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ABSTRACT
Objectives To investigate whether monocytes
contribute to matrix deposition in systemic sclerosis
(SSc) by production of tissue-inhibitor of
metalloproteinase-1 (TIMP-1).
Methods Matrix metalloproteinase-1 (MMP-1) and
TIMP-1 expression and secretion were measured by
qRT-PCR and ELISA in circulating monocytes from
patients with SSc, patients with rheumatoid arthritis (RA)
and healthy controls (HC) and in healthy monocytes
cultured in the presence of SSc or HC serum samples.
Production of TIMP-1 was determined in response to a
panel of Toll-like receptor (TLR) agonists and MyD88
inhibitory peptide. The functional effect of conditioned
media from SSc and HC serum samples or TLR8stimulated monocytes was studied in an MMP-1 activity
assay.
Results TIMP-1 production by monocytes was
upregulated in patients with SSc compared with patients
with RA and HC. Incubation of HC monocytes with SSc
serum samples resulted in functionally active TIMP-1
production. However, pretreatment with MyD88 inhibitor,
but not control peptide, decreased TIMP-1 secretion.
TIMP-1 production was signiﬁcantly stronger when SSc
and HC monocytes were stimulated with TLR8 (ssRNA)
agonist, but the response was more pronounced in SSc
monocytes. TIMP-1 production after TLR stimulation was
also strongly reduced in the presence of MyD88 inhibitory
peptide or in the monocytes isolated from a patient with
a genetic TLR signalling defect. MMP-1 activity was
signiﬁcantly inhibited in media from serum samples or
TLR8-stimulated monocytes indicative of functional TIMP
activity.
Conclusions This study demonstrates proﬁbrotic
properties of circulating monocytes from patients with
SSc and a key role for TLR signalling, particularly TLR8, in
TIMP-1 secretion and matrix remodelling.
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Systemic sclerosis (SSc) is a rare autoimmune connective tissue disease characterised by vasculopathy and ﬁbrosis of the skin and inner organs.
Low-grade inﬂammation with tissue inﬁltration by
mononuclear cells plays an important role in ﬁbrogenesis.1 Fibrosis in SSc is characterised by extensive accumulation of extracellular matrix (ECM),
including collagen. In addition to increased secretion of ECM components, impaired breakdown of

the ECM can also contribute to ﬁbrosis.2 ECM
breakdown is mainly mediated by matrix metalloproteinases (MMPs), a family of endopeptidases
capable of degrading all matrix components.3
Tissue inhibitors of metalloproteinase (TIMPs)
selectively inhibit these peptidases, thus inhibiting
ECM breakdown.3 4 The TIMP family consists of
four members; of which, TIMP-1 is a key enzyme
as it can inhibit most MMPs.3 Several studies have
reported increased serum concentrations of TIMP-1
and increases in the ratio of TIMP/MMP in both
tissue and blood of patients with SSc.5–8 Wound
healing studies have shown that TIMP-1 expressed
by inﬂammatory cells such as monocytes or
macrophages is important in tissue remodelling.9
Studies have identiﬁed circulating monocytes as
key inﬂammatory cells in SSc, but which factor
drives TIMP-1 is still undeﬁned.10 11
Toll-like receptors (TLRs) are integral components of the innate immune system that recognise
pathogen-encoded TLR ligands, including viral and
bacterial fragments.12 Most TLRs function through
the myeloid differentiation protein 88 (MyD88)
adapter protein. Homodimerisation of MyD88 is a
critical step in the downstream signalling process,
which allows the recruitment and activation of the
interleukin 1 receptor (IL-1R)-associated kinase
(IRAK), consequently leading to the expression of
proinﬂammatory and proﬁbrotic cytokines, chemokines, but also collagen.13 14
MyD88-deﬁcient rats and mice are protected
from ﬁbrosis, pathological inﬂammation and
cardiac hypertrophy, implying a crucial role for
MyD88 in ﬁbrogenesis.15 TLR-mediated activation
can also be induced by recognition of self-reactive
nucleic acids that bind to intracellular TLR7, 8 or
9, consequently initiating the breakdown of tolerance and promoting the development of autoimmune disease.16 17 It was previously reported
that autoantigens can bind to IgG and form
immune complexes (ICs) that subsequently induce
interferon α (IFNα) production by plasmacytoid
dendritic cells ( pDCs) in systemic lupus erythematosus (SLE) and Sjögren’s syndrome.18–21 However,
whether a similar mechanism is at play in SSc is
unknown. Here we show that SSc monocytes stimulated with TLR agonists, in particular TLR8
(ssRNA), produce TIMP-1, leading to a shift in the
balance between MMP-1 and TIMP-1 and altered
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matrix remodelling in vitro. Furthermore, serum samples from
patients with SSc are a source of MyD88-dependent TLR agonists driving TIMP-1 production and therefore promoting ﬁbrosis development. Our ﬁndings point to a critical role of
circulating monocytes in ﬁbrogenesis in SSc.

MATERIALS AND METHODS
Patients and controls
Twenty-three patients with SSc, 29 healthy controls (HC) and
21 patients with active rheumatoid arthritis (RA) were
included in the study. All patients with SSc fulﬁlled the
American College of Rheumatology criteria according to LeRoy.
Cells from an IRAK4-deﬁcient patient were also used in this
study, characterised by impairment of neutrophil CD62L shedding and absent cytokine responses to TLR ligands, typical of
patients with autosomal recessive deﬁciency of IRAK4 or
MyD88.22 23

Sample collection and cell puriﬁcation
Blood was collected in EDTA-coated tubes from HC, patients
with SSc or patients with RA during standard outpatient procedures and processed within 4 h of collection. Peripheral blood
mononuclear cells were separated from whole blood by
Ficoll-Hypaque density gradient centrifugation (Axis-shield).
CD14 monocytes were isolated from peripheral blood
mononuclear cells, according to the manufacturer’s protocol,
with the CD14 MACS beads isolation kit (Miltenyi-Biotec,
Bergisch Gladbach, Germany). Puriﬁed monocytes were removed
from the column and tested for purity by ﬂow cytometry
(showing >95% purity for CD14+CD3− cells). Serum samples
were collected in ‘serum separation tubes’ (Grainer, Vacuette),
aliquoted and frozen at −20°C. Some HC and SSc serum
samples were also pretreated for 4 h with 4 units of benzonase
(Sigma-E1014) per 1 μl of the serum samples at 37°C.

In vitro monocyte cultures
CD14 monocytes from HC or patients with SSc were seeded in
48-well Costar plates at a concentration of 1×106 cells/ml and
cultured for 4–24 h in 300–600 μl of Dulbecco’s modiﬁed
Eagle’s medium (DMEM; Invitrogen) supplemented with penicillin (100 U/ml), streptomycin (100 μg/ml), L-glutamine
(2 mM) (all Sigma) and 10% serum from patients with SSc,
patients with RA or HC at 37°C in 5% CO2.

Stimulation and immunohistochemistry of TLR agonists
A human TLR1–9 Agonists Kit was purchased from InvivoGen,
resuspended in endotoxin-free water and stored in sterile conditions at −20°C. The set of TLR 1–9 agonists was used at the following ﬁnal concentrations: TLR1/2 (Pam3CSK4) (1 μg/ml),
TLR2 (HKLM) (108 cells/ml), TLR3 ( poly(I:C) (1 μg/ml), TLR4
(lipopolysaccharide) (1 μg/ml), TLR5 (ﬂagellin) (1 μg/ml),
TLR6/2 (FSL-1) (1 μg/ml), TLR7 (imiquimod) (1 μg/ml), TLR8
(ssRNA40) (1 μg/ml), TLR9 (ODN2006 (type B)) (5 mM). A
MyD88 Homodimerisation Inhibitory Peptide Set (Imgenex,
IMG-2005–5) was resuspended in phosphate-buffered saline and
used at 50 μM, as recommended by the manufacturer. A
parafﬁn-embedded skin section from a patient with SSc was
stained with goat anti-human CD14 (Abcam, ab45870) and
mouse anti-human TIMP-1 (Abcam, ab1827) primary antibodies
overnight at 4°C and with secondary antibodies (Invitrogen,
anti-goat-Alexa-Fluor488 anti-mouse-Alexa-Fluor546, respectively). The skin section was further analysed by confocal
microscopy.
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Semiquantitative MMP-1 and TIMP-1 gene expression analysis
RNA from freshly isolated monocytes was obtained using the
RNA mini kit (Qiagen), according to the manufacturer’s protocol. RNA (200–750 ng) was treated with DNAse and reverse
transcribed to cDNA with the use of random hexamers and the
Moloney murine leukaemia virus reverse transcriptase enzyme
(Invitrogen), according to the manufacturer’s protocol. cDNA
(20 ng), forward and reverse primer and probe in Taq ready
mastermix was used for TIMP-1 expression analyses (see online
supplementary table S1). MMP-1 expression was analysed
using SYBR Green mix. Samples were analysed in triplicate and
normalised to the 18S housekeeping gene using the AB7500
(Applied Biosystems) qRT-PCR machine and programme.
Expression levels relative to the average healthy control (arbitrarily set at 1) were calculated using the following equation:
(2^Delta Delta CT)−1 all normalised to 18S housekeeping
gene. Primers, probes and Taq ready mastermix were used
according to the manufacturer’s protocol (Sigma-Aldrich,
St Louis, MO, USA).

TIMP and MMP ELISA
TIMP-1, TIMP-2, MMP-1 (R&D Systems) and MMP-13 (in-house
kit) protein concentrations in culture supernatants and serum
samples were measured by ELISA, according to the manufacturer’s protocol. Signal development was performed using horseradish
peroxidase/streptavidin
and
o-phenylenediamine
dihydrochloride substrate (Sigma-Aldrich) at room temperature.
Fluorescence was measured with a plate reader (Tecan, Sunrise).
Samples were run in duplicate and serial dilution was performed
to fall within the detection limits of the assay (0–100 ng/ml).

Real-time ﬂuorescence-based MMP-1 activity matrix assay
The functional effect of increased expression and secretion of
TIMPs in monocytes on MMP activity was studied by a real-time
ﬂuorescence based MMP activity assay.21 Human proMMP-1
(Calbiotech) was activated by 4-aminophenylmercuric acetate
(0.675 mM) (Sigma) in 0.1 M Tris, pH 7.5, 0.1 M NaCl, 10 mM
CaCl2, 0.05% Brij-35, 0.1% polyethylene glycol 6000 for 4 h at 37°
C. Subsequently, MMP-1 was added to the phenol-red and serumfree DMEM culture supernatants from monocytes stimulated
with SSc or HC serum, TLR8 or media only. The mixture of
culture supernatant and activated human MMP-1 was then
added to separate wells containing ﬂuorogenic FS-6 substrate
(500 μM, Calbiochem). The effect of supernatant on the breakdown rate of FS-6 by the activated MMP-1 was visualised using a
Perkin Elmer LS50b plate reader. For each sample, the rate of
breakdown was compared with the standard containing MMP-1
(6 μg/ml), FS-6 (50 μM) and phenol red-free DMEM (Gibco).

Statistical analysis
All data are presented as mean±SEM and differences between
the groups were tested for their statistical signiﬁcance by nonparametric two tailed t test. A p value <0.05 was considered
statistically signiﬁcant; p values are expressed as follows: NS,
signiﬁcant; *0.05>p>0.01; **0.01>p>0.001; ***p<0.001.

RESULTS
TIMP-1 is increased in serum samples and overexpressed
in circulating monocytes from patients with SSc
TIMP-1 concentrations in serum of patients with SSc were raised
compared with healthy individuals (943±72 ng/ml vs 627
±70 ng/ml, p=0.005) (ﬁgure 1A), in keeping with a previously
published study.24 TIMP-1 concentrations did not correlate with
1383
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Figure 1 Tissue inhibitor of metalloproteinase-1 (TIMP-1) in serum samples and circulating monocytes. (A) TIMP-1 protein concentration was
measured in serum samples of healthy controls (HC) (n=14) or patients with systemic sclerosis (SSc) (n=19). (B) Relative TIMP-1 expression in
freshly isolated circulating CD14 monocytes from HC (n=11) or patients with SSc (n=14) was obtained. Relative expression levels of TIMP-1 were
normalised to the 18S housekeeping gene. Each value represents the mean; *p<0.05, **p<0.01. Parafﬁn-embedded SSc skin section. (C) The skin
section was stained with CD14 and TIMP-1 primary and secondary antibodies (Abs; Alexa-Fluor488, Alexa-Fluor546, respectively) and further
analysed by confocal microscopy (TCS SP2 UV LSM Leica Microsystems) using ×20 (top side of the image represents the dermis and bottom the
epidermis) and ×40 magniﬁcation. White arrows indicate colocalisation between CD14 and TIMP-1.
skin thickening, disease onset, lung involvement, treatment
status or autoantibody status (not shown). MMP-1 was below
the detection limit of the assay. Furthermore, TIMP-1 gene
expression in CD14 monocytes from patients with SSc and HC
was analysed by qRT-PCR (ﬁgure 1B). Seven patients had diffuse
cutaneous SSc, all positive for Scl-70 autoantibodies. The other
patients had limited cutaneous disease and were positive for
either anticentromere antibodies or antinuclear antibodies. The
expression of TIMP-1 in SSc monocytes was signiﬁcantly higher
than in HC monocytes (p=0.021). We also measured TIMP-2 and
MMP-13 in serum samples, but we found no differences in serum
concentrations (see online supplementary ﬁgure S1A,B).

CD14 monocytes expressed TIMP-1 in the SSc skin
To conﬁrm that inﬁltrating CD14 monocytes contribute to
skin ﬁbrogenesis by TIMP-1 production, immunohistochemical
staining of SSc skin was performed. It can be seen (ﬁgure 1C)
that a parafﬁn-embedded skin section from a patient with early
diffuse SSc expressed TIMP-1 by CD14 monocytes as indicated
by overlaying images from confocal microscopy owing to
colocalisation.

Serum samples from patients with SSc induce de novo
MyD88-dependent TIMP-1 production in HC monocytes
Next, we investigated whether soluble factors present in SSc
serum might contribute to the increased TIMP-1 or MMP-1
expression in circulating monocytes. To this end HC monocytes
were cultured for 4 h with 10% serum samples from HC,
1384

patients with SSc or patients with RA. As seen in ﬁgure 2A,
4 h after stimulation, gene expression of TIMP-1 in HC monocytes cultured in the presence of SSc serum (fold increase
2±0.2) was signiﬁcantly raised compared with expression in
HC ( p=0.01) or RA ( p=0.03) serum. Of note, TIMP-1 expression in monocytes was the highest after incubation with SSc
serum samples containing Scl-70 autoantibodies, although this
did not reach statistical signiﬁcance. Interestingly, MMP-1 gene
expression levels (ﬁgure 2B) after stimulation by either HC or
SSc serum samples did not differ between the groups ( p=0.59).
Similarly to the gene expression results, TIMP-1 protein level
(ﬁgure 2C) was also signiﬁcantly higher in monocytes cultured
in SSc serum samples (17±2 ng/ml), serum samples from HC
(9±0.7 ng/ml, p=0.008) or from patients with RA (7±0.8,
p=0.003) and was highest in cultures with anti-Scl-70-positive
serum samples (24±7.7 ng/ml) (not shown).
To conﬁrm that TIMP-1 was produced de novo and not
carried over via serum, HC monocytes were washed twice with
cold phosphate-buffered saline, and TIMP-1 production was
measured as previously (ﬁgure 2D). The level of TIMP-1 directly
after stimulation with serum samples was similar to that of
untreated cells in both monocytes stimulated with HC
(1.9±0.5 ng/ml) and SSc serum samples (1.9±0.3 ng/ml), conﬁrming the lack of remaining TIMP-1 after incubation of serum
samples. Interestingly, 24 h later (ﬁgure 2D), the level of TIMP-1
increased in monocytes stimulated with SSc serum samples
(19±2.2 ng/ml) compared with HC serum samples (8±1.2 ng/ml),
but pretreatment with 50 μM MyD88 inhibitory peptide
Ann Rheum Dis 2013;72:1382–1389. doi:10.1136/annrheumdis-2012-201958
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Figure 2 The effect of serum samples on the tissue inhibitor of metalloproteinase-1 (TIMP-1) and matrix metalloproteinase-1 (MMP-1) induction.
(A) Healthy control (HC) monocytes were treated for 4 h with serum samples from HC (n=11), patients with rheumatoid arthritis (RA) (n=11) or
patients with systemic sclerosis (SSc) deﬁned by autoantibody positivity—anticentromere antibodies (n=6), Scl-70 (n=7), antinuclear antibodies
(n=9)—and TIMP-1 gene expression was measured. (B) MMP-1 gene expression in HC monocytes cultured in SSc or HC serum was also analysed.
Expression levels of TIMP-1 and MMP-1 were normalised to the 18S housekeeping gene and each dot represents the mean. (C) HC monocytes were
stimulated with HC, rheumatoid arthritis (RA) or SSc serum samples and TIMP-1 secretion was measured 24 h later. (D) HC monocytes were
pretreated or not with MyD88 inhibitory peptide for 24 h and further stimulated over 4 h either with 10% HC or SSc serum samples. De novo TIMP-1
secretion by HC monocytes was measured 24 h later. Results are representative of mean±SEM of HC (n=11) or SSc (n=13) serum samples. (E) HC
monocytes were pretreated with human IgG for 1 h before stimulation with HC or SSc serum samples (IgG block); HC or SSc serum samples were
incubated with RNA/DNA endonuclease (benzonase) before sera stimulation; or IRAK4−/− monocytes were treated with HC and SSc serum samples
and TIMP-1 secretion was measured. Statistical analysis showed that monocytes treated with SSc sera were comparable with monocytes of IgG
blocked sera or monocytes stimulated with SSc sera treated with benzonase and *p<0.05, **p<0.01, ***p<0.001. Data shown in A–E represent
separate experiments. IRAK, IL-1R-associated kinase.

signiﬁcantly attenuated de novo SSc sera-driven TIMP-1 secretion (7.7±1.4 ng/ml, p=0.0002). In contrast, preincubation
with 50 μM scramble peptide (ﬁgure 3A,B) did not affect
TIMP-1 production, indicating TLR-dependent induction of
TIMP-1 synthesis by SSc serum samples. Interestingly, the level
of TIMP-1 slightly increased upon stimulation with HC serum
samples (fold increase=2.8) compared with untreated cells, suggesting that other factors such as IL-10 or tumour necrosis
factor α may also inﬂuence TIMP-1 production, but less effectively than SSc sera factors (fold increase=6.6).25 26
Furthermore, incubation of HC monocytes with 4 μg/ml of
human IgG for 1 h (in order to block Fcγ receptors (FcγR)) attenuated (fold decrease=1.8) TIMP-1 production upon sera activation
(ﬁgure 2E). When SSc serum samples were treated with benzonase (to degrade DNA and RNA) before stimulation, TIMP-1 production was strongly inhibited (fold decrease=1.8). In contrast,
IgG block or benzonase treatment of serum samples did not
affect TIMP-1 induction by HC serum samples. This indicates
that factors present in SSc sera stimulate TIMP-1 production via
FcγR and/or nucleic acids. Furthermore, monocytes isolated from
an IRAK4-deﬁcient patient and stimulated with HC or SSc serum
did not produce TIMP-1, demonstrating an important role of
IRAK4 signalling pathway in sera-mediated TIMP-1 production.
Ann Rheum Dis 2013;72:1382–1389. doi:10.1136/annrheumdis-2012-201958

MMP activity is signiﬁcantly reduced upon addition
of supernatants from monocytes cultured in the presence
of SSc serum
To investigate whether the TIMP-1 secreted by monocytes is
functionally active and impairs substrate breakdown by MMP
we employed a functional matrix breakdown assay. FS-6 breakdown by MMP-1 was signiﬁcantly ( p=0.02) lower in the presence of supernatant from monocytes preincubated with
SSc serum compared with unstimulated monocytes (ﬁgure 4).
A robust reduction (59±2%) in MMP-1 activity was seen when
supernatant from SSc serum-stimulated monocytes was added
to active MMP-1.

SSc monocytes respond more vigorously to TLR agonists than
HC monocytes as measured by TIMP-1 secretion
To determine which TLR agonist drives TIMP-1 production,
both HC and SSc monocytes were stimulated with a panel of
TLR 1–9 agonists (ﬁgure 5A). Freshly isolated CD14 monocytes
from HC and patients with SSc were treated with different
TLRs or media alone for 24 h, and the expression level of
TIMP-1 was measured by ELISA. TLR4, TLR8 and TLR9 agonists, in particular, induced signiﬁcantly strong TIMP-1 production in SSc monocytes compared with HC (TLR4 fold
1385
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Figure 3 Kinetic analysis of the effect of serum samples on tissue inhibitor of metalloproteinase-1 (TIMP-1) induction. (A, B) healthy control (HC)
monocytes were pretreated with MyD88 inhibitory peptide (white columns), control peptide (grey columns) or media only (black columns) for 24 h
and further stimulated over 4 h either with 10% HC or systemic sclerosis (SSc) serum samples. De novo TIMP-1 secretion by HC monocytes was
measured directly after stimulation with sera (T0), 4 h (T1), 24 h (T2) or 48 h (T3) later. Results are representative of mean±SEM of two independent
experiments for monocytes treated with HC or SSc serum samples.
increase=4.0, TLR9 fold increase=3.8, TLR8 fold increase=3.4).
Pretreatment with MyD88 inhibitor reduced TIMP-1 production in TLR8-stimulated monocytes, but not when incubated
with control peptide (ﬁgure 5C), conﬁrming that TIMP-1
expression is MyD88-dependent after TLR activation. Peptide
treatment did not affect cell viability as determined by MTS
testing (data not shown). To extend our study, monocytes isolated from an IRAK4-deﬁcient patient (deﬁciency conﬁrmed by
western blotting of ﬁbroblasts; online supplementary ﬁgure S2)
also did not secrete TIMP-1 after TLRs stimulation (ﬁgure 5A).
In addition, TIMP-1 gene expression in monocytes from this
patient was also lower compared with HC and SSc monocytes
upon TLR8 agonist stimulation (ﬁgure 5B), conﬁrming a role
for TLR signalling in TIMP-1 production. Interestingly, TLR
treatment did not induce TIMP-2 and only small quantities of
MMP-13 after stimulation of TLR4, 8 and 9 (see online supplementary ﬁgure S1C,D).

Supernatant from TLR8-stimulated SSc monocytes inhibits
catalytic activity of MMP-1
To conﬁrm that TLR8 stimulation of monocytes inhibits matrix
degradation we employed a functional matrix breakdown assay.
Freshly isolated HC and SSc monocytes were cultured in phenolfree DMEM media and after 24 h stimulation with TLR8
agonist, supernatant was collected and added to preactivated
1386

MMP-1. The percentage inhibition of FS-6 breakdown by supernatant from TLR8-treated SSc monocytes, normalised to
untreated, was stronger (ﬁgure 6B) than that of HC monocytes
(ﬁgure 6A). Statistical analysis of three independent experiments
showed a similar pattern of signiﬁcant TLR8-mediated MMP-1
inhibition by SSc monocytes (ﬁgure 6C) ( p<0.05).

DISCUSSION
The importance of the innate immune system and monocytes,
in particular, in the pathogenesis of SSc is increasingly recognised.27–30 Traditionally, monocytes are seen as prototypic
proinﬂammatory cells, but recent evidence has shown that
their functional capabilities extend beyond that of cytokine
production alone. In this study we explored the possibility that
SSc monocytes may contribute to tissue ﬁbrosis through preferential upregulation of TIMP-1 after stimulation with SSc
serum samples or TLR agonists. This was based on the observation of increased TIMP-1 concentration in serum samples from
patients with SSc and the recent identiﬁcation of a subset of
macrophages with a repair phenotype.8 24 31 Another study
found that in patients with SSc with interstitial lung disease,
CD14 circulating monocytes in response to TLR4 agonist (lipopolysaccharide) overexpress CD163, IL-10 and CCL-18, which
are known to stimulate collagen secretion by ﬁbroblasts.30 We
found that mRNA expression of TIMP-1 is higher in freshly
Ann Rheum Dis 2013;72:1382–1389. doi:10.1136/annrheumdis-2012-201958
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Figure 4 Functional matrix assay of monocytes stimulated with
serum samples. Preactivated matrix metalloproteinases-1 (MMP-1) was
added to the conditioned media of healthy controls (triangle) or
systemic sclerosis (SSc) (circle) sera-treated or unstimulated
monocytes (square) and ﬂuorescent FS-6 breakdown product was
measured over the time (min)]. Data shown represent the mean from
duplicate values of one of three independent experiments (*p<0.05 for
comparison of the values of MMP-1 media only with MMP-1 SSc sera
medium).

isolated SSc monocytes than in HC monocytes. Also, serum
from patients with SSc induces the expression and secretion of
TIMP-1 but not MMP-1 in healthy monocytes. We observed
TIMP-1 expression in CD14 cells in SSc skin (ﬁgure 1), raising
the possibility that circulating monocytes expressing TIMP-1
migrate into skin to contribute to ﬁbrogenesis. This is consistent with a recent gene expression study showing differential
gene expression of MMP-1 and TIMP-1, with strongly increased
TIMP-1 expression in SSc skin.17 32
Our results suggest that SSc serum samples are a source of
agonists involved in TIMP-1 production, thus contributing to a
proﬁbrotic state. Likewise, Sacre et al33 showed that RA macrophages and synovial membrane cultures produce also a high
level of tumour necrosis factor α and IL-6 after TLR8 stimulation. Our results may imply that serum samples from patients
with SSc contain ICs of autoantibodies that recognise selfnucleic acid—in particular, self-RNA or RNA-associated proteins. However, we did not detect any differences in RNA concentration or circulating ICs recognising C1q protein between
HC and SSc serum samples (see online supplementary ﬁgure
S3). This does not exclude the possibility that other ICs exist
which contain RNA-associated autoantibodies that recognise
other complement proteins. Such RNA-associated ICs might
act as TLR8 ligands when they bind to abundantly expressed
FcγR on the surface of monocytes, leading to TIMP-1 production. Indeed, we showed that TIMP-1 induction was attenuated
when FcγR was blocked by human IgG and also when SSc
serum samples were treated with DNA/RNA endonuclease

Figure 5 The effect of Toll-like receptor (TLR) agonists on tissue inhibitor of metalloproteinase-1 (TIMP-1) gene expression and protein secretion in
monocytes. (A) Monocytes from healthy controls (HC) (n=10) (white bars) or patients with SSc (n=10) (black bars) and monocytes isolated from
the mut-IRAK4 patient (grey bars) were incubated in the presence of different TLR agonists or media alone for 24 h, and TIMP-1 secretion was
determined. Statistical analysis showed that HC monocytes compared with SSc monocytes after individual TLR stimulation. (B) Relative TIMP-1 gene
expression was determined and normalised to 18S housekeeping gene of total RNA isolated from HC (n=3) or SSc (n=4) or mut-IRAK4 (grey bars)
monocytes after 24 h stimulation with TLR8 agonist. (C) The effect of MyD88 inhibitor on TLR8-mediated TIMP-1 production. HC monocytes (n=4)
were pretreated for 24 h with 10, 20, 50, 100 μM MyD88 inhibitory peptide (white bars) or control peptide (grey bars) or media alone (black bars)
and further stimulated with TLR8 agonist (ssRNA). Twenty-four hours later TIMP-1 production was measured. Statistical analysis showed a
comparison of TLR8-stimulated monocytes compared with MyD88 inhibitor or control peptide treated monocytes, respectively. Each bar represents
the mean±SEM, *p<0.05, **p<0.01, ***p<0.001. IRAK, IL-1R-associated kinase.
Ann Rheum Dis 2013;72:1382–1389. doi:10.1136/annrheumdis-2012-201958
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Figure 6 Functional matrix assay of Toll-like receptor 8 (TLR8)-stimulated monocytes. (A, B) Preactivated matrix metalloproteinases-1 (MMP-1) was
added to the conditioned media of untreated (black line) or TLR8-simulated (grey line) healthy control (HC) or systemic sclerosis (SSc) monocytes
and ﬂuorescent FS-6 breakdown product was measured over time (min). (C) Statistical analysis of three independent experiments showing MMP-1
inhibition by HC and SSc monocytes pretreated with TLR8 agonist.
before stimulation. These ﬁndings strongly argue in favour of
recognition of RNA by circulating ICs.
It was previously shown that opsonised apoptotic bodies carrying RNA-associated protein (Ro60) induce FcγR-dependent
uptake. This IC uptake leads to TLR7/8 activation with subsequent release of proinﬂamatory and proﬁbrotic factors by inﬁltrating macrophages in cardiac ﬁbrosis, or pDCs in SSc.13 21 34
Furthermore, the presence of ICs recognising self-RNA is
responsible for disease manifestations found in patients and
animal models of other autoimmune diseases, including of SLE
and Sjögren’s syndrome.35 36 Indeed, it was shown that serum
samples from patients with SLE, containing autoantibodies to
snRNPs that are taken up through the FcγR, efﬁciently stimulate pDCs via TLR7/8 to secrete type I IFNs and, therefore, initiate SLE.32 Also, lupus-prone mice developed SLE, as a result of
TLR7-dependent (mouse TLR8 is non-functional) activation of
B cells and pDCs. However, disease exacerbation was completely suppressed by the deletion of murine TLR7.
Notably, we also found that HC monocytes stimulated with
patients’ serum samples produce TIMP-1 in a MyD88-dependent
fashion, as MyD88-speciﬁc inhibitor signiﬁcantly attenuated
TIMP-1 production. The same pattern of TIMP-1 reduction was
seen in TLR8-stimulated HC monocytes in the presence of
MyD88 inhibitor. In contrast, when HC monocytes were incubated with control peptide, TIMP-1 production was on a similar
level to that of TLR8 activation only, conﬁrming the speciﬁcity of
the agonist. Monocytes isolated from a TLR-deﬁcient patient also
did not secrete TIMP-1 after stimulation with serum samples or
TLR agonists, suggesting an important role of TLR signalling.
The importance of our ﬁndings is underlined by recent evidence
showing that MyD88-deﬁcient mouse and rats were protected
from ﬁbrogenesis and pathogenic inﬂammation in a
bleomycin-induced model of acute pulmonary injury indicated by
reduced expression of collagen and TIMP-1.14 15 37 Furthermore,
IRAK4 deﬁciency in humans abolished the induction of IFNα/β
via TLR7–9 in blood cells.17 18 Since MyD88 is also required for
downstream signalling of IL-1 and IL-18, we measured the level of
these cytokines in serum samples (data not shown). The concentration of IL-18 was increased in SSc serum samples, but direct
IL-18 stimulation did not induce TIMP-1 production. Also, the
concentration of IL-1α and IL-1β did not differ between HC and
SSc serum samples, suggesting that serum samples from patients
with SSc contain factors which are MyD88-mediated but IL-1
and IL-18-independent in TIMP-1 expression.
Finally, this shift in balance towards TIMP-1 was functionally relevant as shown by the results from the matrix degradation assay. In particular, monocytes stimulated with SSc
1388

serum samples or TLR8 inhibited MMP-1 activity in comparison with untreated monocytes. These ﬁndings conﬁrm the
functional effect of TIMPs on MMP-1 activity. In this context
it is of importance to note that (tissue-resident) macrophages
have been shown to mediate wound healing responses.38 It is
therefore tempting to speculate that circulating monocytes
with proﬁbrotic properties migrate to skin and internal organs
to initiate and/or promote ﬁbrosis in SSc.
In conclusion, our study shows a new link between TLR signalling and excessive TIMP-1 secretion in circulating monocytes
from patients with SSc, supporting an important role for
monocytes in the production of proﬁbrotic factors. Therefore,
treatments that downregulate TIMP-1 production may disrupt
ﬁbrogenesis in SSc and open up a new target.
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Supplementary Figure S1. TIMP-2 and MMP-13 in sera and in monocytes stimulated with TLR
agonists. (A, B) TIMP-2 and MMP-13 protein concentration was measured in sera of HC (n=10 or
n=9, respectively) or SSc patients (n=10 or n=9, respectively). (C, D) HC (white bars) or SSc
(black bars) monocytes were incubated in the presence of different TLR agonists or media alone for
24 h and TIMP-2 or MMP-13 secretion was determined. Each bar represents the mean±SEM.

Supplementary Figure S2. Western Blot of dermal fibroblsts isolated from HC and IRAK4-/- patient.
1.5x104 HC and IRAK4-/- fibroblasts (derived from a punch biopsy) were lysed and separated on
10% gel. Following transfer, cell lysates were probed with primary mouse monoclonal anti-IRAK4
(non-phosphrylated) (Abcam, ab119942) at 1:2000 dilution overnight at 4°C and then probed with
HRP-labelled anti-mouse secondary antibody (1:10000; Dako).

Supplementary Figure S3. Circulating immune complexes recognizing C1q complement protein
(CIC-C1q). CIC-Cq protein concentration was measured (Buhlmann Laboratories AG, Cat No EKCIC) by ELISA according to the manufacturer’s protocol in sera of HC (n=20) or SSc patients
(n=16).

Table S1 Sequence of primers and probes.
Gene

Forward primer

Reverse primer

Probe

TIMP-1

5'GACGGCCTTCTGCAAT
T CC-3'
5'GAATGGCTCATTAAAT
CAGTTATGG-3'
5'AGTGACTGGGAAACC
AGATGCTGA-3'

5'GTATAAGGTGGTCTGGTTG
ACTTCTG-3'
5'TATTAGCTCTAGAATTACC
ACAGTTATCC-3'
5'GCTCTTGGCAAATCTGGCC
TGTAA-3’

5'-FAMACCTCGTCATCAGGGCCAA
GTTCG-TAMRA-3'
5'-FAMTCCTTTGGTCGCTCGCTCCT
C-TAMRA-3'

18S

MMP-1

SYBR

