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Abstract

Objectives
We have studied the Damage Associated Molecular Pattern (DAMP) protein S100A4 as a driver of

fibroblast activation in systemic sclerosis (SSc).

Methods

S100A4 protein concentration was measured by ELISA in serum of SSc (n=94) and healthy controls
(n=15). Protein expression in skin fibroblast cultures from diffuse cutaneous SSc (SScF, n=6) and
healthy controls (NF, n=6) was assessed. Recombinant S100A4 and a high affinity anti-S100A4

neutralising monoclonal antibody (AX-202) were tested on SScF and NF.

Results

Median [range] S100A4 (ng/ml) was higher in serum of SSc (89.9 [15.0-240.0]) than healthy controls
(71.4 [7.9-131.8]; p=0.027). There was association with SSc-ILD (p=0.025, n=55), scleroderma renal
crisis (p=0.026, n=4). Median [range] S100A4 (ng/ml) was higher in culture supernatants of SScF
(4.19 [0.52-8.42]) than NF controls (0.28 [0.02-3.29]; p<0.0001). AX-202 reduced the constitutive
profibrotic gene and protein expression phenotype of SScF. Genome-wide RNAseq analysis identified
an S100A4 activated signature in NF overlapping the hallmark gene expression signature of SScF.
Thus, 464 differentially expressed genes (FDR<0.001 and FC>1.5) induced in NF by S100A4, were also
constitutively overexpressed, and downregulated by AX-202, in SScF. Pathway mapping of these
S100A4 dependent genes in SSc showed the most significant enriched Kegg® pathways (FDR<0.001)

were regulation of stem cell pluripotency (4.6-fold) and metabolic pathways (1.9-fold).

Conclusion
Our findings provide compelling evidence for a profibrotic role for S100A4 in SSc and suggest that
serum level may be a biomarker of major organ manifestations and disease severity. This study

supports examining the therapeutic potential of targeting S100A4 in SSc.



Introduction

Systemic sclerosis (SSc) is characterised by fibrosis in the skin and internal organs and structural
vasculopathy [1]. The aetiopathogenesis of SSc is incompletely understood although activation of
fibroblasts to produce excessive extracellular matrix is a hallmark of disease and factors that
regulate or determine fibroblast activation are considered central to SSc pathobiology [2], including

recently identified epigenetic mechanisms [3].

S100A4 is one of a family of proteins originally defined by solubility of the prototypic members in
100% saturated ammonium sulphate [4]. In earlier differential gene expression studies examining
epithelial-mesenchymal trans-differentiation it was identified and named fibroblast specific protein-
1 (FSP1) [5]. However, it has subsequently been demonstrated to have a broader expression by
multiple cell types including cells within the innate and adaptive immune system. S100A4 has
intracellular and extracellular functions. Within the cell, the presence of S100A4 is related to
apoptosis, migration, and mesenchymal cell fibrogenesis [6]. Specifically, SI00A4 nuclear complex
interacts with members of the proteasome complex to degrade p53, stimulating mesenchymal

progenitor cell proliferation and expansion in idiopathic lung fibrosis [7].

Extracellular S100A4 has been characterised as a Damage Associated Molecular Pattern (DAMP)
protein. DAMPs are alarm signals which are upregulated and released from cells in response to
stress or injury that alerts the surrounding tissue to danger by triggering downstream pro-
inflammatory pathways through interaction with Pattern Recognition Receptors (PRRs). S100A4 has
been shown to signal via TLR4 and RAGE (receptor for advanced glycation end-products) [8,9,10]
Consistent with activation of RAGE and TLR4, S100A4 induces expression and secretion of
inflammatory cytokines, growth factors and MMPs to stimulate proinflammatory pathways and
extracellular matrix remodelling [11, 12, 13]. Reports show that S100A4 modulates immune cell

function and may impact in tumour biology by promoting tumour metastasis [14].

Previous reports highlight the potential of an antibody directed against S100A4 as a possible anti-
fibrotic treatment, suggesting S100A4 trapping could have clinical and biological benefit in systemic
sclerosis [15, 16]. We have studied expression and function of S100A4 in systemic sclerosis (SSc) to

further explore its relevance as a driver of fibroblast activation.



Methods

Patients and biological samples

Clinical manifestations were recorded based on the assessment of the latest clinic visit. We used
consensus definitions for major organ-based complications of SSc defined previously [17]. All
patients met the 2013 ACR/EULAR criteria for SSc. Serum samples were also collected from age- and
sex-matched healthy controls (HC). All samples were stored at -80 C until further analysis. Further

details are in Suppelmentary Methods.

Fibroblast culture

Fibroblasts (6 cell line normal (NF) and diffuse cutaneous SSc (SScF) each) were grown to 80%
confluence in DMEM with 10% foetal bovine serum and then serum starved in DMEM containing
0.5% bovine serum albumin (BSA) for overnight (16 hours). These were then treated with either
increasing doses of S100A4 (0.01-10 pg/ml) or TGFPB (10 ng/ml) for an additional 24 hours for RNA
and protein extraction. For inhibition experiments, cells were pre-incubated in the presence of AX-
202 (1-10ug/ml) or selective ALK5 inhibitor SB431524 (10 uwM/ml) for an hour prior to stimulation
with either recombinant S100A4 or TGFB. Recombinant S100A4 used in these experiments has
been confirmed to be free of any significant endotoxin contamination. Isotype matched IgG1 and

IgG4 antibodies (Invitrogen) were used in control experiments for anti-TLR4 and AX-202 respectively.

S100A4 ELISA measurement

We measured serum S100A4 and compared across the disease subsets and evaluated for any major
association with ANA or skin or lung fibrosis. In addition, levels were measured in tissue culture
supernatants from fibroblast monolayer cultures from SSc and healthy control skin biopsies. Human
Protein S100A4 (S100A4) ELISA Kit. Catalog Number. CSB EL020632HU (Cusabio, USA). Data were

expressed as ng/ml based upon the standard curve readings.

Western blot analysis

To investigate the effect of recombinant S100A4 protein on ECM production western blot analysis
was performed as described previously [18]. The recombinant S100A4 protein was provided by Arxx
Therapeutics, Oslo. Recombinant Human TGF-1 Protein from R&D Systems (Catalog Number: 240-
B). Evaluation of Coll, aSMA and CTGF in normal fibroblasts was initially performed including a
range of concentrations of endotoxin-free S100A4 at 0.01, 0.1, 1 and 10 pg/ml. To investigate
whether TLR4 receptor mediated signalling might mediate some of the effect of SI00A4 on normal

dermal fibroblasts, additional experiments using a neutralising antibody against TLR4 (Invitrogen)



was undertaken. Later experiments compared control (NDF) and SSc fibroblasts and explored the
effect of AX-202, and anti-S100A4 neutralising antibody, and the pharmacological ALK5 inhibitor
SB431524. Representative blots were also probed for total ERK and phospho-ERK expression to
examine non-canonical TGFbeta and potential TLR4 signalling using p44/42 MAPK (Erk1/2) Antibody
#9102 and Phospho-p44/42 MAPK (Erk1/2) (Thr202/Tyr204) Antibody #9101 (Cell Signaling
Technology). Molecular weight was confirmed using standard markers and is indicated in

representative blots.

Following treatment with either SI00A4 or TGFp for 24 hours, fibroblasts were then lysed in RIPA
buffer and quantified. Western blot analysis was performed as previously described [17]. Protein
antigens were detected by ECL (Amersham, Buckinghamshire, UK) and quantified using a camera
imager (Biospectrum AC Imaging; UVP, Cambridge, UK). Arbitrary integrated density values were

recorded.

Collagen gel contraction and scratch wound migration assay
These assays were performed as described previously and detailed in the Supplementary Methods

file.

RNA extraction and quantitative reverse PCR

RNA was subjected to qPCR analysis using a QuantiFast SYBR Green PCR kit (Qiagen). aSMA,
Col1,CTGF and S100A4 gene expression was normalized against the expression of the B-actin gene or
the TATA box binding protein. Treatment of fibroblasts with the ALKS inhibitor SB431524 was used

to assess dependence of S100A4 expression and activity on canonical TGFJ signalling.

RNAseq analysis of fibroblast cultures

Approximately 1 x 10° fibroblast cells were collected for each sample and pelleted into RLT Plus
Buffer (Qiagen). RNA extraction was performed using the RNeasy kit (Qiagen) according to the
manufacturer’s protocol, including on-column DNase digestion. The concentration of total RNA
samples was measured using NanoDrop 8000 (Thermo Scientific, Waltham, MA, USA), and the
integrity of RNA samples was determined with the 2100 Bioanalyzer (Agilent Technologies, Santa
Clara, CA, USA). Approximately 500 ng total RNA was used as an input for library generation using
TruSeqg RNA Sample Preparation Kit v2 (lllumina, San Diego, CA, USA). The size of the libraries was
confirmed using 2200 TapeStation and High Sensitivity D1K screen tape (Agilent Technologies), and

their concentration was measured by a quantitative polymerase chain reaction—based method



(KAPA Biosystems, Wilmington, MA, USA). Libraries were sequenced on HiSeq4000 (lllumina, San
Diego, CA, USA) to generate 30 x 106 single-end 50-base pair reads.

Statistical analysis

For serum S100A4 levels and supernatant ELISA results simple non-parametric descriptive and
inferential analysis was performed using Mann Whitney test and computing absolute P values taking
account of ties among values. For correlation analysis of serum S100A4 and mRSS Spearman rho (r)
was calculated with two-tailed P-value. A similar approach was used for comparison of the

guantitative protein expression, migration and gel contraction data.

For analysis of individual RNAseq, individual datasets were compared using the R studio statistical
package. Overall PCA plot showed clustering of each of the fibroblast groups according to disease
status (SSc or healthy control) and experimental treatment. Pairwise comparison was undertaken to
identify differential gene expression (DGE). These data were used for genome wide comparison by
volcano plot and then gene lists generated and ranked by FDR. For further analysis the threshold of
FDR<0.001 and FC at least 1.5 (Log2 FC >0.58). Overlapping gene set that was significantly induced
in NDF by S100A4, significantly different between SSc and control cultures and that were attenuated
in SSc fibroblasts by AX-202 was defined for Kegg® pathway enrichment for further analysis and

interpretation as outlined below.

Results

Elevated serum levels of S100A4 in SSc associate with major organ involvement

To evaluate if circulating S100A4 is upregulated in SSc, we measured the levels in 93 patients with
SSc and 15 healthy controls. Cohort characteristics are summarised in Table 1. In summary, SSc
samples had significantly higher S100A4 than healthy controls (HC) (median 89.92, range 15-255 and
71.41, 7.9-139.7 respectively, p=0.027) and the levels were not affected by skin subset (Table 2,
Figure 1A and B).



Table 1

Summary of clinical and demographic features for study cohort

Total
female
diffuse

Autoantibody
ANA

ATA

ARA

ACA

other

Organ-based complications
Lung fibrosis (ILD)

Cardiac involvement

PH

SRC

Severe GIT

Duration SSc (yr)
Current mRSS
Peak mRSS

93
77
49

91
22
30
27
13

37

~N

44

mean
13.4
8.9
16.1

%
100
83
53

98
24
32
29
14

40

47

SD
10.6
6.2
9.5

median
9.6

7

12



Table 2 Summary of S100A4 levels (ng/ml) in serum for SSc and controls

n mean median sd range

lowest highest
Diagnosis Controls 15 71.9 71.4 32.4 7.9 139.7
SSc 93 99.8 89.9 47.2 15.0 255.0
Subset dcSSc 49 104.7 95.7 48.5 25.9 255.0
IcSSc 43 94.6 88.7 43.0 15.0 243.4

Complication
ILD yes 37 111.1 96.8 41.3 51.0 239.8
no 55 92.6 86.8 47.9 15.0 255.0
Cardiac yes 4 117.3 117.2 16.9 95.6 139.2
no 88 99.2 88.5 47.0 15.0 255.0
SRC yes 4 160.3 144.5 58.6 97.1 255.0
no 88 97.3 88.5 43.7 15.0 243.4
PH yes 7 129.2 138.6 45.1 67.4 190.2
no 85 97.6 88.7 45.5 15.0 255.0

It is known that S100A4 is implicated in development of various organ fibrosis including lung fibrosis
with activation of fibroblasts. We explore if upregulated S100A4 levels associates with potential
clinical manifestations. There was also statistically significant association with SSc-ILD (median 96.79
range, 51.0-239.8 compared with 86.83, 15-255 non-ILD, p=0.024), SSc renal crisis (median 144.5,
range 97.1-255.0 compared with 88.5, 15.0-243.4, p=0.02, but only 4 SRC cases) and trend of
increase in pulmonary hypertension (138.6, 67.4-190.2 PH compared with 88.73, 15.0-255.0 no-PH,
p=0.07). No association with stratified Gl disease was observed assessed by UCLA-SCTC GIT2.0
overall score (data not shown). There was a tendency for S100A4 to fall in longer disease duration
(r=-0.18, p=0.09) (but no association with patient age) (data not shown) and a weak (r=0.28, p=0.07)

correlation with current mRSS in dcSSc but not with peak mRSS (Figure 1G and I).

SSc fibroblasts demonstrate elevated expression of S100A4
To determine whether S100A4 is involved in the fibrotic response in SSc, Western blot analysis was

performed using fibroblast lysates from early dcSSc and control forearm dermal fibroblasts. The
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summary data are representative of a series of technical replicates and assays that were optimised
to give clear protein results. Housekeeping protein was used as a loading and western technical
control. Data are shown in Figure 2A with quantitation using densitometry image unit confirming
that SSc cell layer had increased S100A4 expression compared with NF (n=6 for each) by Western
blot analysis (median [range] RDU NF=0.0.14 [0.11-2.37]; SScF 9.09 [3.11-9.58]; p=0.0022). (Figure
2B).

Additional experiments examined tissue culture supernatants and showed significant elevation for
SSc compared with healthy control dermal fibroblast culture medium (Figure 2C). Median [range]
S100A4 (ng/ml) was higher in culture supernatants of SScF (4.19 [0.52-8.42]) than NF controls (0.28
[0.02-3.29]; p<0.0001) suggesting that in addition to increased cell layer expression there was also
enhanced release of soluble S100A4 protein into SSc culture medium. Upregulation of S100A4
protein appears to be at least partly determined at the transcriptional level with elevated mRNA
using gPCR and this effect appears at least partially due to canonical TGFbeta signalling as the level

in SSc fibroblasts is reduced after using an ALK5 inhibitor (Figure 2D)

Recombinant S100A4 promotes a fibrotic phenotype in control fibroblasts

Previous studies have demonstrated that S1I00A4 may have a profibrotic effect but its role in
extracellular matrix (ECM) synthesis is unclear. As collagen was significantly upregulated in SSc
fibroblasts, we explored whether S100A4 may promote ECM production in dermal fibroblasts. As
shown in Figure 3A, incubation of isolated dermal fibroblasts from healthy controls with variable
concentrations of recombinant S100A4 resulted in significant concentration-dependent increase in
all three ECM proteins: pro(l)collagen, aSMA and CTGF with maximal induction at 1 ug/ml S100A4
comparable to TGFB1 (10 ng/ml) (Figure 3; p<0.05). ERK phosphorylation in response to S100A4 is
also shown in Figure 3D and this is attenuated by blocking TLR4, confirming that TLR4 engagement
may be important in the effect of S100A4 on normal dermal fibroblasts. This is further
demonstrated for the profibrotic proteins with partial attenuation of the effect of S100A4 in

presence of a neutralising antibody specific for TLR4 (Figure 3D).

Induction of a profibrotic phenotype in control fibroblasts is further shown by promotion of 3-D
collagen(l) lattice contraction over 24 hours. This assay reflects migration and contraction of
fibroblasts as well as fibroblast-collagen binding. For each treatment condition, we show

representative experiments including data from the first experiments and biological replicates with



additional HC fibroblasts strain are shown below. The effect of recombinant S100A4 is compared

with recombinant TGF31 (Figure 3B).

Dermal fibroblast migration was explored more directly using the scratch wound assay in replicate
experiments there is concentration-dependent promotion of fibroblast migration leaning to smaller
residual scratch wound at 48 hours approaching the effect of recombinant TGF(1 at higher

concentration (Figure 3C).

The S100A4 neutralising monoclonal antibody AX-202 attenuates fibroblast activation

Having demonstrated that S100A4 protein induces a profibrotic phenotype in control dermal
fibroblast, we next explored the effect of the neutralising anti-S100A4 antibody AX-202 on
fibroblasts activated with a fixed concentration (0.5 ug/ml) of SI00A4. Data in Figure 4 summarise a
series of experiments using independent control fibroblasts. Preincubation with AX-202 prior to
addition of recombinant S100A4 abrogated the induction of the ECM production in normal dermal
fibroblasts. Representative blots and quantitation from a series of independent experiments are
shown in the upper panel (Figure 4A). These effects were not observed using an IgG4 isotype
matched control monoclonal antibody as shown in Figure 4B. Attenuation of S100A4 promoted
contraction of fibroblasts populated collagen(l) lattices is shown with a representative experiment
and quantitation for replicate studies over an incubation period of 24 hours (Figure 4C). It is noted
that the blocking antibody appears to have peak effect on gel contraction at a concentration of
S5ug/ml and less effect at higher concentration, consistent with trends also observed for fibrotic
protein expression. Promotion of gel contraction together with upregulation of aSMA protein
suggest that at least some of the cells are transformed into myofibroblast phenotype. Consistent
with previous reports of SI00A4 dependent intestinal fibroblast contractile activity in response to
TGFB1, normal dermal fibroblast migratory capacity is attenuated in a concentration dependent

manner (Figure 4D).

Blocking antibody against S100A4 attenuates the SSc fibroblast fibrotic phenotype

SSc fibroblasts have a constitutive pro-fibrotic phenotype which is confirmed in a series of
independent experiment summarised in Figure 5. Western blot analysis compared the effect of
S100A4 and AX-202 with or without recombinant TGF1. AX-202 had no effect on unstimulated
normal fibroblasts but reduced levels of all there profibrotic proteins in NDF activated by TGF31.
Conversely, the constitutive overexpression of proteins by SScF was attenuated by AX-202 and effect

of TGFB1 on SScF was also attenuated (Figure 5A). To further explore the effect of recombinant
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S100A4 and AX-202 on fibroblasts from healthy controls and SSc, we analysed mRNA from fibroblast
monolayers by gPCR. Data in Figure 5B summarise a representative experiment from a series of
studies. Using a specific TGF[} typel receptor (SB431524), there was reduction in stimulatory effect
of S100A4 suggesting that S100A4 may be a downstream mediator of the profibrotic effect of TGF[3
in SSc (Figure 5B).

Gene expression and pathway analysis for in $Sc and control fibroblasts by AX-202 demonstrate a
consistent anti-fibrotic effect

Genome-wide transcriptomic analysis by RNAseq confirmed and extended our findings from RT-PCR
and protein expression. Data are summarised in Figure 6. Biological replicates for 5 skin biopsies
(SScF) taken from involved skin of early stage dcSSc were compared with 5 fibroblast strains grown
from healthy donor biopsies (NDF). The effect of S100A4 on NDF was determined in the presence or
absence of SB431524, a pharmacological inhibitor of ALK5, the type 1 TGFp receptor kinase. The
effect of AX-202 on SScF was assessed and the data were integrated to determine a set of genes that
are differentially expressed between NDF and SScF, induced in NDF by recombinant S100A4 and
significantly attenuated in SScF by AX-202.

Principal component analysis (PCA) was used for dimensional reduction to compare overall gene
expression differences between the 5 different fibroblasts culture groups (Figure 6A). The results
demonstrate that untreated NDF and SScF have the greatest separation. Treatment of NDF with
S100A4 moves the cluster towards that of untreated SScF and the ALKS5i largely reverses this change.
When SScF are treated with AX-202 the cluster moves towards that of the untreated NDF.

We first explored the effect of recombinant S100A4 on normal dermal fibroblasts, with 1804
significantly different transcripts using FDR threshold of 0.01. Pre-treatment with the ALKS5 inhibitor
SB431524 substantially attenuated the gene expression signature of S100A4 on normal fibroblasts,
with significant differential expression (FDR <0.01) of 1213 mRNA transcripts and with only 5 genes
remaining significantly different from untreated normal fibroblasts at the same threshold (<0.01)
and 8 with an FDR threshold of below 0.05. As expected, there was a typical differential gene
expression profile between SSc dermal fibroblasts and normal fibroblasts that included 2351 genes
(FDR<0.01). There was substantial overlap between these genes and those that were significantly
modulated in the same direction by treating normal fibroblasts with S100A4. Treatment of SSc
fibroblasts with AX-202 significantly attenuated the SSc gene expression with 1254 transcripts

identified at the FDR threshold of 0.01. Differential gene expression is summarised in Table 3.
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Table3 Summary of differential gene expression (DGE) with FDR thresholds (<0.01 and <0.05)
for pairwise comparison of fibroblast RNAseq data

Differential gene expression comparison Total genes DGE FDR (n)

<0.01 <0.05

NDF versus NDF-S100 10703 1804 2739

NDF-S100 versus ALK5i-NDF-S100 10579 1213 1961

S100-NDF-ALKS5i versus NDF 10895 5 8

NDF versus SScF 10718 2351 3423

SScF versus SScF-AX-202 10520 1254 2144

S100-NDF versus SScF 10216 215 314

12



There was substantial overlap between the altered gene expression induced by S100A4 and the
down regulation of genes in SSc by AX-202 and many of these were also shared with the differential
expression signature of untreated SSc compared with control fibroblasts. To derive a set of SScF
differentially expressed genes that may represent those regulated by S100A4 we interrogated the
three differentially expressed gene sets using a combined threshold of FC>1.5 and FDR<0.001. In
this way we defined 646 overlapping genes between those that differentiate NDF and NDF-S100A4
(n=1168), SScF and NDF (n=1503) and AX-202 treated SScF (n=685). These overlapping gene sets are

summarised in Figure 6B.

Further analyses examining the differentially expressed genes regulated by S100A4 in normal dermal
fibroblasts are shown in Figure 6C, including annotation of the top 20 genes by FDR. Attenuation of
the gene expression signature induced in NDF by S100A4 in the presence of SB431524 is shown in
Figure 6D. The top 20 differentially expressed genes for untreated SScF compared with NDF define a
profibrotic signature aligned with previous published datasets. This is partially attenuated by
treating SScF with AX-202, confirming at a genome wide dataset the results of gPCR experiments
summaries in Figure 5B. A full list of relevant genes from this figure is included as a supplementary

results file.

Having defined the 464 overlapping genes that could reflect SI00A4 activation in SScF, gene set
enrichment analysis was used to map pathways that were significantly enriched in this overlapping
gene set. Kegg® Pathway analysis of enrichment scores for these overlapping genes is summarised
in Figure 6G. Key pathways that were enriched significantly included glycosaminoglycan

biosynthesis, pluripotency of stem cells, TGF3 signalling, Hippo signalling and metabolic pathways.
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Discussion

Taken together the results of this study provide robust evidence supporting a potential role for
S100A4 as a direct determinant of fibroblast activation in SSc and a plausible therapeutic target in
this intractable disease. We show that levels of S100A4 protein are increased in SSc and that there
is a correlation with key clinical traits and that levels are increased in association with important
complications such as lung fibrosis. Recombinant S100A4 protein activates normal fibroblasts and
promotes a fibrotic phenotype characterised by increased collagen gel contraction, enhance
migration and elevated production of key proteins including collagen type I, CTGF and aSMA.

Examination of mRNA levels for the relevant target genes extended these findings.

The biology of S100A4 has been elucidated from studies over the past two decades [19-22]. It was
first linked to fibroblast biology when cloned and labelled FSP1 [5]. This led to studies of fibroblast
activation in cancer biology and other spheres. It was used to drive gene expression in transgenic
mice and for fibroblast specific genetic recombination [23]. Subsequently expression in broader
range of cell types has limited use as a fibroblast marker compared with genetic regulatory elements
subcloned from a2(l)collagen [24]. Previous reports have suggested a close link between TGFf3
effect and S100A4 [14] and our findings also support this, based upon the overlap in gene signature
with pathways know to be altered by TGF3 and most compellingly by the substantial attenuation of
S100A4 gene modulation by co-incubation with an ALKS5 inhibitor. Several mechanisms for this
interplay between S100A4 and TGFf3 have been proposed with physical interaction of S100A4 with
Smad3 in renal fibroblasts. In addition, SI00A4 may function as a bridge for the engagement of
Smad3 and Smad4 thus regulating the TGFB/Smad3 signalling pathway [20]. Tomcik et al. [14]
reported that TGF-B1 induced S100A4 expression and enhanced fibroblast activation in systemic
sclerosis at least partly through induction of the canonical TGFB/Smad pathway. In addition, non-
canonical TGFbeta signalling via MAP kinase pathways, such as ERK, are also activated by TLR4
engagement. Data from the present study suggest that TLR4 receptor activation at least partly
induces a profibrotic phenotype in normal fibroblasts that is associated with ERK phosphorylation.
This is consistent with published reports on S100A4 induced ERK responses via TLR4 in peripheral
blood mononuclear cells from patients with rheumatoid arthritis [25]. In another experimental
model of lung fibrosis, both S100A4 and TGF[} are critical factors downstream of VEGFR1- tyrosine
kinase signalling, and this may underlie the potential utility of targeting this pathway in ILD [26].
Wen recently reported that niclosamide reduced S100A4 expression and fibrotic response in
experimental model of chronic kidney disease [27]. However, niclosamide is not specific for SI00A4

and may influence Wnt/B-catenin, mTORC1 and STAT3 signalling pathways [28].
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It has been shown that SI00A4 may be released from cells in culture and our studies support this by
showing elevated levels in the supernatant of cultured SSc fibroblasts [29] including micro-vesicles
released from cells [30]. Elevated serum levels observed in SSc together with clinical associations
are consistent with an increase in the extracellular space that may directly link to intravascular
levels. Recent studies of interstitial dermal blister fluid and plasma are supportive of the present

dataset [31]

There are many other relevant aspects of S100A4 biology that relate to tissue repair, fibroblasts
biology and relevant aspects of adaptive and innate immune function. In addition, its role
intracellularly and as an extracellular mediator or modulator of other cytokines or growth factors is
compelling. This broad impact is supported by our RNAseq data suggesting that

additional to being a potential marker of disease severity and candidate mediator, S100A4 may be
targeted therapeutically. The effects of TGFf activation of normal fibroblasts are abrogated in vitro
and the intrinsic fibrotic phenotype of SSc is attenuated. Our results provide robust support for the

antifibrotic effect of a human monoclonal antibody targeting S100A4.

Degradation of the endothelial barrier in response to perivascular inflammation is critical to the
altered SSc microvasculature affecting various vascular beds linking to key clinical vascular
phenotypes including digital vasculopathy, PH and SRC. Paracrine interaction between extracellular
S100A4 and endothelial RAGE mediating downregulation of VE-cadherin and occludin expression is
reported to facilitate transmigration of melanoma cells through endothelial cell monolayer [32]. This
observation supports previous report that S100A13-regulated NFkB activation in human endothelial
cells that can be abrogated by sRAGE [33]. Recent studies showed that S100A4 and aaSMA do not
overlap in the cardiac tissues following myocardial infarct [34] indicating that both markers denote
discrete cell types. In contrast, depleting aSMA [35] or S100A4 fibroblasts [36] resulted in
attenuation of renal fibrosis. This supports the current knowledge that the molecular and functional

divergence of myofibroblasts in a tissue and disease-specific context.

Based upon the promising data from functional studies and protein or RNA expression analysis we
undertook additional experiments using explant dermal fibroblasts from healthy donors or systemic
sclerosis patients. Our results confirm overlap between the genes that were differentially expressed
after S100A4 treated of NDF and those that depend on ALKS5 activity. Finally, we defined an
overlapping cohort of genes that are upregulated by S100A4, attenuated by AX-202 in SScFB and are

included in the hallmark signature of SSc-FB. These genes allow pathway mapping to give granular
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insight into the pathways that are altered in SScF that may be S100A4 regulated and provide a
valuable candidate gene expression signature that could be refined and validated in human clinical

studies exploring potential therapeutic benefit of anti-S100A4 in human disease such as SSc.

Strengths of our study include well matched samples from of SSc patients and healthy volunteer
subjects, the multilevel confirmation of findings using complementary functional assays or fibrotic
phenotype, gene and protein expression including high dimensional analysis by RNAseq. However,
there are also some limitations that include the relatively small number of biological replicates that
cannot be expected to reflect the diversity of systemic sclerosis and the potential limitation of
explant fibroblasts culture in assessing only some subpopulations of dermal fibroblasts.
Nevertheless, the consistency of our findings across the different experimental platforms and the
high degree of statistical significance suggests that the results are reproducible and robust.
Specificity of the ALK5i and limitations of recombinant protein may also be considered unavoidable

technical limitations.

In conclusion, our findings highlight that S100A4 may be a molecular marker, pathogenic mediator
and potential therapeutic target in systemic sclerosis and support future trials targeting S100A4
protein in vivo as an antifibrotic therapy. A clinical trial in SSc would give insight into efficacy in a

disease with high unmet need and be a relevant platform for defining safety or possible toxicity.
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Key messages

What is already known about this subject?
o The Damage Associated Molecular Pattern (DAMP) protein S100A4 is profibrotic in
preclinical mouse models. It has potential intra- and extracellular effects that may be relevant to

cancer metastasis.

What does this study add?

. This study shows that recombinant S100A4 protein promotes a fibrotic phenotype in normal
fibroblasts resembling that of unstimulated systemic sclerosis fibroblasts.

. We demonstrate that a monoclonal antibody (AX-202) targeting S100A4 reverses the fibrotic
phenotype of SSc fibroblasts.

. Using integrated high dimensional RNA sequencing we define a signature of S100A4

regulated genes in SSc fibroblasts.
How might this impact on clinical practice or future developments?

o By implicating S100A4 as a molecular marker, mediator, and potential treatment target in

SSc our results strongly support clinical development of AX-202 as a potential antifibrotic therapy.
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Figures and Legends

Fig. 1 Clinical associations of circulating S100A4protein in systemic sclerosis

Plasma levels of circulating S100A4 were elevated in SSc patients compared with healthy control
subjects (A) and the average level was numerically higher in dcSSc (B). There was significant increase
in serum S100A4 in cases with interstitial lung disease (SSc-ILD) (C), a trend for higher levels in
cardiac SSc (D) and pulmonary hypertension (PH) (E). Levels were higher in patients with a history of
scleroderma renal crisis (SRC) (F). There was a weak, non-significant, correlation between serum
S100A4 and current skin score (mRSS) in dcSSc (G) but not in 1cSSc (H). Nor was there any

association in either disease subset between peak mRSS and S100A4 (1, J).

Fig. 2 Elevated expression and release of S100A4 by systemic sclerosis fibroblasts

Fibroblast cell layer lysates had increased S100A4 protein demonstrated by Western blot (A) and
quantified (B). Tissue culture supernatant confirmed elevated levels of SI00A4 in a series of
biological replicate samples taken from dcSSc or healthy control fibroblast explant cultures (C).
Quantitative PCR confirms increased mRNA in dcSSc that is partially inhibited by the ALK5 inhibitor
SB431524 (D).

Fig. 3 Recombinant S100A4 protein induces a profibrotic phenotype in normal dermal fibroblasts
Recombinant S100A4 induced concentration-dependent upregulation profibrotic protein markers
(aSMA, CTGF, Pro(l)collagen) in fibroblasts from healthy control skin biopsies (A) and promoted 3-
dimensional type | collagen gel contraction over 24 hours (B). There was also promotion of
fibroblasts migration in a 48 hour scratch wound assay (C). Phosphorylation of ERK is induced by
S100A4 and partially attenuated by anti-TLR4 which also partially inhibits upregulation of profibrotic
proteins consistent with binding of S100A4 to TLR4 (D). Data shown are representative of a series of
3 independent experiments and summary data from biological and technical replicates are shown

graphically for each panel.

Fig. 4 Effect of anti-S1004A neutralising antibody (AX-202) on normal dermal fibroblasts
Anti-S100A4 antibody showed concentration dependent attenuation of S100A4 (0.5ug/ml) treated
normal dermal fibroblasts using the specific anti-S100A4 neutralising antibody AX-202. There was
attenuation of profibrotic protein expression (aSMA, CTGF, Pro(l)collagen) (A). These effects were
not observed using an IgG4 isotype matched control monoclonal antibody (B). There was also

inhibition of S100A4 induced 3-dimenesional collagen gel contraction at 24 hours (C) and fibroblasts
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migration (D) in a 48 hour scratch wound assay. Representative data are shown and summary

results for a series of biological replicate experiments.

Fig. 5 Effect of anti-S100A4 neutralising antibody (AX-202) on systemic sclerosis fibroblasts

The upper panel (A) shows a series of three independent experiments testing health control (n=3) or
systemic sclerosis (n=6) fibroblast explant cultures from punch skin biopsies. The effect of AX-202
on fibroblasts with or without TGFB1 is shown, and histograms summarise data for each of the
profibrotic proteins in cell layer lysates. In the lower panel (B) quantitative RT-PCR shows effect in
normal fibroblasts and AX-202 on SSc fibroblasts treated with recombinant S100A4, TGF31, AX-202
and the selective ALKS inhibitor SB431524.

Fig. 6 Genome wide transcriptomic analysis of S100A4 regulated genes in systemic sclerosis and
control fibroblasts

RNA sequencing was used to examine genome-wide transcription in healthy donor control
fibroblasts treated with recombinant S100A4 and systemic sclerosis fibroblasts treated with anti-
S100A4 neutralising antibody (AX-202). Gene expression was also compared between SSc and
control fibroblasts and for S100A4 activated normal fibroblasts treated with SB431524, a specific
pharmacological inhibitor of ALK5 signalling. The cluster PCA plot shows overall differences between
gene expression across groups (A). Pairwise comparison of significantly differentially expressed
genes (DGE; FC>1.5; FDR<0.001) was performed for S100A4 activated normal dermal fibroblasts, for
SSc compared with normal fibroblasts and for AX-202 treated SSc fibroblasts. The number of DGE is
shown and a Venn diagram highlights 464 genes that overlap between these gene sets (B) and the
overlapping genes are listed in Supplementary Table 1. Pairwise differential gene expression is
shown in Volcano plots for S100A4 activated normal dermal fibroblasts (C), ALK5i treated S100A4
activated normal dermal fibroblasts (D), SSc compared with control fibroblasts (E) and AX-202
treated SSc fibroblast cultures. Data summarise 5 biological replicates for each pairwise comparison.
Using the overlapping genes identified above, Kegg® pathway enrichment analysis was performed.
The pathways highlighted represent a gene set that is significantly differentially expressed in SSc,
modulated by S100A4 in normal fibroblasts and attenuated by AX-202 in SSc fibroblasts. Gene

number, enrichment score and FDR are shown for each of the significantly enriched pathways.
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Supplementary material

Supplementary Methods file

Prvides additional experimantal detail for protocols used in this study.

Supplementary Table 1.

Gene lists from Venn diagram in Panel B of Figure 6. Overlapping genes between pairwise genome

wide comparison using FDR0.001 and FC1.5 with overlapping segments coded A to G.
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Fig. 1 Clinical associations of circulating S100A4 protein in systemic sclerosis
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Fig. 2 Elevated expression and release of S100A4 by systemic sclerosis fibroblasts
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Fig. 3 Recombinant S100A4 protein induces a profibrotic phenotype in normal dermal fibroblasts

Recombinant S100A4 and TGFB1 upregulate collagen I, aSMA and CTGF protein
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Fig. 4 Effect of anti-S1004A neutralising antibody (AX-202) on normal dermal fibroblasts
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Fig. 5 Effect of anti-S100A4 neutralising antibody (AX-202) on systemic sclerosis fibroblasts

A The effect of S100A4 neutralizing antibody (AX-202) on levels of
Collagen 1, SMA and CTGF protein in normal and SSc fibroblasts
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Fig. 6 Genome wide transcriptomic analysis of S100A4 regulated genes in systemic sclerosis and
control fibroblasts
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Pathway enrichment scores for 464 overlapping S100A4 regulated SSc genes
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