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IL-17A Dissociates Inflammation from
Fibrogenesis in Systemic Sclerosis
Aleksandra Maria Dufour1,2, Julia Borowczyk-Michalowska2,5, Montserrat Alvarez1,2,
Marie-Elise Truchetet3, Ali Modarressi4, Nicolò Costantino Brembilla2,5 and Carlo Chizzolini1,2
IL-17A is abundant in scleroderma but its role in fibrogenesis is controversial. We interrogated the role of IL-17A
in extracellular matrix deposition and inflammation by investigating its effects on keratinocytes and fibroblasts
cross-talk and in organotypic skin cultures. Keratinocyte-conditioned media of resting, IL-17A-, and/or transforming growth factor-b-primed primary keratinocytes were used to stimulate healthy donors and scleroderma
fibroblasts. Alternatively, organotypic cultures of full human skin were challenged with these cytokines.
Keratinocyte-conditioned media tilted the balance of col-I to matrix metalloproteinase-1 production by fibroblasts in favor of matrix metalloproteinase-1, significantly more so in healthy donors than in scleroderma,
resulting in enhanced extracellular matrix turnover, further increased by IL-17A. In organotypic skin, transforming growth factor-b induced an extensive pro-fibrotic gene signature, including the enhanced expression
of several collagen genes associated with Wnt signaling. IL-17A strongly promoted the expression of proinflammatory genes, with no direct effects on collagen genes, and attenuated Wnt signaling induced by
transforming growth factor-b. In this model, at the protein level, IL-17A significantly decreased col-I production.
Our data strongly support a pro-inflammatory and antifibrogenic activity of IL-17A in the context of
keratinocyte-fibroblast interaction and in full skin. These data help in directing and interpreting targeted
therapeutic approaches in scleroderma.
Journal of Investigative Dermatology (2020) 140, 103e112; doi:10.1016/j.jid.2019.05.026

INTRODUCTION
Fibrosis results from an increased deposition over resorption
of extracellular matrix (ECM), usually in response to injury
and part of inflammatory healing processes. However,
excessive ECM deposition may result in pathology leading to
organ dysfunction and eventually death. Systemic sclerosis
(scleroderma, SSc) is a disease of unknown origin with
intertwined inflammation, autoimmunity, vascular alterations, and fibroblast activation leading to uncontrolled
fibrosis of the skin and internal organs (Gabrielli et al., 2009).
Although inflammation is undoubtedly mechanistically
part of pathogenic events in SSc, the multiple functions of its
components are imprecisely delineated (Chizzolini and Boin,
2015). Evidence indicates that T helper type 17 lymphocytes
could play a role (Chizzolini et al., 2018). Indeed, the
number of T helper type 17 cells in the peripheral blood, skin,
and lung and/or the cytokines they produce, including IL-17A
1

Department of Immunology and Allergy, University Hospital and School of
Medicine, Geneva, Switzerland; 2Department of Pathology and
Immunology, School of Medicine, Geneva, Switzerland; 3Department of
Rheumatology, Bordeaux University Hospital, Bordeaux, France; 4Plastic,
Reconstructive & Aesthetic unit, University Hospital and School of
Medicine, Geneva, Switzerland; and 5Department of Dermatology,
University Hospital and School of Medicine, Geneva, Switzerland
Correspondence: Carlo Chizzolini, Immunology and Allergy, University
Hospital, Rue Gabrielle Perret-Gentil 4, 1211 Geneva 14, Switzerland.
E-mail: carlo.chizzolini@unige.ch
Abbreviations: ECM, extracellular matrix; HD, healthy donor; KCM, keratinocyte-conditioned medium; MMP, matrix metalloproteinase; SSc, systemic
sclerosis, scleroderma; TGF-b, transforming growth factor-b
Received 8 January 2019; revised 23 May 2019; accepted 28 May 2019;
accepted manuscript published online 3 July 2019; corrected proof published
online 6 September 2019

and IL-22, are increased in SSc, and fibroblasts are known to
express the relevant IL-17RA and IL-17RC receptors
(Brembilla and Chizzolini, 2012; Brembilla et al., 2016;
Fenoglio et al., 2011; Hsu et al., 2011; Kurasawa et al., 2000;
Murata et al., 2008; Nakashima et al., 2012; Radstake et al.,
2009; Rodriguez-Reyna et al., 2012; Truchetet et al., 2011;
Truchetet et al., 2013). Murine experiments point to a profibrotic role of IL-17A (Mi et al., 2011; Okamoto et al.,
2012; Wilson et al., 2010). However, contrasting results
were generated in vitro when using human fibroblasts, with
some reports stressing a pro-fibrotic, and others an antifibrotic role of IL-17A (Agarwal et al., 2008; Brembilla et al.,
2013; Chizzolini et al., 2018; Cortez et al., 2007; Nakashima
et al., 2012; Yang et al., 2014). It should be acknowledged
that human studies are essentially performed using twodimensional in vitro cultures, where fibroblasts are submitted to non-physiological tensile forces and are deprived of
specific tissue environment and interactions with other cell
types, including keratinocytes, which are considered crucial
for skin homeostasis (Boukamp et al., 1990). Of interest, SSc
epidermis was shown to be abnormally differentiated
(Nikitorowicz-Buniak et al., 2014), with active transforming
growth factor-b 1 (TGF-b) signaling (Nikitorowicz-Buniak
et al., 2015) consistent with a wound healing phenotype
(Aden et al., 2008), enhancing the contraction of fibroblastpopulated collagen lattices (Aden et al., 2010), promoting a
pro-fibrotic phenotype of fibroblasts (Canady et al., 2013;
McCoy et al., 2017), and producing increased levels of
antimicrobial peptides (e.g., LL-37; Takahashi et al., 2016)
and S100A9 (Nikitorowicz-Buniak et al., 2014). Furthermore,
epithelial deficiency of transcription factor Fli1 in mice led to
an SSc-like phenotype, including fibrosis and systemic
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autoimmunity (Takahashi et al., 2017). However, healthy
keratinocytes were also shown to stimulate myofibroblasts
differentiation via TGF-b (Shephard et al., 2004b), to induce
secretion of IL-6, IL-8, and CXCL1 (Kolar et al., 2012), or in
contrast, to decrease collagen production by fibroblasts
(Huang et al., 2015; Koskela et al., 2010; Tandara et al.,
2007). Furthermore, a keratinocyte cell line stimulated with
TGF-b and tumor necrosis factor was shown to undergo
epithelial to mesenchymal transition simultaneously producing higher levels of collagen and matrix metalloproteinases (MMP) (O’Kane et al., 2014).
Considering that epithelial cells, including keratinocytes,
are targets of IL-17A (Yu and Gaffen, 2008), we aimed at
investigating the role of IL-17A in fibrosis development, taking advantage from a keratinocyte-fibroblast interaction
model and from a full human skin organotypic culture system
(Supplementary Figure S1). We report that keratinocyteconditioned media (KCM) enhance ECM turnover with
increased fibroblast production of col-I and of MMP-1, via
TGF-b and IL-1, respectively, with SSc fibroblasts showing a
preferential deposition over degradation phenotype.
Furthermore, we provide evidence that keratinocytes pretreated with IL-17A in conjunction with TGF-b induce
significantly less collagen production by fibroblasts than their
TGF-b-only stimulated counterparts. Most importantly, we
report that IL-17A does not support collagen deposition in the
full human organotypic culture, but rather an exuberant inflammatory response.
RESULTS
Keratinocyte-derived factors affect ECM turnover rate in
fibroblasts

First, to evaluate the influence of epidermal cells on
healthy donor (HD) fibroblasts, we used primary KCM as
mono-directional effectors. We observed increased col-I
production in a dose-dependent manner in KCM-treated
compared with untreated fibroblasts (Figure 1a). Of interest, dose-dependent KCM induced also total (Figure 1b)
and enzymatically active MMP-1 (Figure 1d). Since
degradation of collagen requires MMP-1 (Sarkar et al.,
2012), by using the ratio of col-I to MMP-1 as surrogate
of ECM turnover rate, these data indicated that KCM favors
matrix degradation over deposition (Figure 1c and e). To
screen for factors released by epithelial cells that could act
on fibroblasts, we found by a proteomic approach that
the most abundant proteins were serpin E1 (PAI-I),
thrombospondin-1,
PDGF-AB/BB,
and
angiogenin
(Figure 1f). However, when blocking the most abundant
mediators present in KCM, we could not observe any inhibition of collagen or MMP-1 production. Nonetheless, by
blocking TGF-b, whether with a neutralizing antibody or
with an inhibitor of TGF-b receptor signaling (SD208), we
observed a decrease in KCM-driven col-I production by
fibroblasts (Figure 1g). For SD208, this effect was dosedependent. Even if TGF-b in KCM was relatively low
(73.5  18.5 pg/ml), it was sufficient to enhance the production of col-I, since, after TGF-b blockade, col-I levels
were comparable to those produced by fibroblasts in the
absence of KCM (Figure 1g). Additionally, since
keratinocyte-derived IL-1 was shown to activate fibroblasts
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(Aden et al., 2010) and to inhibit myofibroblasts differentiation (Shephard et al., 2004b), we evaluated the
involvement of IL-1 in our model of keratinocyte-fibroblast
interactions. Interestingly, by blocking IL-1 (with IL-1Ra) in
KCM, keratinocyte-driven MMP-1 secretion by fibroblasts
was decreased to the levels of its spontaneous production
(Figure 1h). As far as col-I and MMP-1 production may be
taken as surrogate of ECM turnover rate, these data indicate
that keratinocytes can alter the fibroblast ECM turnover rate
by simultaneously releasing TGF-b and IL-1, favoring
degradation over deposition.
The differential ECM turnover rate in SSc and HD fibroblasts
is modulated by IL-17A- and TGF-b-treated keratinocytes

We then asked the question whether keratinocytes primed
with IL-17A could modulate fibroblast responses in SSc
compared with HD. Interestingly, under the influence of
KCM, col-I production in SSc fibroblasts was 2-fold higher
(P ¼ 0.008) than in HD, with no significant differences in
MMP-1 production. However, in the presence of KCM, the
col-I to MMP1 ratio was significantly higher in SSc than HD
fibroblasts, in favor of enhanced ECM deposition over
degradation (P ¼ 0.048; Figure 2a). KCM from keratinocytes
primed with IL-17A not only decreased col-I production by
SSc fibroblasts but also significantly reduced col-I production induced by TGF-b in both HD and SSc fibroblasts
(Figure 2b and c, left panels). Simultaneously, priming of
keratinocytes with IL-17A increased MMP-1 production by
HD and SSc fibroblasts, with a significant additive effect
when IL-17A was added in combination with TGF-b
(Figure 2b and c, middle panels). Furthermore, when
assessing the ratio of col-I to MMP-1, we observed distinctively different responses induced by IL-17A- and/or TGF-bprimed keratinocytes. Indeed, the ratio was reduced in HD
and SSc fibroblasts cultured with IL-17A-primed KCM and
increased in TGF-b-primed KCM. More interestingly, the
ratio was significantly reduced when fibroblasts were
cultured with IL-17A þ TGF-b-primed KCM compared with
TGF-b-only primed KCM (Figure 2b and c, right panels).
Thus, IL-17A has the capacity to modify keratinocytes and
their influence on fibroblasts by directly favoring ECM
degradation and by decreasing the pro-fibrotic effects of
TGF-b. Of note, no spontaneous or KCM-induced production of IL-17A by fibroblasts was detected (data not shown).
Additionally, when fibroblasts were directly cultured in the
presence of IL-17A and/or TGF-b, the observed responses in
terms of col-I and MMP-1 production were weaker in the
absence compared with the presence of KCM, thus, indicating that the carryover of these cytokines was not
responsible for the effects observed in the presence of KCM
(Supplementary Figure S2).
Organotypic skin cultures respond differently to TGF-b and
IL-17A

To further assess the potential role of IL-17A in the context of
fibrosis and to overcome the limitations associated with
two-dimensional cultures, we established a model of
fibrosis based on repeated injections of TGF-b into normal
full human skin cultured in semi-solid agar (Figure 3a).
Under these culture conditions for up to 9 days, the skin
maintained normal morphology (Figure 3b) with very few
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Figure 1. Keratinocyte-derived factors activate fibroblasts. Primary HD fibroblasts were cultured with KCM from five HD keratinocytes. (a) Col-I and (b, d)
MMP-1 production was assessed in supernatants by ELISA and fluorokine assay. Dots represent mean  SEM. (c, e) The ratio of col-I to MMP-1. (f) Proteins
in KCM quantified using XL cytokine arrays. (g,h) Neutralizing agents (IL-1Ra, 100 ng/ml; blocking antibodies, 10 mg/ml; SD208, 1 or 0.25 mM) were added to
KCM before stimulation of four SSc fibroblasts. TGF-b was used as a positive control. Results expressed as fold-change to untreated cells. Bars represent mean 
SEM. Basal levels were the following: 202.5  45.6 ng/ml for col-I and 102.8  25.2 ng/ml for MMP-1. Significant differences versus cells stimulated with
KCM only were assessed by paired t test. *P < 0.05. Col-I, type I collagen; HD, healthy donor; KCM, keratinocyte-conditioned media; MMP-1, matrix
metalloproteinase-1; SEM, standard error of the mean; SSc, systemic sclerosis, scleroderma; TGF-b, transforming growth factor-b.

apoptotic cells as assessed by TUNEL staining (Figure 3c, for
control; Supplementary Figure S3a, for cytokine-treated
skin). To extensively evaluate the gene expression profile
in this organotypic model after treatment with TGF-b, we
performed RNA sequencing. Interestingly, in skin explants
treated with TGF-b, among 12,019 detected distinct transcripts, 148 mRNA were significantly upregulated and 80
downregulated compared with controls (Figure 3d). Within
the upregulated genes using a fold-change threshold of 3
and P < 0.0001, 38 were related to ECM structure, especially collagen genes, and 21 to inflammatory mediators,
especially interferon-related genes (Figure 3d and
Supplementary Figure S3b). Enrichment analysis by Metacore software indicated that within the five most upregulated pathways there were Wnt signaling, TGF-b signaling,
and V6-integrin, which are very relevant to fibrosis

(Figure 3e). Leading edge analysis obtained similar results
(Supplementary Figure S3c). Of note, we observed the
simultaneous upregulation of many Wnt signaling agonists
including Wnt2, Wnt5b, Wnt7a, Wnt4, and Wnt9a, and
downregulation of Dkk-1, a Wnt antagonist (Figure 3d).
When full human skin was treated with IL-17A, RNA
sequencing revealed that of the 12,217 detected transcripts,
150 mRNA were significantly upregulated and 294 downregulated compared with controls (Figure 3f). Within the
upregulated genes, 36 were related to inflammation, 18 to
epithelial structure, and 1 to ECM (Supplementary
Figure S3b). IL1 and IL36, as well as antimicrobial peptide
genes, such as DEFB4A and DEFB4B, were among the
highest upregulated, and the epidermis differentiation
markers LOR and FLG2 were strongly downregulated
(Figure 3f). Additionally, enrichment analysis by Metacore
www.jidonline.org
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Figure 2. IL-17A- and TGF-b-primed keratinocytes alter col-I and MMP-1 production by fibroblasts. HDF and SScF were cultured for 48 hours with (a) 25%
KCM or (b, c) IL-17A/TGF-b-primed KCM. Col-I and MMP-1 were assessed by ELISA. Basal levels were the following: 518.6 ( 97.9) and 323.7 ( 65.2) ng/ml
for col-I; 18.8 ( 2.2) and 36.9 ( 9.1) ng/ml for MMP-1; in HDF and SScF, respectively. Results expressed as fold-change to (a) untreated cells or (b, c) to
cells treated with KCM. Box plots from 10 HDF and 10 SScF. In KCM, col-I and MMP-1 were under the detection limit. Differences between HDF and SScF
responses (a, spontaneous production; b and c, plain KCM) were assessed by paired t test. *P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.001. Col-I, type I
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(Figure 3g) and leading edge (Supplementary Figure S3d)
showed that several IL-17-related pathways were highly
upregulated. To further assess whether IL-17 could induce in
this model inflammatory mediators known to be upregulated
in SSc, we assessed by quantitative PCR (Supplementary
Figure S4a) and protein determination (Supplementary
Figure S4b) the levels of IL-6, IL-8, and CCL2 (MCP-1).
They all were upregulated by IL-17, as they were in response
to tumor necrosis factor, used as positive control. Interestingly, an additive effect was observed when IL-17A and tumor necrosis factor were injected together (Supplementary
Figure S4a and b).
Altogether, these data show that full human skin respond
differentially to TGF-b and to IL-17A.
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IL-17A is antifibrogenic in human skin

We then addressed the role of IL-17A in the skin being made
fibrotic by repeated injections of TGF-b. It was observed that
the combined treatment with IL-17A and TGF-b resulted
largely in the sum of genes transcribed in response to each of
them (Supplementary Figure S3b). Thus, the joint presence of
IL-17A and TGF-b, compared with controls, resulted in the
upregulation of 266 and downregulation of 334 mRNA of the
12,205 detected transcripts. When focusing on genes coding
for ECM, especially collagen genes that were regulated by
TGF-b, the majority were not influenced by IL-17A
(Figure 4a). Although IL-17A did not directly influence the
mRNA levels of COL1A1 and COL1A2 (Supplementary
Figure S5a), it significantly decreased the ratio of COL1A1
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to MMP1, as well as COL1A2 to MMP1 (Supplementary
Figure S5b and c). Additionally, IL-17A decreased the
collagen to MMP1 ratio that was increased by TGF-b
(Supplementary Figure S5c).
To confirm and extend these findings, we tested for protein
regulation and observed that IL-17A significantly inhibited
the spontaneous and the TGF-b-induced production of col-I,
simultaneously favoring MMP-1 production (Figure 4b and

c), which resulted in a significant reduction of col-I to MMP-1
ratio in the presence of IL-17A (Figure 4d). In addition, IL-17A
slightly but significantly diminished TGF-b-triggered fibronectin production (Figure 4e).
When analyzing RNA sequencing data by Metacore
(Figure 5a) and gene set enrichment analysis (data not
shown), we found that the combined treatment of the skin
explants with IL-17A and TGF-b strongly downregulated the
www.jidonline.org
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Wnt signaling pathway compared with TGF-b-only stimulated explants. Consistently with these results, we observed
that in response to TGF-b, there was a significant accumulation of b-catenin in the epidermis, which was significantly
reduced when IL-17A was used in combination with TGF-b
(Figure 5b and c). Similarly, we observed increased nuclear
accumulation of b-catenin in in vitro fibroblast cultures after
TGF-b treatment that was inhibited by IL-17A (Figure 5d and
e). It is worth mentioning that both, cellular accumulation of
b-catenin and its subsequent translocation to the nucleus,
indicate activation of Wnt signaling, since inactive b-catenin
is degraded (Beyer et al., 2012).
Altogether, our data are mostly consistent with antifibrogenic properties of IL-17A in human skin, where it shows
the potential to reduce col-I production induced by TGF-b,
an effect that in part could depended on the downregulation
of Wnt signaling.
DISCUSSION
By taking advantage from an original organotypic skin model
and by expanding previous knowledge on the interaction
between keratinocytes and fibroblasts, here we approached,
under a different angle, the role of IL-17A in skin fibrosis
within SSc. The evidence emerging from our data indicates
that IL-17A, although being strongly pro-inflammatory, exerts
direct and indirect antifibrogenic activities that may be at
play in SSc (Figure 6). Altogether, the dissociation between
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inflammatory and fibrogenic responses may be taken as a
paradigm applicable to several other conditions and
mediators.
Keratinocytes and fibroblasts communicate constantly and
their interaction is crucial for skin homeostasis (Boukamp
et al., 1990). SSc epidermis and keratinocytes abnormalities
are suggestive of their contribution to some aspects of fibrosis
development (Aden et al., 2010; Aden et al., 2008; Canady
et al., 2013; McCoy et al., 2017; Nikitorowicz-Buniak
et al., 2015; Nikitorowicz-Buniak et al., 2014; Takahashi
et al., 2016; Takahashi et al., 2017), and keratinocytes were
found to make nodes with modules of the inflammatory responses (Mahoney et al., 2015). Within this scenario, we
show here that resting keratinocytes release soluble factors, in
particular TGF-b and IL-1, affecting the basal levels of col-I
and MMP-1 production by fibroblasts. Although McCoy
et al. (2017) reported that keratinocyte supernatants may
enhance the expression of a-smooth muscle actin, col-I
mRNA, and protein by fibroblasts in a TGF-b-independent
manner, our data are reminiscent of those reported by
Shephard et al. (2004), where fibroblasts cocultured with
keratinocytes upregulated their a-smooth muscle actin
expression in a TGF-b-dependent manner (Shephard et al.,
2004a; Shephard et al., 2004b). Differences in the experimental settings, particularly the composition of the medium
in which keratinocytes were grown, may explain these differences. Our data further stress that under the influence of
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KCM stimulated SSc compared with HD fibroblasts produce
twice more col-I, resulting in a col-I to MMP-1 ratio suggestive of an enhanced ECM deposition over degradation.
This may be explained by the reported increased expression
of TGF-b receptor I and II on SSc compared with HD fibroblasts (Kawakami et al., 1998). In this respect, it is important
to note that in our experiments the spontaneous col-I production was lower in SSc compared with HD fibroblasts. Of
interest, the col-I to MMP-1 ratio was further modulated
when KCM was generated by keratinocytes under the influence of IL-17A or TGF-b indicating that the interaction between these two cell types is plastic and highly responsive to

environmental inflammatory cues. In this model, IL-17A
pushed the system in favor of degradation over deposition
and counteracted the opposite effects of TGF-b. This extends
previous data by us and others showing an inhibitory effect of
IL-17A on TGF-b-induced col-I production and a-smooth
muscle actin expression in in vitro SSc and HD fibroblast
cultures (Canady et al., 2013; Dufour et al., 2018; Truchetet
et al., 2013).
To overcome the limitations of two-dimensional cultures,
we also tested the effect of IL-17A in three-dimensional
organotypic skin cultures, which present the added value of
preserved physiological tissue architecture, including
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Figure 6. Proposed model for the role of IL-17A in the keratinocyte-fibroblast cross-talk.

relevant cell-to-cell interactions. In this model, IL-17A
showed a consistent capacity to potently induce the production of several inflammatory mediators but not to the
point of inducing a fibrotic response whether at the mRNA or
at the protein level. This is in contrast with data generated in
animal models, which militate in favor of a pro-fibrotic activity of IL-17A. Species-specific characteristics and differences in networks at work upon cytokines responses may
explain these differences (Perlman, 2016).
Although we consistently observed a significant inhibition
of col-I production in response to IL-17A at the protein level,
this was not paralleled by changes at the mRNA steady-state
levels in the organotypic skin model. This discrepancy suggests post-transcriptional regulation of col-I by IL-17A, which
may be because of microRNA, ECM degradation by MMPs,
or other mechanisms regulating translational processes
influenced by IL-17A. In this respect, it is interesting to note
that transcriptional data indicated a robust induction, by
TGF-b, of the Wnt signaling pathway involved in col-I transcriptional regulation (Akhmetshina et al., 2012; Beyer et al.,
2012), which was substantially reduced by IL-17A. b-catenin
immunostaining of the cultured skin and in vitro fibroblasts
confirmed both an increased expression induced by TGF-b in
analogy with enhanced expression of b-catenin in SSc skin
(Beyer et al., 2012; Wei et al., 2012) and reduced expression
when jointly used with IL-17A. Of note, IL-17A may have
impaired keratinocyte tight junctions, favoring artifactual
cleavage of the supra-basal layer (Yuki et al., 2016), without
increasing cell death.
Global gene signatures of skin explants after cytokine injections, pro-inflammatory for IL-17A and pro-fibrotic for
TGF-b, indicate that our skin model is a suitable tool for SSc
research. Within its limitation is the lack of circulating immune cells that may further modify keratinocyte and fibroblast responses. However, resident immune cells were
present. Further, although observing TGF-b-triggered robust
increases of col-I levels, we were unable to detect histologic
changes of the skin after TGF-b treatment, as assessed by asmooth muscle actin, Picrosirius red, and Masson’s trichrome
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staining (not shown). Thus, the organotypic skin model may
need further improvements, which could include longer
exposure time to TGF-b and/or the joint presence of TGF-b
with other pro-fibrotic factors. In this respect, it is worth
mentioning that IL-6 was potently induced by IL-17A, and IL6 may itself favor collagen production by fibroblasts (O’Reilly
et al., 2014). However, within the context of an IL-17Ainduced response, IL-6 was clearly insufficient to enhance
ECM deposition in our models, whether or not in the presence of TGF-b. Heterogeneity of factors involved in IL-6 induction in SSc, which may vary in time and in different
organs, may accommodate for this apparent contradiction
and point to the need of appropriately selecting individual
patients for targeted therapies.
In conclusion, we report here IL-17A as a potent antifibrotic factor in the model of keratinocyte-fibroblast interactions, as well as in organotypic human skin where it
promoted pro-inflammatory but not fibrogenic responses.
Furthermore, we show that IL-17A not only decreases ECM
deposition by itself but also counteracts TGF-b pro-fibrotic
activities. Thus, increased levels of IL-17A in SSc patient
tissues, including skin, where the numbers of IL-17Aþ cells
are inversely correlated with the extent of skin fibrosis
(Truchetet et al., 2013), would indicate that IL-17A rather
controls fibrogenesis. These data may help in directing and
interpreting therapeutic approaches in SSc, as both IL-17A
and TGF-b are target candidates in clinical trials.
MATERIALS AND METHODS
Detailed materials and
Supplementary Materials.

methods

are

provided

as

online

Study populations
All patients met the ACR/EULAR classification criteria for SSc (van
den Hoogen et al., 2013) and their clinical presentation classified
according to the criteria proposed by LeRoy et al. (1998). Clinical
characteristics of the patients are shown in Supplementary Table S1.
Biopsy was performed in the affected skin of SSc individuals. The
control group consisted of age- and sex-matched individuals who
underwent abdominal excess skin excision (abdominoplasty) at the
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Department of Plastic, Reconstructive and Aesthetic Surgery of
Geneva University Hospital (Geneva, Switzerland). None of the
healthy individuals had dermatological disorders and none was
under immunosuppressive agents or glucocorticoids.
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SUPPLEMENTARY MATERIALS AND METHODS

Organotypic full human skin model

Reagents

A full human skin model was modified from ex vivo explant
culture proposed by Degueurce et al. (2016). A total of 6 mm
biopsy punches of skin fragments of healthy donors undergoing abdominoplastic surgery were kept in semi-solid
3.75% agarose DMEM, supplemented with 1% FBS, 25 mg/
ml L-ascorbic acid, 3.4 mg/ml a-ketoglutaric acid, 50 mg/ml baminopropionitrile, 50 U/ml penicillin, and 50 mg/ml streptomycin, with dermis placed in the agar bed and the
epidermis exposed to the air phase. IL-17A (100 ng), TGF-b
(10 ng), or tumor necrosis factor (10 ng) were injected four
times intradermally in 50 ml phosphate buffered saline 0.1%
BSA, every other day. Four independent donors in duplicates
were tested. Explants were harvested 14 hours (for mRNA,
day 7) or 48 hours (for histology, day 8) after last injection.
Skin culture supernatants were harvested 48 hours after last
injections. Phosphate buffered saline 0.1% BSA-treated explants were used as control. For morphology studies, hematoxylin and eosin coloration was applied. The apoptotic cells
in the skin explant were visualized by DeadEnd Fluorimetric
TUNEL kit according to the manufacturer’s instruction
(Promega). Images were acquired by scanning the whole
tissue sections using the Axioscan.Z1 microscopy (Carl Zeiss
Microscopy GmbH, Jena, Germany).

RhIL-17A, rhTGF-b, IL-6, MCP-1, matrix metalloproteinase1 (MMP-1), IL-8, pro-collagen Ia1, fibronectin, transforming growth factor-b (TGF)-b ELISA DuoSet kits, XL
Cytokine Array, active MMP-1 Fluorokine kit, neutralizing
antibodies (TGF-b1, 2, 3; serpin E1; thrombospondin-1;
PDGF-AA; PDGF-BB), and mouse anti-b-catenin for immunofluorescence were from R&D Systems (Abingdon, United
Kingdom). DMEM, Keratinocyte Serum-Free Medium,
phosphate buffered saline, glutamine, penicillin, streptomycin, trypsin, dispase, and col-I were from Gibco (Paisley,
United Kingdom). Fetal calf serum (FCS) was obtained from
Biowest (Nuaillé, France). BSA, agarose, a-ketoglutaric acid,
b-amino propionitrile, and l-ascorbic acid were purchased
from Sigma (St. Louis, MO). TGF-bRI inhibitor SD 208 was
from Tocris Bioscience (Bristol, United Kingdom); LEAF
irrelevant control mAbs from Biolegend (San Diego, CA);
and Fluoprep mounting medium was from bioMerieux
(Lyon, France). MirVana miRNA Isolation Kit, SYBR green,
and Alexa Fluor-568-conjugated antimouse secondary antibody were obtained from Invitrogen (Oslo, Norway).
Random hexamers, ImProm reverse transcriptase, and
DeadEnd Fluorimetric TUNEL kit were from Promega
(Madison, WI); TMB ELISA substrate from Abcam (Cambridge, United Kingdom); mouse anti-b-catenin antibody for
immunohistochemistry from BD Biosciences (San Jose, CA);
and Vectastain ABC kit for human and ImmPACT AMEC Red
Peroxidase (HRP) Substrate from Vectorlab (Peterborough,
United Kingdom).

Cell cultures

Human primary fibroblasts and keratinocytes were isolated
from skin, as previously described (Brembilla et al., 2016;
Brembilla et al., 2013). Passage 2e3 keratinocytes were
cultured in Keratinocyte Serum-Free Medium supplemented
with rEGF and bovine pituitary extract. Seventy thousand
cells/well were seeded in 6-well plates for 48 hours, then
starved for 6 hours in Keratinocyte Serum-Free Medium
without supplements and stimulated with IL-17A (100 ng/ml)
and/or TGF-b (10 ng/ml) in DMEM containing 50 U/ml
penicillin and 50 mg/ml streptomycin. Fibroblasts were used
at passage 5e8 and cultured in DMEM containing 10% FCS,
1% non-essential amino acids, 1% l-glutamine, 1% sodium
pyruvate, 50 U/ml penicillin, and 50 mg/ml streptomycin.
Twenty thousand cells/well were seeded in 96-well plates for
24 hours, then starved for 16 hours in the absence of FCS,
followed by stimulation with 25% keratinocyte-conditioned
media (steady-state or IL-17A/TGF-b-primed) or rIL-17A (25
ng/ml) and/or rTGF-b (2.5 ng/ml) in DMEM containing 1%
FCS, 25 mg/ml L-ascorbic acid, 3.4 mg/ml a-ketoglutaric acid,
and 50 mg/ml b-amino propionitrile to favor collagen maturation, as well as 50 U/ml penicillin and 50 mg/ml streptomycin. When used, SD208 inhibitor at indicated doses,
vehicle (DMSO), IL-1Ra at 100 ng/ml, neutralizing antibodies
at 10 mg/ml, or 10 mg/ml of an irrelevant control antibody
were added for 30 minutes before stimulation with
keratinocyte-conditioned media, in triplicates. Culture supernatants were harvested after 48 hours.

Real-time quantitative PCR

Total RNA was extracted from skin explants with mirVana
miRNA Isolation Kit (Invitrogen) and cDNA synthesized from
0.25 mg of total RNA using random hexamers and ImProm
reverse transcriptase (Promega) according to manufacturer’s
instructions. SYBR green reactions were performed in triplicate on a StepOne Plus (Applied Biosystems, Foster City, CA).
Raw Ct values obtained with SDS 2.2.1. software (Applied
Biosystems) were analyzed and two stable housekeeping
genes (GUSB and TRFC) were used for normalization. Oligonucleotides were obtained from Invitrogen (GUSB, IL6,
IL8, CCL2, MMP1, COL1A1, COL1A2) and Qiagen (TRFC;
Hilden, Germany).
ELISA and cytokine array

XL Cytokine Array, active MMP-1 Fluorokine kit, as well as
quantification of IL-6, MCP-1, IL-8, MMP-1, pro-collagen
1aI, TGF-b, and fibronectin levels by DuoSet ELISA kits
were performed according to the manufacturer’s instruction
(R&D Systems). For each donor, triplicates were tested in
ELISA assays.
Histochemistry

Tissue sections were deparaffinized in xylene and absolute
ethanol. For immunostaining, epitope retrieval was performed by heating at 95  C for 20 minutes in 10 mM citrate
buffer, pH 6, followed by incubation with mouse anti-b-catenin antibody (BD Biosciences). Immune reactivity was
detected by Vectastain ABC kit and ImmPACT AMEC Red
Peroxidase (HRP) Substrate (Vectorlab). Subsequently, slides
were counterstained with hematoxylin. Immunohistochemical images were acquired by scanning the whole tissue
sections using the Axioscan.Z1 microscopy (Carl Zeiss Microscopy GmbH). The intensity of the b-catenin staining in
the epidermis was quantified with Definiens TissueStudio
software (Munich, Germany). Negative controls, stained only
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with secondary antibodies or irrelevant primary antibody, did
not result in significant staining. Lesional skin from an individual with systemic sclerosis was used as a comparative
control.
Immunofluorescence

Ten thousand fibroblasts/well were seeded in 12-well plates
for 24 hours, then starved for 16 hours in 0.1% FCS, followed
by stimulation with rIL-17A (100 ng/ml) and/or rTGF-b (10
ng/ml). After 4 hours, cells were washed with phosphate
buffered saline , fixed in 4% paraformaldehyde followed by
incubation with 0.1% Triton X-100. Cells were then blocked
with 3% BSA and incubated with mouse anti-b-catenin
antibody (R&D Systems). The binding was revealed with
Alexa Fluor-568-conjugated antimouse secondary antibody
and DAPI was used to stain the nuclei. Images were acquired
by ZOE Fluorescent Cell Imager (Bio-Rad, Hercules, CA).
Three independent donors were analyzed in triplicates
(150e200 fibroblasts per donor per condition) by automatic
quantification of the b-catenin intensity in the nucleus by
Matlab software (MathWorks, Natick, MA).
Statistical analysis

Statistical analysis was performed with GraphPad Prism,
version 7.02 (Graphpad Software, La Jolla, CA). Shapiro-Wilk
normality test was used to evaluate if the residuals follow a
Gaussian distribution, and according to the result, statistical
significance was assessed by paired Student t test or Wilcoxon test, as indicated in the figure legends. P-values <0.05
were considered statistically significant.
RNA sequencing analysis
Library preparation, sequencing, and read mapping to the
reference genome.
RNA was isolated from three indepen-

dent skin donors with mirVana miRNA Isolation Kit from
Invitrogen. Integrity and quantity of RNA were assessed with
Bioanalyzer (Agilent Technologies, Santa Clara, CA). cDNA
libraries were constructed by the Genomic platform of the
University of Geneva using the Illumina TruSeq RNA
stranded Kit according to the manufacturer’s protocol. Pools
of 18 libraries were loaded at 2 nM for clustering on two
lanes of a Single-read Illumina Flow cell. Reads of 50 bases
were generated using the TruSeq SBS chemistry on an Illumina HiSeq 4000 sequencer. FastQ reads were mapped to
the ENSEMBL reference genome (GRCh38.89) using STAR,
version 2.4.0j (Dobin et al., 2013), with standard settings,
except that any reads mapping to more than one location in
the genome (ambiguous reads) were discarded (n ¼ 1). Sequences data have been submitted to the GEO database
under the accession number GSE122305.
Unique gene model construction and gene coverage reporting.
A unique gene model was used to quantify reads per

gene. Briefly, the model considers all annotated exons of all
annotated protein coding isoforms of a gene to create a unique
gene where the genomic region of all exons are considered
coming from the same RNA molecule and merged together.
RNA sequencing analysis.
All reads overlapping the exons
of each unique gene model were reported using feature
Counts, version 1.4.6-p1 (Quinlan and Hall, 2010). Gene
expressions were reported as raw counts and in parallel
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normalized in Reads Per Kilobase Million to filter out genes
with low expression value (1 Reads Per Kilobase Million)
before calling for differentially expressed genes. Library size
normalizations and differential gene expression calculations
were performed using the package edgeR (Robinson et al.,
2010) designed for the R software (Team, 2011). Only
genes having a significant fold-change (Benjamini-Hochberg
corrected P-value <0.001) were considered for the rest of the
RNA sequencing analysis.
Gene Ontology and/or Kyoto Encyclopedia of Genes and Genomes analysis.
Gene ontology term and Kyoto Encyclo-

pedia of Genes and Genomes metabolic pathways
enrichment was performed using homemade scripts for the R
software (Team, 2011).
All
annotated pathways for Homo sapiens available on WikiPathways database (http://www.wikipathways.org/index.php/
WikiPathways) were used to generate gene sets, as well as
the Kyoto Encyclopedia of Genes and Genomes metabolic
pathways
(http://www.genome.jp/kegg/)
relative
to
GRCh38.89. Genes were ranked by their calculated fold
changes (decreasing ranking). A gene set analysis using the
Gene Set Enrichment Analysis package, version 2.2 (Mootha
et al., 2003, Subramanian et al., 2005), from the Broad Institute (MIT, Cambridge, MA) was used to analyze the pattern of
differential gene expression between the two groups. Gene set
permutations were performed 1000 times for each analysis.
The normalized enrichment score was calculated for each
gene set. Gene Set Enrichment Analysis results with a nominal
FDR < 0.05 and abs(normalized enrichment score ) > 1 were
considered significant. Additional pathway enrichment analysis was preformed with MetaCore software (Thomson Reuters,
Philadelphia, PA). Gene sets were selected according to their
known involvement in extracellular matrix regulation
(Supplementary Table S2).
Gene Set Enrichment Analysis: pathway enrichment.
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Supplementary Figure S1. Schematic
experimental approach.
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Supplementary Figure S2. Fibroblast
responses in the presence or absence
of KCM. HDF and SScF were cultured
for 48 hours in the presence of IL-17A/
TGF-b (left) or 25% of IL-17A/TGF-btreated KCM (right). Levels of col-I and
MMP-1 were analyzed in culture SN
in triplicates by ELISA. Basal levels
were the following: 518.6 ( 97.9)
and 323.7 ( 65.2) ng/ml for col-I;
18.8 ( 2.2) and 36.9 ( 9.1) ng/ml for
MMP-1; in HDF and SScF,
respectively. Box plots represent the
median and whiskers include all (a, c)
10 HDF and (b, d) 10 SScF responses
of the samples. In KCM, col-I and
MMP-1 levels were under the
detection limit of the assay used.
Significant differences between the
responses of fibroblasts to cytokines
and cytokine-treated KCM were
assessed by paired t test. *P < 0.05,
**P < 0.01, ***P < 0.001. Col-I, type I
collagen; HDF, healthy donor
fibroblasts; KCM, keratinocyteconditioned media; MMP-1, matrix
metalloproteinase-1; SScF, systemic
sclerosis fibroblasts; TGF-b,
transforming growth factor-b.

www.jidonline.org 112.e3

AM Dufour et al.
Dual Role of IL-17A in SSc

Supplementary Figure S3. Organotypic skin culture responds differently to IL-17A and TGF-b. (a) Cell apoptosis assessed by TUNEL staining in skin explants
after injections of cytokines (green, apoptotic cells; blue, nuclei [DAPI]). Scale bar ¼ 100 mm. DNAse-treated samples were used as a positive control. (b, c)
Gene expression was analyzed by RNAseq in three independent donors. Thresholds were the following: fold change 3 and Benjamini-Hochberg corrected
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Supplementary Figure S4. Pro-inflammatory responses of organotypic skin culture to IL-17A and TNF. (a) mRNA and (b) protein levels of pro-inflammatory
mediators in explant supernatants (IL-17A 100 ng, TNF 10 ng). Results are expressed as fold-change to control explants. Basal levels were the following: 91.8 (
28.0) ng/ml for IL-6; 83.4 ( 22.2) ng/ml for IL-8; and 14.7 ( 3.3) ng/ml for CCL2. Explants were harvested (b) 14 hours or (c) 48 hours after last injection.
N¼ 8, four donors in duplicate (each color corresponds to a single donor). Significant differences versus control explants were assessed by Wilcoxon test.
*P < 0.05, **P < 0.01. TNF, tumor necrosis factor.

=

P-value of 0.001. (b) World clouds represent gene ontology analysis (gene description, upregulated genes) of RNAseq data of skin explants treated with IL-17A
(100 ng) and/or TGF-b (10 ng). (c) Leading edge analysis represents core members of high-scoring gene sets after TGF-b treatment that contribute to the
Enrichment Score. The 36 highest upregulated pathways were the following: 1. Cushing’s syndrome; 2. Basal cell carcinoma; 3. Hippo signaling pathway; 4.
Wnt signaling pathway and pluripotency; 5. Wnt signaling pathway; 6. Melanogenesis; 7. Breast cancer; 8. Gastric cancer; 9. Hepatocellular carcinoma; 9.
DNA damage response; 10. Signaling pathways regulating pluripotency; 11. mTOR signaling pathway; 12. ESC pluripotency pathways; 13. Wnt signaling in
kidney disease; 14. Wnt signaling; 15. HTLV-I infection; 16. Pathways in cancer; 17. Human papillomavirus infection; 18. Proteoglycans in cancer; 19. PI3K/Akt
signaling pathway; 20e22. Focal adhesion; 23. ECM-receptor interaction; 24. Regulation of actin cytoskeleton; 25. Small cell lung cancer; 26. Relaxin signaling
pathway; 27. AGE-RAGE signaling pathway in diabetic complications; 28. Nanoparticle-mediated activation of receptor signaling; 29. Overview of nanoparticle
effects; 30. Alpha 6 beta 4 signaling pathway; 31. Oncostatin M signaling pathway; 32. microRNA targets in ECM; 33. Inflammatory response pathway; 34.
Senescence and Autophagy in cancer; 35. TGF-b receptor signaling; 36. TGF-b signaling pathway. (d) Leading edge analysis represents core members of highscoring gene sets that contribute to the Enrichment Score after IL-17A treatment versus control explants. The 10 highest upregulated pathways were the
following: 1. Salmonella infection; 2. Amebiasis; 3. Rheumatoid arthritis; 4. Photodynamic therapy-induced NF-kB survival signaling; 5. IL-17 signaling
pathway; 6. Lung fibrosis; 7. Spinal cord injury; 8. TNF signaling pathway; 9. Cytokine and Inflammation; 10. AGE-RAGE signaling pathway in diabetic
complications. ECM, extracellular matrix; RNAseq, RNA sequencing; TGF-b, transforming growth factor-b; TNF, tumor necrosis factor.
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Supplementary Figure S5. IL-17A enhances MMP-1 mRNA steady-state levels in organotypic skin cultures. mRNA levels of selected genes from RNAseq were
confirmed by QPCR analysis. Results are expressed as fold-change to control explants, mean is indicated. N¼ 8, four donors in duplicate (each color
corresponds to a single donor). Significant differences versus control were assessed by Wilcoxon test. *P < 0.05, **P < 0.01. MMP-1, matrix metalloprotein-1;
QPCR, quantitative reverse transcriptase in real-time; RNAseq, RNA sequencing.

Supplementary Table S1. Clinical Characteristics of the Fibroblast Donors
Characteristics
Age, mean (range), years
Sex, M/F
Disease duration1, mean (range), months
Form, limited/diffuse
MRSS, mean (range)
ANA positivity, yes/no (n ¼ 10)
ANA specificity, ACA/ATA (n ¼ 8)
DLCO, mean (range), % of
reference (n ¼ 8)
Synovitis2
CK elevation
DU2
ILD3
GERD4
Prednisone use
Prednisone dose >10 mg/d
Previous use of immunosuppressive agents

SSc

HD

60.9 (46e78)
4/6
108 (12e324)
5/5
12.4 (4e28)
8/2
4/3
70.8 (33e112)

41.3 (26e60)
1/9
NA
NA
NA
NA
NA
NA

3 of 8
1 of 9
3 of 9
3 of 9
6 of 8
4 of 10
0 of 10
4 of 10

NA
NA
NA
NA
NA
—
—
—

Abbreviations: ACA, anticentromere antibody; ANA, antinuclear antibodies; ATA, antitopoisomerase antibody; CK, creatine kinase; DLCO, diffusing
capacity of the lungs for carbon monoxide; DU, digital ulcer; GERD, gastro-esophageal reflux disease; HD, healthy donors; ILD, interstitial lung disease;
MRSS, modified Rodnan skin score; NA, not available; SSc, systemic sclerosis.
1
Disease duration refers to the time from the onset of the first non-Raynaud’s disease manifestation.
2
DU and synovitis were clinically defined.
3
ILD was assessed by high resolution CT scan.
4
GERD was determined by gastroscopy.
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Supplementary Table S2. List of Extracellular MatrixRelated Genes
ENSG00000123500
ENSG00000060718
ENSG00000169436
ENSG00000108821
ENSG00000130635
ENSG00000204262
ENSG00000114270
ENSG00000168542
ENSG00000164692
ENSG00000204291
ENSG00000144810
ENSG00000111799
ENSG00000080573
ENSG00000049089
ENSG00000196739
ENSG00000197467
ENSG00000084636
ENSG00000163359
ENSG00000188153
ENSG00000142173
ENSG00000142156
ENSG00000182871
ENSG00000197565
ENSG00000065618
ENSG00000171812
ENSG00000134871
ENSG00000050767
ENSG00000187498
ENSG00000113163
ENSG00000092758
ENSG00000187955
ENSG00000115414
ENSG00000164694
ENSG00000041982
ENSG00000124145
ENSG00000101439
ENSG00000137801
ENSG00000186340
ENSG00000169231
ENSG00000139329
ENSG00000011465
ENSG00000147065
ENSG00000049540
ENSG00000186652
ENSG00000116690
ENSG00000105664
ENSG00000188157
ENSG00000107796
ENSG00000075624
ENSG00000184009
ENSG00000140416
ENSG00000198467
ENSG00000143549
ENSG00000167460
ENSG00000173083
ENSG00000011422
ENSG00000122861
ENSG00000105509
ENSG00000170961

COL10A1
COL11A1
COL22A1
COL1A1
COL5A1
COL5A2
COL7A1
COL3A1
COL1A2
COL15A1
COL8A1
COL12A1
COL5A3
COL9A2
COL27A1
COL13A1
COL16A1
COL6A3
COL4A5
COL6A2
COL6A1
COL18A1
COL4A6
COL17A1
COL8A2
COL4A2
COL23A1
COL4A1
COL4A3BP
COL9A3
COL14A1
FN1
FNDC1
TNC
SDC4
CST3
THBS1
THBS2
THBS3
LUM
DCN
MSN
ELN
PRG2
PRG4
COMP
AGRN
ACTA2
ACTB
ACTG1
TPM1
TPM2
TPM3
TPM4
HPSE
PLAUR
PLAU
HAS1
HAS2
(continued )

Supplementary Table S2. Continued
ENSG00000103044
ENSG00000101680
ENSG00000196569
ENSG00000053747
ENSG00000112769
ENSG00000130702
ENSG00000091136
ENSG00000172037
ENSG00000196878
ENSG00000091128
ENSG00000135862
ENSG00000058085
ENSG00000050555
ENSG00000213949
ENSG00000164171
ENSG00000005884
ENSG00000161638
ENSG00000091409
ENSG00000135424
ENSG00000144668
ENSG00000143127
ENSG00000137809
ENSG00000150093
ENSG00000160255
ENSG00000259207
ENSG00000132470
ENSG00000082781
ENSG00000115221
ENSG00000105855
ENSG00000083457
ENSG00000169896
ENSG00000140678
ENSG00000138448
ENSG00000133110
ENSG00000113140
ENSG00000143387
ENSG00000118785
ENSG00000169439
ENSG00000181092
ENSG00000038427
ENSG00000106333
ENSG00000182492
ENSG00000143196
ENSG00000137673
ENSG00000149968
ENSG00000196611
ENSG00000102996
ENSG00000262406
ENSG00000123342
ENSG00000198598
ENSG00000157227
ENSG00000166670
ENSG00000087245
ENSG00000271447
ENSG00000100985
ENSG00000125966
ENSG00000099953
ENSG00000008516
ENSG00000118113
ENSG00000137745

HAS3
LAMA1
LAMA2
LAMA3
LAMA4
LAMA5
LAMB1
LAMB2
LAMB3
LAMB4
LAMC1
LAMC2
LAMC3
ITGA1
ITGA2
ITGA3
ITGA5
ITGA6
ITGA7
ITGA9
ITGA10
ITGA11
ITGB1
ITGB2
ITGB3
ITGB4
ITGB5
ITGB6
ITGB8
ITGAE
ITGAM
ITGAX
ITGAV
POSTN
SPARC
CTSK
SPP1
SDC2
ADIPOQ
VCAN
PCOLCE
BGN
DPT
MMP7
MMP3
MMP1
MMP15
MMP12
MMP19
MMP17
MMP14
MMP10
MMP2
MMP28
MMP9
MMP24
MMP11
MMP25
MMP8
MMP13
(continued )
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Supplementary Table S2. Continued
ENSG00000102265
ENSG00000157150
ENSG00000100234
ENSG00000035862
ENSG00000163638
ENSG00000151651
ENSG00000049192
ENSG00000154734
ENSG00000158859
ENSG00000168615
ENSG00000135074
ENSG00000151388
ENSG00000154736
ENSG00000136378
ENSG00000137845
ENSG00000148848
ENSG00000138316
ENSG00000142303
ENSG00000166106
ENSG00000087116
ENSG00000151694
ENSG00000149451
ENSG00000143537
ENSG00000160323
ENSG00000106366
ENSG00000149257
ENSG00000135919
ENSG00000206075
ENSG00000149131
ENSG00000197632
ENSG00000132386
ENSG00000021355
ENSG00000142864
ENSG00000124570
ENSG00000170542
ENSG00000206073
ENSG00000166401
ENSG00000057149
ENSG00000167711
ENSG00000166396
ENSG00000196136
ENSG00000197641
ENSG00000197249
ENSG00000165953
ENSG00000166634

TIMP1
TIMP4
TIMP3
TIMP2
ADAMTS9
ADAM8
ADAMTS6
ADAMTS1
ADAMTS4
ADAM9
ADAM19
ADAMTS12
ADAMTS5
ADAMTS7
ADAM10
ADAM12
ADAMTS14
ADAMTS10
ADAMTS15
ADAMTS2
ADAM17
ADAM33
ADAM15
ADAMTS13
SERPINE1
SERPINH1
SERPINE2
SERPINB5
SERPING1
SERPINB2
SERPINF1
SERPINB1
SERBP1
SERPINB6
SERPINB9
SERPINB4
SERPINB8
SERPINB3
SERPINF2
SERPINB7
SERPINA3
SERPINB13
SERPINA1
SERPINA12
SERPINB12

Gene set was selected according to their known involvement in
extracellular matrix regulation.
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