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Abstract

Purpose of Review Systemic sclerosis (SSc) is a heteroge-
neous autoimmune disease which has defined three hallmarks:
Small vessel vasculopathy, production of autoantibodies and
fibroblast dysfunction. The exact aetiology of the disease re-
mains unknown, due to the complex nature of the cellular
signalling pathways involved. However, there is strong and
consistent evidence that the innate system, in particular toll-
like receptor signalling, is contributing to the progression and
perhaps onset of systemic sclerosis. In light of this evidence,
this review examines the role of innate immunity in systemic
sclerosis and where appropriate suggests avenues for thera-
peutic modulation in SSc.

Recent Findings Multiple lines of evidence suggest that Toll-
like receptors (TLRs) are dysregulated and emerging evidence
suggests that many endogenous ligands are also elevated in
the disease leading to ‘sterile inflammation’ and ultimately the
induction of fibrosis. Currently, no effective therapy exists and
exploiting the innate immune system perturbation may be one
possible avenue.

Summary Innate immune dysregulation is key in SSc patho-
genesis and may represent a novel target.
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Introduction

Systemic sclerosis (SSc), also referred to as scleroderma, is an
autoimmune connective tissue disease that causes fibrosis of
the skin and internal organs [1]. Mortality in SSc patients is
typically due to interstitial lung disease and pulmonary arterial
hypertension [2, 3]. The exact aetiology of SSc is unknown;
however, vascular injury and dysfunction of the immune sys-
tem are typically associated with the disease. It is suggested
that tissue damage to the endothelium is the initial triggering
factor in SSc and that this damage leads to fibrosis via inflam-
mation and immune cell activation. Numerous autoantibodies
have been detected in SSc patients [4—6], with anti-nuclear
antibodies being particularly prevalent [7]. Additionally, there
has been observed epigenetic changes to multiple genes in
SSc patients [8].

The critical role of the innate immune system in SSc will be
discussed in this review. The innate immune system is often
viewed as the body’s rapid response against pathogens and
chemical or mechanical damage. This is achieved through
the recognition of damage-, microbe- and pathogen-
associated molecular patterns (known as DAMPs, MAMPs
and PAMPs, respectively). Markers of activation of the innate
immune system are present in both early and late stage SSc
patients; this suggests a role for the innate immune system in
both onset and progression of SSc; making research into this
area a key focus for developing novel therapeutics.

Molecular patterns can have foreign or native origins and
will interact with pattern recognition receptors (PRRs), chief
among them are Toll-like receptors (TLRs), which upon acti-
vation with their ligand will trigger an inflammatory response
[9]. As a result of this, in the initial stages of systemic sclero-
sis, there is a migration of mononuclear cells into the dermis
which has been associated with increased collagen synthesis
in nearby fibroblasts [10]. The initial triggering of TLRs and
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the innate immune system may precede fibrosis and lead to the
persistent fibrotic state through a variety of mechanisms.

Toll-Like Receptors in Systemic Sclerosis

TLRs are evolutionary conversed receptors, which play a crit-
ical role in the innate immune system. TLRs recognise
PAMPs and their subsequent signalling cascade can induce
many cellular changes, Fig. 1a. However, TLRs can also act
in response to DAMPs released from endogenous cells,
Table 1, often under unfavourable conditions. In general, re-
leased DAMPs serve as an alarm ‘signal’ for cells, which
results in an inflammatory response. The precise mechanisms
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Fig. 1 The role of innate immunity in systemic sclerosis. a Once
activated by a ligand TLR induce a signalling cascade, involving
MyD88 and TRIF, the downstream consequences of this activation
result in the activation of various transcription factors. In systemic
sclerosis TLR signalling can have multiple cellular effect including
increase in ECM protein and immune cell activation. b IL-6 secretion
by dermal fibroblasts after incubation with SAA, pre-treatment with
IKK 2 (an NF-xB inhibitor) or DMSO vehicle control. IL-6 secretion
was measured by ELISA. ¢ Dermal fibroblasts were co-transfected an
NF-xB luciferase reporter construct and a ‘dominant negative’ IkBa
plasmid, cells treated after 24 h with SAA or HKLM (a natural TLR 2
agonist). Asterisk indicates significant differences assessed by ANOVA. d
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regulating the release of DAMPs and the environment that
favours this release are not clear but generally include stress
or damage.

The role TLRs play in many autoimmune diseases is well-
documented [11-14]. To date, 13 TLRs have been described
with 10 in humans, each responding to distinct ligands. TLRs
are expressed both on the cell membrane and intracellularly in
endocytic vesicles; this makes each set of TLRs uniquely
placed to respond to the appropriate ligands. Interestingly,
the molecular make-up of the DAMPs and PAMPs share no
similarity and are a hugely diverse set of molecules despite
this all trigger inflammation through activation of NF-KB. It is
thought in SSc, DAMPs are released from damaged epithelial
cells caused by disruption of the vasculature, and that aberrant
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The image shows a skin section stained with H&E, the dark purple shows
monocytes around the vasculature in SSc tissue skin. There is evidence
that these cells are typically found between thickened collagen fibres and
in the perivascular regions in SSc. Asterisk indicates accumulation of
monocytes around the perivascular space. Abbreviations: Toll-like
Receptors (7LR), TRIF-related adapt molecule (TRAM), TIR-domain-
containing adaptor protein-inducing IFN (7RIF), extra cellular matrix
(ECM), interluekin 6 (IL6), serum amyloid A (SAA), nuclear factorxB
(NF-kB), dimethyl sulfoxide (DMSO), heat-killed Listeria
monocytogenes (HKLM), hematoxylin and eosin (H&E) and systemic
sclerosis (SSc)
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Table 1  Toll-like receptors and their associated endogenous ligands

Toll-like Endogenous ligand

receptor

TLR 1 -

TLR 2 Serum amyloid A, Snapin A, High mobility group box 1,
biglycan, hyaluronan and monosodium urate crystals

TLR 3 mRNA

TLR 4 Biglycan , SI00A8/9, surfactant protein A, high-mobility
group box protein 1, tenascin C, fibrinogen, heparin
sulphate , heat shock proteins (—20,-60, =70 and —96),
extra domain A of fibronectin, CD138, 3-defensin, and
resistin

TLR 5 -

TLR 6 Heat shock proteins (—60, =70 and —96) and soluble
tuberculosis factor

TLR 7 ssRNA-containing immune complexes, siRNA

TLR 8 ssRNA-containing immune complexes, human cardiac
myosin

TLR 9 DNA-containing immune complexes, osteopontin and

high-mobility group box chromosomal protein 1

TLR signalling may contribute to both the onset and progres-
sion of SSc [15]. Multiple TLR ligands have been described in
SSc, consisting of both endogenous and microbial origin. One
hypothesis is that the release of mediators from initial damage
to the vasculature is the major stimulus for inflammation and
wound healing and that a compromised resolution of this re-
sponse underpins the fibrosis seen in the disease.

Although the inhibition of TLR signalling via interference
with DAMPs may seem like a promising prospect, novel
DAMPs and associated pathways are still being discovered.
One such novel DAMP/TLR signalling pathway is that in-
volving serum amyloid A (SAA)/TLR2 [13]. It has long been
known that SAA is associated with immune disorders includ-
ing theumatoid arthritis and pulmonary fibrosis [16] and is
elevated in SSc [15]. It was found that SAA induced interleu-
kin 6 (IL-6) in dermal fibroblasts, whilst treatment with a
neutralising antibody to TLR2 attenuated induction of 1L-6
[13]. However, cells deleted for TLR4 did not show any acti-
vation demonstrating that TLR4 plays no role in SAA-
mediated inflammation. Interestingly, it was found SAA in-
duction of IL-6 was nuclear factor-kB (NF-xkB) dependant
[13]. Figure 1b shows a marked decrease in IL-6 after treat-
ment with an IKK-2 inhibitor; the dependence of SAA on
NF-kB was further confirmed with a double-negative mutant
of NF-kB which saw a decrease in associated luciferase activ-
ity, Fig. 1¢ [13]. SSA-mediated induction of IL-6 may provide
a mechanism into increased collagen 1 level in SSc, as IL-6
has been shown to directly induce collagen secretion in fibro-
blasts [17]. Thus, if SSA could be decreased, this could po-
tentially lead to a decrease in the deposition of collagen, via a
reduction of IL-6.

Studies have found an increase in DAMPs, such as
hyaluronic acid (HA) and high-mobility group box-1
(HMGB-1) associated with TLR-4, in the serum of patients
with SSc [18]. Takahashi et al. 2015 showed stimulation of
TLR4 via HA and HMGB-1 resulted in fibroblast activation,
whilst mice with a point mutation in the TLR4 gene showed
attenuated skin sclerosis when challenged with bleomycin
[19], also HMGB-1 has been found to activate hepatic stellate
cells [20]. Again, showing reduction of DAMPs has the po-
tential to be utilised as a therapeutic strategy in patients with
SSc.

Skin biopsies analysed from SSc patients have shown a
significant increase in TLR4 compared with healthy con-
trols [18]. Strikingly, the same study also found enhanced
Smad signalling with downregulation of BAMBI, a
TGF-3 antagonist, and suppression of the anti-fibrotic
miR-29, which usually moderates both the duration and
intensity of fibrotic responses by targeting the collagen
messenger RNA (mRNA) 3°UTRs [18]. The study sug-
gests a continuous feed-forward loop involving TLR4 is,
in part, responsible for the persistence of fibrosis in SSc;
thus, inhibition of TLR 4 is presented as novel therapeutic
strategy in the progression, but not the onset, of fibrosis in
SSc [18]. Furthermore, it has been shown that TLR4 is
overexpressed in lesional skin from SSc patients along
with the TLR4 co-receptor MD-2 and CD14[21].
Interestingly, in vivo administration of the TLR4 ligand
to mice (LPS) resulted in immune activation and in-
creased expression of the pro-fibrotic molecule TGF-f31,
which was abrogated in TLR4-deficient mice [21].

A recent study demonstrated elevated levels of fibronectin
EDA in both tissue skin samples and serum derived from
patients with SSc. Fibronectin EDA is an alternatively spliced
form of fibronectin, which is elevated in tissue damage. It was
found that incubation with fibronectin EDA leads to upregu-
lation of various extra cellular matrix (ECM) molecules, alpha
SMA (x-SMA) expression and an increase in contractility in
cells [22]. Remarkably, this was reduced in mice lacking fi-
bronectin EDA or TLR4 expression demonstrating fibronectin
EDA dependence on TLR4. To further confirm this, TLR 4
was blocked using pharmaceuticals; this blockade leads to a
reduction in fibrosis [22]. Fibronectin EDA is hugely upregu-
lated after tissue damage; this holds the possibly to explain a
positive feed-forward loop. In the suggested feed-forward
loop, the initial damage leads to increased fibronectin EDA
which then activates TLR4 to decrease miR29a and increased
collagen expression in a Smad-dependant pathway. We have
also shown downregulation of miR29a in fibrosis via lipo-
polysaccharide (LPS) [23]. Previous reports have also demon-
strated that animals lacking the fibronectin EDA domain gene
have reduced ability to heal skin wounds [24], and fibronectin
EDA is also associated with cardiac fibrosis through TLR
signalling [25].
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Tenascin C is an extracellular matrix glycoprotein, which is
transiently expressed upon tissue injury. As with fibronectin
EDA, it has recently been demonstrated that tenascin C is
elevated in not only skin biopsies from SSc patients, but also
the serum [26¢¢]. The study cleverly used three-dimensional
skin models to show that treatment with tenascin C increased
collagen and x-SMA mRNA and that tenascin C can induce a
wide pro-fibrotic response [26°¢]. The study later goes on to
show that the pro-fibrotic response induced by Tenascin C is
TLR4-dependant [26+¢]. This is not only important in the
management of SSc but also may hold potential in reducing
SSc-associated complications, as tenascin C is also increased
in SSc-associated pulmonary fibrosis [27]. When taken in
combination, these papers suggest that TLR4 activation by
endogenous ligands is critical in the progression of fibrosis
and therefore targeting TLR4 either by reduction of DAMPs
or TLR 4 antagonism could be of therapeutic benefit. Indeed
the TLR agonist SI00AS is elevated in SSc serum and has
been suggested to serve as a biomarker [28].

The differentiation of fibroblasts to myofibroblasts is piv-
otal in SSc, due to the increased level of extracellular matrix
proteins. TLR9 has been shown to increase and co-localise
with myofibroblasts in SSc skin biopsies, over 60% of
myofibroblasts were TLR 9 positive [29]. Moreover, the study
used two murine models of SSc to show the accumulation of
TLR9-positive fibroblasts around lesion tissue [29]. The acti-
vation of TLR 9, via CpG, in this study, lead to an increase in
activated TGF-f3, which when blocked by neutralising anti-
bodies eliminated the pro-fibrotic effects of CpG [29].
TGF-{31 is known to increase collagen and promote fibroblast
to myofibroblast transdifferentiation.

Interestingly, a separate study found that TGF-f3 in-
creased mRNA TLR9 levels in lung fibroblasts [30]. If
TGF-f31 is shown to increase TLR9 in dermal fibroblasts,
targeting of TGF-f31 could be of benefit via two mecha-
nisms of action, by lowering both TGFf3 itself and TLR9
mRNA. A study using the drug bortzomib has already
shown to decrease in the autocrine release of TGF-f3
[31]. Interestingly, the study used the bleomycin murine
model and found attenuation of both lung and skin fibro-
sis after treatment with bortzomib [31].

Although the direct targeting of DAMPs and TLRs has
been discussed in depth, it must also be taken into account
that downstream molecules such as interferon regulatory fac-
tor 5 (IRF5) and Fos-related antigen 2 (Fra 2) could also play a
role in SSc pathogenesis, alongside complex epigenetic regu-
lation. Basal levels of, the endosomal TLR, TLRS have been
found to be 2.1-fold lower in monocytes from patients with
SSc [32¢]. Despite this, after stimulation with single-stranded
RNA (ssRNA) and a histone methyltransferase inhibitor,
monocytes displayed increased levels of Fra-2 and tissue in-
hibitor of metalloproteases 1 (TIMP 1) [32¢]. ssRNA is com-
monly found in viruses suggesting that a virus could be
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responsible for the induction of a pro-fibrotic state in SSc.
The relationship between TIMP 1 and matrix metalloprotein-
ases (MMPs) is critical in ECM accumulation, increased
levels of TIMPs inhibit MMPs from degrading ECM proteins,
thus the net effects are an increase in ECM, and we could
show that this was MyD88-dependant. Murine models of
SSc, such as bleomycin, have shown that induction of fibrosis
is mediated through IRFS5, and that the signalling axis involv-
ing TLR 4 and IRF-5 is directly involved in regulating B cells
[33]. Interestingly, IRF 5 knockout mice do not show immune
abnormalities such as increased levels of IL-6 when chal-
lenged with bleomycin [33]. Also polyl:C, the endosomal
TLR3 ligand, activates monocytes in SSc to cause fibrosis
[34]. Furthermore, type I interferon has been shown to upreg-
ulate TLR3 expression in dermal fibroblasts and that this in-
terferon mediated upregulation of TLR3 leads to enhanced IL-
6 and MCP-1 levels and ultimately enhanced recruitment of
macrophages into the tissue [35].

The targeting of TLRs and their signalling cascades is
viewed as an attractive therapeutic intervention in a disease
with little available therapy. However, despite heavy scrutiny
across several autoimmune diseases, the role of TLRs in the
pathogenesis of SSc is complex and not yet fully understood.
Recently, several factors ranging from novel signalling cas-
cades [13], Heme oxgenase-1 levels [36], rare TLR2 polymor-
phisms [37¢] and epigenetic changes [32¢] have been shown to
affect the progression of the disease. Whilst scrutiny of TLRs
and their associated pathways will remain, rightly, at the fore-
front of research into SSc, the natural protective role of TLRs
must be taken into account before progress can be made into
the clinic.

Monocyte/Macrophage Involvement in SSc

Post-injury, precursor cells such as monocytes are recruited
from the bone marrow to the site of injury. Recruited cells,
along with resident tissue macrophages, cause inflammation
and clear cellular debris. If the inflammation and tissue dam-
age fail to resolve, fibrosis may arise [38]. In SSc, there is
infiltration of mononuclear cells, including macrophages
[39] and monocytes [40], Fig. 1d. These cells were found to
be situated in between thickened collagen fibres and in the
perivascular and periappendageal regions [40]. It is speculated
that here, the macrophages secrete high amounts of pro-
fibrotic molecules and thus mediate fibrosis in situ.

In SSc patients, there is a statistically significant increase in
the number of monocytes in the peripheral blood.
Interestingly, monocytes from SSc patients have lower rate
of apoptosis than observed in healthy individuals [41] sug-
gesting that they are somehow resistant to apoptosis.

When stimulated by IL-4 or IL-13, resident macrophages
in the skin can adopt a phenotype known as M2, associated
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with vascularization and wound repair. This M2 subtype of
macrophage can produce TG{3-1 [40], a pro-fibrotic molecule
that stimulates production of type I collagen in fibroblasts
[42]. M2 macrophages are typically considered to be anti-
inflammatory [40] but have been associated with certain fi-
brotic diseases, including SSc [43]; likely due to their produc-
tion of TGF-f3 and other inflammatory molecules [44]. We
have demonstrated high levels of macrophages in the skin
and co-localised with the molecule TIMP-1 [32+]; here, they
are releasing TIMP-1 and the net effect is the deposition of
ECM via inhibiting MMPs. Also, though the macrophages are
releasing TIMP-1 that directly activated the normal fibroblast
to a myofibroblast via an unknown mechanism. However,
deletion of the transcription factor Fra-2 ameliorates the effect.
What is also interesting is that Fra-2 levels are increased by
ssRNA, and if we inhibit histone methyltransferase activity
with Dznep, this enhances Fra2-mediated TIMP-1 levels
[32¢]; thus, epigenetic mechanisms are at play also [45]. It is
likely that the macrophage population is not as binary as M1
and M2 and that this is a plastic system that is modified rather
quickly likely through epigenetic mechanisms [46]. We have
also found previously a dysregulated level of microRNA-
135b and that this targets STAT6, thus alterations in STAT6
may mediate enhanced IL-4 signaling involved in M2 gener-
ation [47].

If the macrophage population could be skewed towards to
an M1 type, with the use of pharmaceuticals, this may help
slow collagen production and reduce fibrosis. However, as the
M1 subtype is pro-inflammatory, this may not be a viable
option.

Monocyte chemoattractant protein-1 (MCP-1), also known
as CCL2, is an important mediator of inflammation and fibro-
sis, particularly in SSc [10]. Expression of CCL2 has been
found to be upregulated in fibroblasts in SSc skin at both the
mRNA and protein level [48]. Multiple ligands have been
identified dysregulated in SSc and these target TLRs to cause
downstream signalling and blocking; these may be therapeu-
tic, but this may reduce the innate immune response. Another
therapy may be blocking the chemokines that are released to
drive the influx of monocytes into the skin. Chemokines are
elevated in the disease, and recently, new chemokine antago-
nists have been developed.

Complement in SSc¢

The complement system, comprised of approximately 30 cir-
culating and membrane proteins, is a complex proteolytic cas-
cade; it acts as one of the central components of innate immu-
nity and plays a pivotal role in the initial defence against
infection and in the elimination of dead/modified self cells
[49, 50]. The activation of complement is controlled by mul-
tiple mechanisms forming three pathways: the classical

pathway is activated by Cl1 interacting with antibody bound
to pathogens [51]; the lectin pathway is activated by mannose
binding lectin interacting with sugars on the cell surface and
alternative pathway activation occurs continuously at low
levels in the plasma [52], allowing for quick response to initial
pathogen exposure and amplification of both the classical and
lectin pathways [53].

Several studies have suggested a role for complement in
SSc; however, few define how the complement cascade is
activated in SSc [54-57]. In 2010, a study of SSc patients
showed increased levels of factor H, a complement regulator,
which had impaired function [58]. This was shown again in a
later study, along with a decrease in regulator CD46 expres-
sion in vasculature of SSc patients [59]. This suggests a po-
tential reason for the increase in complement terminal
complexes/ fragments seen in previous research. The devel-
opment of a mini factor H has been shown to reduce abnormal
C3 deposition in a factor H deficient mouse model [60]; once
fully developed, this may become a therapeutic option for SSc
patients with impaired factor H function.

In 2014, it was shown that whilst the lectin pathway of
complement was not a cause of SSc, it served to exacerbate
symptoms following ischemia and reperfusion [61].
Treatment of the lectin pathway has been shown to be protec-
tive against myocardial reperfusion injury [62] and against
renal damage caused by reperfusion [63]. A future therapeutic
option in SSc may therefore be to target the lectin pathway and
protect against further complications.

Mast Cells in SSc¢

Mast cells are densely granulated cells of the innate immune
system with the primary purpose of combatting parasitic in-
fection. To do this, mast cells will degranulate, releasing the
contents of the vesicles within their cytosol into the surround-
ing environment. These vesicles contain various cytokines
and pro-inflammatory molecules including histamine and
TGF-f3. Mast cells have been implicated in cardiac fibrosis,
renal fibrosis and pulmonary fibrosis [64]. In SSc, the density
of dermal mast cells in the fingers is reflective of the severity
of sclerosis, correlating with the patient’s modified Rodnan
skin score. The density of dermal mast cells in the fingers
was also found to be higher in patients who were positive
for anti-topoisomerase I antibody [65].

Inflammasomes in SSc
The inflammasome is a multi-molecular complex that is acti-
vated by diverse ligands that activates caspase-1 into its active

protease; this leads to the release of interleukin-13 and IL-18
from the cell. Activation of nod-like receptors (NLR)
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ultimately results in the activation of the inflammasome.
NLRP3 is one of the most studied inflammasome components
and has a variety of molecular triggers. The inflammasome
NLRP3 has been investigated in SSc. Mice with deleted
NLRP3 were resistant to fibrosis when challenged with
bleomycin; however, the endogenous ligand associated with
the activation of NLR in SSc remains unknown[66]. Indeed, a
small nucleotide polymorphism (SNP) has been demonstrated
in SSc patients [67], whether this is non-synonymous has yet
to be determined.

Recent evidence has also suggested a role for the
inflammasome in myofibroblast generation by mitochondrial
NLRP3 via enhanced Smad signalling and genetic reduction
of NLRP3 is protective in experimentally induced liver fibro-
sis [68, 69]. The fact that few ligands have been described for
the inflammasome does not discount that there may be many
ligands released upon cellular stress.

Conclusion

Transition of research into the clinic in SSc¢ remains an issue;
this in part is due to the complex pathways involved in its
pathogenesis. A wealth of evidence is now emerging that the
innate immune system is critical in driving and initiating the
disease. Chief among these are the TLRs and their ligands.
Targeting these therapeutically may be a useful option.
Alternatively, targeting the downstream effector molecules
could also be useful or the epigenetic modifications that also
occur. Multiple epigenetic modifications in response to TLR
ligation occur, and these could be targeted with currently used
clinical drugs. Although progress has been made in the mech-
anisms involved in sustaining fibrosis, the initiating events in
SSc remain somewhat of a mystery.
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