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Abstract

Purpose of Review Macrophages play key roles in tissue homeostasis and immune surveillance, mobilizing immune activation in
response to microbial invasion and promoting wound healing to repair damaged tissue. However, failure to resolve macrophage
activation can lead to chronic inflammation and fibrosis, and ultimately to pathology. Activated macrophages have been impli-
cated in the pathogenesis of systemic sclerosis (SSc), although the triggers that induce immune activation in SSc and the signaling
pathways that underlie aberrant macrophage activation remain unknown.

Recent Findings Macrophages are implicated in fibrotic activation in SSc. Targeted therapeutic interventions directed against SSc
macrophages may ameliorate inflammation and fibrosis.

Summary While current studies have begun to elucidate the role of macrophages in disease initiation and progression, further
work is needed to address macrophage subset heterogeneity within and among SSc end-target tissues to determine the disparate
functions mediated by these subsets and to identify additional targets for therapeutic intervention.
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Abbreviations Introduction

SSc Systemic sclerosis

ECM  Extracellular matrix Mounting evidence implicates innate immunity, specifically
VEGF Vascular endothelial growth factor macrophage activation, in the pathogenesis of systemic scle-
pDCs  Plasmacytoid dendritic cells rosis (SSc). Multi-tissue bioinformatics analyses indicate that
MMF  Mycophenolate mofetil activated macrophages are a driver of SSc in multiple end-
PFD Pirfenidone target organs [1, 2, 3¢], and therapeutic inhibition of macro-
IPF Idiopathic pulmonary fibrosis phage recruitment is associated with clinical benefit in patients
NTD  Nintedanib with SSc [4¢¢]. However, the molecular mechanisms by which
PDGF Platelet-derived growth factor macrophages induce inflammatory and fibrotic activation in
FGF Fibroblast growth factor SSc have not been completely elucidated. This review will

address recent progress in defining the immunophenotypic
and functional characteristics of SSc macrophages, potential
mechanisms responsible for their activation, and their poten-
tial role in the induction and progression of fibrosis in patients
with SSc.
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that are molecularly distinct but not clinically distinguishable,
are reproducible in skin across multiple patient cohorts, and
respond differently to therapy [4e, 7]. An inflammatory gene
expression signature, comprised largely of genes associated
with immune activation and immune response signals, can
be used to subset patients with SSc who have enrichment of
these inflammatory processes. Gene expression studies focus-
ing on skin have identified significantly increased expression
of innate immune pathways in the inflammatory subset, in-
cluding TGF-f3, IL-4, and TNF-«x pathways [8], and enriched
macrophage and dendritic cell (DC) gene expression signa-
tures [1].

Mabhoney et al. used consensus clustering to identify com-
mon gene expression modules and to build a gene-gene co-
expression network with three gene expression cohorts of skin
tissue biopsies from patients with SSc and healthy controls.
Five co-expressed groups of genes were identified,
representing macrophage activation, adaptive immunity, inter-
feron response, extracellular matrix (ECM) deposition and
TGF-{3 signaling, and cell proliferation [2]. Many intercon-
nected genes were shared among these five clusters, with most
interconnections occurring between macrophages with adap-
tive immunity, interferon, and ECM. Notably, the macrophage
activation, adaptive immunity, and interferon clusters were
comprised almost entirely of inflammatory genes from the
SSc inflammatory molecular patient subset [2].

Building on these results, Hinchcliff and Toledo et al. iden-
tified a high level of CD163-positive immunohistochemistry
(IHC) staining in patients with SSc in therapy-naive skin.
They demonstrated that macrophage and monocyte signatures
are correlated with the inflammatory gene expression signa-
ture in skin of patients with SSc [4ee].

Using integrative genomics, a conserved immune-
fibrotic axis was identified across multiple end-target or-
gans in SSc (skin, lung, esophagus, and peripheral blood)
[3¢]. One of the largest hubs in the lung network included
genes highly associated with macrophage activation and
genes that encode proteins highly expressed in lung-
resident macrophages (LR-M®@s). Increased expression
of activated macrophage gene sets in SSc-PF (pulmonary
fibrosis) lung and SSc-inflammatory skin compared with
control lung and control skin, respectively, was also ob-
served in this study [3¢]. Collectively, these results impli-
cate macrophages as drivers of fibrosis in SSc. Defining
the immunophenotype of SSc macrophages will facilitate
therapeutic targeting of these cells.

Beyond the M1/M2 Paradigm of SSc
Macrophage Activation

To deconvolute the complexity of macrophage activation,
a system of nomenclature was adopted that designated
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macrophages as residing at one of two ends of a spec-
trum of polarized states: M1 and M2. M1 macrophages,
which are activated by stimuli such as IFN-y/LPS and
GM-CSF, constitute one extreme end of this spectrum
and are characterized by the production of pro-
inflammatory mediators, including iNOS, IL-12, IL-1(,
and TNF [9]. In contrast, M2 activation is elicited by
diverse stimuli, including immune complexes, glucocorti-
coids, IL-4/IL-13, and M-CSF, and is associated with the
production of angiogenic factors, growth factors, and
anti-inflammatory cytokines, including IL-10 [9].

However, there are several limitations associated with reli-
ance on M1/M2 designations. Because macrophage activation
derives from local micro-environmental signals, polarization
is context-dependent and mutable. The M1/M2 paradigm is
based on in vitro stimulation with single inducers of activa-
tion, while macrophages are exposed in vivo to activation with
multiple stimuli and, in the case of contact-dependent activa-
tion, multiple cell types. Finally, macrophages in a disease-
context may not conform to uniform activation subsets or
expand clonally.

Indeed, recent evidence suggests that this is true of SSc
macrophages. While early reports characterized SSc macro-
phage activation as M2 [10, 11] based on evaluation of CD163
and CCL18 expression, subsequent studies have shown that
both circulating monocytes [12¢, 13] and in vitro monocyte-
derived M-CSF-differentiated macrophages [ 14] from patients
with SSc express a mix of surface markers typically associated
with M1 and M2 polarization states.

However, there are discrepancies in the characteristic SSc
macrophage surface marker profiles reported in these studies,
which likely derive from differences between circulating
blood monocytes [12¢+, 13] and in vitro differentiated macro-
phages [14]. Soldano et al. found that patients with SSc have a
significantly higher percentage of monocytes that are dual
positive for M2 surface markers CD163, CD206, and
CD204 and M1 surface markers CD80, CD86, TLR2, and
TLR4, compared with healthy controls [12¢¢]. In contrast,
Lescoat et al. noted significant decreases in CD200R1,
CD204, and CD169 surface expression in SSc patient cells
compared with healthy controls. Notably, in the Lescoat
et al. report, peripheral blood monocytes isolated from SSc
patients or healthy control subjects were differentiated with
M-CSF, a cytokine that promotes a tissue resident macrophage
phenotype and is constitutively produced under homeostatic
conditions [14]. While increased M-CSF production has been
reported in patients with arthritis and pulmonary fibrosis [15],
plasma levels of M-CSF are actually lower in SSc-ILD (inter-
stitial lung disease) patients compared with control subjects
[16], so the contribution of M-CSF to SSc macrophage polar-
ization is unclear. It is certainly possible that local tissue levels
of M-CSF are elevated in SSc, although these data are not
currently available. Accordingly, further studies are needed



Curr Rheumatol Rep (2019) 21: 31

Page30of9 31

to define the complete repertoire of local regulators of macro-
phage activation in SSc end-target tissues to identify optimal
in vitro models.

In this regard, a recent gene expression study of
in vitro—differentiated macrophages from SSc patients
may provide critical clues to the signaling pathways upreg-
ulated in SSc macrophages. RNA sequencing of SSc
patient-derived monocyte-differentiated macrophages
(MDMs) revealed a transcriptomic signature characterized
by increased expression of pathways associated with gly-
colysis, hypoxia, and mTOR signaling and downregulation
of IFNYy response pathways. Differential expression (DE)
of MDMs from patients with SSc or healthy controls found
over 600 genes that showed significantly different gene
expression patterns, including enrichment of genes that
regulate innate immune processes, and genes previously
implicated in SSc pathogenesis. Ten percent of the genes
previously associated with SSc from GWAS studies over-
lapped with this set of DE genes, allowing for a genome-
wide eQTL (expression quantitative trait loci) analysis.
Expression of GSDMA was highest in SSc-MDMs and
was found to be significantly cis-regulated by the SNP
rs3859192 [17¢]. GSDMA was identified as an SSc-
susceptibility gene from a transethnic GWAS study by
Terao et al [18], and GSDMA is known to be regulated by
TNF and is necessary for TNF-induced apoptosis in mice
[19]. However, while MDMs from patients with SSc
showed a strong association with GSDMA expression, this
difference was not observed in SSc patient skin samples,
limiting the relevance of this finding to blood-derived SSc-
MDMs only [17°].

Potential Triggers of SSc Macrophage
Activation

As key innate immune regulators, macrophages recognize in-
vading microbes using pathogen-associated molecular pat-
terns (PAMPs) and sterile stressors, which express damage-
associated molecular patterns (DAMPs). Binding of these li-
gands to their cognate receptors initiates a cascade of signal
transduction that culminates in the production of inflammato-
ry mediators. Although genome-wide expression studies pro-
vide evidence of macrophage activation in SSc, the trigger for
this is unclear.

In this regard, studies by Farina et al. implicate EBV-
mediated TLRS signaling in the chronic induction of innate
immune activation in diffuse SSc patient monocytes [20].
Consistent with these findings, aberrant expression and acti-
vation of TLRS in plasmacytoid dendritic cells (pDCs) from
patients with SSc have been shown to result in release of
IFN-o and CXCLA4 [21], which are upregulated in SSc. TLR
activation may also result from mycobiome dysregulation in

patients with SSc [22, 23], although the cell type responsible
for recognition of potential fungal antigens has not been iden-
tified yet.

The persistence of fibrosis in SSc suggests disease pro-
gression may also develop because of chronic stimulation
by endogenous ligands released during cell injury or
death. DAMPs have been implicated in the pathogenesis
of many autoimmune diseases, including systemic lupus
erythematosus (SLE) and rheumatoid arthritis (reviewed
in [24]), and innate immune activation by sterile stressors
may also play a role in SSc [25]. Endogenous mediators
of activation in SSc include the TLR4 ligand Tenascin C,
an ECM glycoprotein that is expressed at elevated levels
in the skin of SSc patients in the inflammatory subset
[26], and potentially heat shock proteins 70 and 90, which
are upregulated in SSc [27, 28] and facilitate TLR signal-
ing [29, 30]. While most studies of DAMPs have focused
on their regulation of fibroblast activation, it is possible
that these or other pattern recognition ligands transduce
signals that culminate in SSc macrophage activation.
Given these results and the important role of macrophages
in microbial clearance and T cell activation, further inves-
tigation of TLR signaling is warranted in SSc
macrophages.

Regulation of Macrophage Activation in SSc
Signaling Regulators

Because increasing evidence implicates a role for macro-
phages in disease pathogenesis, therapeutic targeting of these
cells may provide benefit for patients with SSc. Identification
of the signaling pathways that regulate SSc macrophage acti-
vation will be key to determining which mediators to target.
Two recent studies in mouse models of fibrosis have shown
that aberrant signaling of the Wnt/3-catenin pathway results
in pro-fibrotic macrophage activation and failure to resolve
fibrosis [31, 32]. Wnt signaling is known to be dysregulated
in patients with SSc [33], and recent clinical trial results sug-
gest the blockade of (3-catenin signaling by application of a
topical inhibitor, C-82, to skin shows therapeutic promise
[34+]. Although this study did not examine drug effects on
immune cells, it is possible that macrophage activation was
locally altered by Wnt signaling inhibition, given the plasticity
of these cells.

The JAK/STAT signaling pathway [33] is another potential
mediator of SSc macrophage activation, as dysregulation of
this pathway has been implicated in a number of fibrotic dis-
eases, including renal and hepatic fibrosis. For example, it has
been shown that binding of IL-4 to its receptor induces STAT6
phosphorylation, resulting in macrophage skewing toward a
pro-fibrotic phenotype [35, 36]. Notably, IL-4 is produced at
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significantly higher levels following stimulation of PBMCs
from patients with SSc and lung fibrosis or digital ulcers com-
pared with healthy control subjects [37], and elevated serum
IL-4 levels have also been reported in patients with SSc [38].
Thus, increased IL-4 expression may lead to enhanced STAT6
phosphorylation and macrophage activation in SSc patients.
Alternatively, STAT3, a well-established modulator of macro-
phage polarization (reviewed in [39]) that is known to be
dysregulated in SSc fibroblasts [40—42], may also be respon-
sible for inducing a pro-fibrotic phenotypic and functional
profile in SSc macrophages.

Dysregulation of TGF-f3 signaling may also underlie aber-
rant macrophage activation in SSc. TGF-f3 is a key mediator
of fibrosis in SSc [43] and has been shown to induce macro-
phage activation in fibrotic disease [44]. Macrophages secrete
TGF-f3 during wound healing and efferocytosis [45]. Given
the pro-fibrotic phenotype of SSc macrophages, it is also pos-
sible that aberrant autocrine production of TGF-f3 may influ-
ence macrophage activation in SSc. Intriguingly, a recent
study suggests efferocytosis is defective in SSc blood-
derived macrophages [46], which may result in altered cyto-
kine production. In addition, an open clinical trial with
fresolimumab, a neutralizing anti-TGF-[3 antibody, led to clin-
ical improvement in early diffuse patients with SSc [47],
supporting a role for TGF-f3 in disease pathogenesis. While
the analysis of clinical endpoints in this study was limited to
measures of fibrosis, it is possible that macrophage activation
was also altered, thus accounting in part for the demonstrated
clinical benefit. However, given the complexity of macro-
phage polarization and the exquisite sensitivity of these cells
to local micro-environmental cues (both soluble and contact-
dependent), it is likely that SSc macrophage activation derives
from regulation by multiple signaling pathways and that the
use of combination therapies will be necessary to effectively
combat disease progression.

Monocyte Epigenetics

Trained immunity is the concept that the innate immune sys-
tem has memory and adaptive characteristics, and epigenetic
reprogramming has been shown to play a critical role in main-
taining transcriptional memory in innate immune training and
tolerance [48]. In the context of chronic autoimmune and
autoinflammatory disorders, there is an epigenetic transcrip-
tional reprogramming toward increased monocyte and macro-
phage activation, where changes and dysregulation of chro-
matin architecture, epigenetic enzymes, and DNA methyla-
tion all play a role in disease pathogenesis [49]. In
Ciechomska et al., the addition of a histone methylation in-
hibitor (DZNep) and a TLR-8 agonist to a monocyte and
fibroblast co-culture system induced the upregulation of col-
lagen and «x-SMA genes in fibroblasts compared with untreat-
ed cells. These data suggest that histone demethylation and
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chromatin dysregulation in monocytes contribute to the
transdifferentiation of fibroblasts [S0]. In a more recent study,
chromatin immunoprecipitation followed by sequencing
(ChIP-seq) of monocytes from patients with SSc and healthy
controls demonstrated that SSc monocytes have altered global
chromatin marks. RNA-seq analysis showed that 381 genes
were differentially expressed proportional to the chromatin
mark alterations near their transcriptional start sites. These
genes were associated with immune, interferon, and antiviral
pathways, with binding sites for IRF and STAT transcription
factors at their promoters [51e°].

Consistent with these results, a recent study by Ramos
et al. demonstrated robust enrichment of DNAse I hyper-
sensitive sites (DHS) specific to myeloid cells in diffuse
cutaneous SSc (dcSSc) patients [52¢]. This work, which
assessed differential DNA methylation in whole blood of
twins discordant for SSc, used regulatory annotation to
predict disease-relevant cell types and showed that meth-
ylated cytosines in regulatory regions for myeloid cells
are enriched in dcSSc patients [52¢].

Collectively, these data support the hypothesis that there is
an inherent dysregulation in monocytes from patients who
develop SSc, and aberrant epigenetic reprogramming may
be critical in the initiation and development of this disease.

Therapeutic Implications

SSc treatments in current clinical use are broad-acting
immunosuppressors and inhibitors of proliferation directed
mainly against mediators of adaptive immunity, yet none of
these therapies specifically target macrophages. Despite this, a
number of clinical trials conducted with SSc patients have
documented effects on macrophage gene and surface marker
expression. The effects of pharmacological interventions on
the immunophenotypic profile of SSc macrophages are sum-
marized here.

Fresolimumab

Fresolimumab is a high affinity human monoclonal anti-
TGFf3 antibody that neutralizes all three isoforms of TGFf3
[47, 53, 54]. Phase 1 and 2 clinical trials demonstrated that
fresolimumab is well-tolerated in patients with primary resis-
tant glomerulosclerosis, which is a progressive fibrosis of the
glomerulus in the kidneys, and has modest, though not signif-
icant, effects on fibrosis [53, 54]. In a trial with SSc patients,
fresolimumab improved skin fibrosis and significantly de-
creased the expression of TGFf-regulated genes, including
THBS1, SERPINEI, CTGF, and COLI0AI. Significantly,
the expression of macrophage/monocyte-associated genes
CD163 and MS4A4A in SSc patient skin was also attenuated
by fresolimumab treatment [47].
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Mycophenolate Mofetil

A study of mycophenolate mofetil (MMF) in SSc¢ demon-
strated that patients most likely to derive clinical benefit
from drug treatment were in the inflammatory molecular
subset, suggesting MMF modulates immune cell activation
[7]. In a follow-up gene expression analysis with a larger
patient cohort, MMF treatment was associated with de-
creased inflammatory gene expression scores, downregu-
lated mRNA and protein levels of the macrophage chemo-
attractant CCL2, inhibited monocyte migration, and re-
duced numbers of macrophages in SSc patient skin. This
longitudinal inflammatory signature pattern correlated
significantly with monocyte, macrophage, and dendritic
cell (DC) gene expression signatures. Notably, these ef-
fects were abrogated with cessation of MMF use. These
combined data suggest that these myeloid cell types are
highly correlated with the inflammatory molecular sig-
nature in the skin and may regulate skin fibrosis in SSc

[4].
Pirfenidone

Pirfenidone (PFD), which is approved for the treatment of
idiopathic pulmonary fibrosis (IPF)/interstitial lung dis-
ease (ILD), attenuates lung fibrosis by inhibiting the ex-
pression of inflammatory cytokines, chemokines, growth
factors, and pro-collagens. PFD dose-dependently de-
creased the secretion of TNF, IL-1f3, IL-10, GM-CSF,
IP-10, and MIP-13 by alveolar macrophages isolated
from patients with IPF/ILD [55], and suppressed M2 al-
veolar macrophage polarization, but had no effect on the
expression of M1 macrophage markers [56]. In the
cGVHD (chronic graft-versus-host disease) mouse model
of fibrosis, PFD restored pulmonary function and reversed
IPF symptoms, coincident with decreases in macrophage
infiltration and TGF-3 production. PFD also significantly
reduced macrophage cell numbers in skin and in vitro
CCL2-directed macrophage chemotaxis [57¢¢].

Given these results, a phase II trial was undertaken to
study the safety and tolerability of PFD in patients with
scleroderma-associated interstitial lung disease
(LOTUSS). Data from this study demonstrated that PFD
has an acceptable tolerability profile that is not adversely
affected by concomitant treatment with MMF [58¢]. Drug
effects on macrophage activation were not evaluated in this
trial, but based on earlier reports in IPF, it is possible that
SSc macrophage polarization and/or recruitment are al-
tered through PFD modulation of signaling pathway acti-
vation. A recent report demonstrated that lung tissues from
patients with SSc-ILD have increased the activation of the
hedgehog (Hh) signaling pathway, which was inhibited by
PFD [59]. Notably, Hh ligands mobilize myeloid cell

migration [60] and enhance macrophage activation
[61]. In addition to these studies, there are several ac-
tive clinical trials that are evaluating the efficacy of
PFD in SSc-related manifestations, one completed, two
recruiting, and one not yet recruiting. This includes the
Scleroderma Lung Study III, which will evaluate the
efficacy of combining PFD with MMF in the treatment
of SSc-ILD (NCT03221257).

Nintedanib

Nintedanib (NTD), a small-molecule tyrosine kinase in-
hibitor, is another recently approved therapy for IPF and
ILD that targets angiogenic factor receptors, including
PDGF, FGF, and VEGF [62¢¢]. NTD has been shown to
reduce macrophage activation and lessen vascular and fi-
brotic symptoms in the Fra-2 mouse model of SSc [62¢e,
63]. In vitro reports indicate that NTD significantly re-
duces M2 macrophage markers, including CD11b,
CD206, CD200R, and CD209, but does not suppress
membrane surface expression of M1 markers, CD40,
CD80, CD83, and CD86 [64]. Based on preclinical evi-
dence, the FDA granted NTD fast-track status for SSc-
ILD patients, and phase III (SENSCIS) [65] clinical trial
results should provide significant information about the
clinical course of SSc-ILD and NTD-mediated effects on
immune activation and fibrosis.

Tocilizumab

IL-6 contributes to the pathogenesis of SSc through direct
effects on fibrosis and inflammation, and blockade of IL-6
receptor binding with the humanized monoclonal antibody
tocilizumab results in improvements in both skin sclerosis
and SSc-associated polyarthritis in SSc patients [66, 67].
These promising results led to the faSScinate study, which
was the first randomized, placebo-controlled, phase II trial
of tocilizumab for the treatment of SSc. Although
tocilizumab-treated SSc patients did not demonstrate sta-
tistically significant improvement in skin thickness, clini-
cally relevant increases in lung function were observed.
Expression of genes associated with macrophage activa-
tion, including CCL18, was reduced by tocilizumab treat-
ment [68¢], suggesting IL-6 plays a role in the regulation
of SSc macrophage activation. IL-6/STAT3 signaling is a
well-established regulator of macrophage polarization in a
variety of pathologies, including cancer (reviewed in [69]),
although this signaling pathway has not been shown to
direct the activation of SSc macrophages.

As greater insight into the molecular mechanisms that reg-
ulate disease pathogenesis and progression emerges, targeted
therapies that interrupt these mediators and signaling path-
ways can be rigorously tested in clinical trials. Because of
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the clinical heterogeneity associated with SSc, it may be opti-
mal to consider molecular subsetting of SSc patients to tailor
the appropriate intervention to the patient population most
likely to derive clinical benefit. In this regard, macrophage-
targeted therapies may be most useful for treating SSc patients
in the inflammatory molecular subset.

Conclusion

Given the role imputed to macrophages in the regulation
of fibrosis in SSc, therapeutic interventions to modulate
SSc macrophage activation may have significant clinical
benefit (Fig. 1). However, translational opportunities
must be developed in the context of emerging knowl-
edge of the functional phenotype of SSc macrophage

subsets. Characterization of these subsets will likely re-
veal new targets for precision therapy. Much of the con-
fusion about the SSc macrophage immunophenotype
stems from bulk purification methods and reliance on a
handful of surface markers to define polarization. It is
entirely possible, indeed likely, that SSc end-target or-
gans contain multiple subsets of differentially polarized
macrophages that mediate different functions in disease
pathogenesis. Comparative transcriptomic analyses and
single-cell RNA-sequencing approaches may address
SSc macrophage complexity by providing unbiased clas-
sification of cells. Characterizing SSc macrophages
based on their functional and transcriptional profiles will
help eliminate polarization ambiguity and will inform
studies to determine the function of these cells in SSc
pathology.
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Fig. 1 Model of SSc pathogenesis, highlighting monocyte/macrophage
involvement and therapeutic interventions. (1) Genetic susceptibility
combined with an environmental insult provides a signal to initiate SSc
pathogenesis. (2) This triggers innate immune and inflammatory
activation, downstream Wnt, JAK/STAT, and Hedgehog signaling
activation, leading to the increased expression of fibrotic mediators,
including TGF-3 and IL-6. (3) Monocytes are recruited to the end-
target tissue, resulting in pro-fibrotic macrophage activation. (4)
Activated macrophages release pro-fibrotic cytokines, growth factors,
and inflammatory mediators, resulting (5) in the differentiation of
fibroblasts from adipocytes, fibroblast activation, and activation/
recruitment of myofibroblasts. Persistent activation and inflammation
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cause sustained fibrosis, which is exacerbated by TGF-f-mediated
stimulation of pro-fibrotic PDGF production. (6) Continued
proliferation leads to collagen deposition, extracellular matrix
production, and chronic fibrosis. Therapies that modulate fibrosis and
macrophage activation include as follows: pirfenidone (PFD), an anti-
fibrotic therapy that inhibits hedgehog signaling and TGF-3; C-82, a
topical inhibitor of 3-catenin signaling; mycophenolate mofetil (MMF),
which inhibits lymphocyte proliferation; fresolimumab, an anti-TGF-3
antibody that inhibits all three isoforms of TGF-3; and nintedanib (NTD),
a small-molecule tyrosine kinase inhibitor that targets angiogenic factor
receptors
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