP-o expression in a representative histogram plot (straight line
keloid, dotted line control)
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Fig. 2 Inhibition of FAP-a/DPPIV activity decrease the invasive
capacity of keloid fibroblasts. The invasion of keloid and control
fibroblasts with (4) or without (—) addition of the FAP-o/DPPIV
inhibitor Gly-ProP(OPh), was analyzed by CytoSelect® Collagen I
Cell Invasion Assay. Invasive cells were quantified at OD 560 nm
(n = 3, ***p < 0.001)
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ProP(OPh), inhibition (1 = 3)

of these factors (data not shown for IL-6, FGF, MCP-1)
were seen.

Discussion

The results obtained in this study showed for the first time
that FAP-a protein expression is increased in keloid
fibroblasts compared to normal skin fibroblasts. These
results are in line with our previous finding of increased
FAP-oo mRNA expression in keloid fibroblasts [31]. Given
that FAP-o plays an important role in degrading ECM
thereby, facilitating cell invasion [26] our results suggest
that up-regulation of FAP-o may support the invasive
growth of keloids which is a typical clinical sign at their
active margin. This hypothesis is supported by our findings
showing increased invasion of keloid fibroblasts compared
to control skin fibroblasts. Keloid fibroblast invasion may
be partly FAP-o/DPPIV mediated as inhibition of FAP-o/
DPPIV significantly decreased their invasive capacity.
Thus, blocking FAP-a/DPPIV may be a promising treat-
ment option especially as FAP-u is selectively expressed in
wound healing fibroblasts [24]. Monsky et al. [21] showed
that FAP-o expression is associated with increased invasion
of melanoma suggesting FAP-« as a potential candidate for
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Fig. 4 Expression of a interleukin-8 (IL-8) and b vascular endothe-
lial growth factor (VEGF) in cell culture supernatants of keloid and
control skin fibroblasts at different time points with (+) or without
(—) Gly-ProP(OPh), inhibition (*p < 0.05, n = 3)

anti-metastatic therapies. This hypothesis is underlined by
a recent study showing that melanoma growth was inhib-
ited in tumor-bearing mice vaccinated against FAP-o [15]
offering the possibility to vaccinate patients known to be
more susceptible to develop keloid disease.

The protease DPPIV is closely associated to FAP-a on
the membrane of fibroblasts [7] and they share common
biological functions [9]. Thielitz et al. [37] showed that
inhibitors of DPPIV-like activity suppress the expression of
fibronectin and procollagen type I C-terminal peptide.
Hence, we analyzed whether FAP-o inhibition might have
the same effect. The FAP-« inhibitor used in our study is
not specific for FAP-¢, it inhibits DPPIV activity as well
[8], Interestingly, our inhibitor had no effect regarding the
in vitro production of procollagen type I C-terminal peptide
and fibronectin. It is difficult to compare the findings of
these studies. It is unclear to what extend FAP-o and
DPPIV activity were blocked by the inhibitors used and the
keloid fibroblast populations analyzed might be different as
Thielitz et al. did not point out from what part of the keloid
fibroblasts were taken.

In future studies, shorter time points (6 and 12 h) have to
be analyzed to exclude earlier FAP-a/DPPIV inhibition

effects on procollagen type I C-terminal peptide and fibro-
nectin production since there maybe a time-related dose
effect which needs to be further explored. This might
explain why we did not find significantly increased levels of
procollagen type I C-terminal peptide and fibronectin in the
cell culture supernatants of keloid fibroblasts compared to
control fibroblasts, even though they were found to be
generally increased in keloids. Furthermore, keloid fibro-
blasts utilized in this study were taken from the active
margin of keloids where invasive growth was present.
Previous studies describing increased production of colla-
gen and fibronectin did not differentiate between the dor-
mant center of the keloid compared to its active margin. It is
possible that increased secretion of ECM proteins such as
collagen and fibronectin are located at the center of the
lesion and not at the active margin since there are biological
differences described in different keloid regions [18]. This
remains to be further elucidated as there is considerable
heterogeneity within these lesions compounded by their
age, anatomical site, and gender influences [36].

The growth factors VEGF and FGF, the inflammatory
cytokines IL-6, IL-8 and MCP-1 are involved in keloid
development and modulation of their expression may prove
to be valuable in the long-term treatment of keloids [6, 16,
17, 34, 35, 41]. Therefore, we tested whether FAP-o/
DPPIV inhibition might be useful for this purpose, espe-
cially as the inhibition of DPPIV has shown to have sig-
nificant effect on inflammation and cytokine production
[28]. In line with the results found for procollagen type 1
C-terminal peptide and fibronectin FAP-o/DPPIV inhibi-
tion showed no effect on the expression of the growth
factors VEGF and FGF or on the production of the
inflammatory cytokines IL-6, IL-8, and MCP-1.

We showed significant increased expression of VEGF at
24 h and IL-8 at 72 h in keloid fibroblasts which is
according with the previous reports [14, 17] but we could
not confirm increased expression of IL-6 and MCP-1 as
suggested by Ghazizadeh and Liao et al. [6, 16]. It is dif-
ficult to compare in vitro results from different studies on
keloids as keloids are located at different body regions with
different gene expression patterns, the age and reason for
keloids (burn, trauma, spontaneously) differ, the skin color
of patients may be important and cell culture conditions
may influence expression of the analyzed cytokines and
growth factors. Future studies would include immunohis-
tochemistry analysis of FAP-a in vivo comparing the
center and the active margin of keloids, and in particular
the specific inhibition of FAP-o protease activity can also
be investigated in vivo using an animal model such as a
nude mouse harboring keloid tissue.

In conclusion, this preliminary study, for the first time
has shown an increased expression of FAP-« and a FAP-o/
DPPIV mediated increased invasive capacity of keloid
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fibroblasts compared to control skin fibroblasts suggesting
a potentially novel mechanism for keloid progression and
invasiveness.
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