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Abstract The pathogenesis of systemic sclerosis is still un-
known, although immune cells, mainly macrophages/mono-
cytes, may have an important role in initiating and/or perpet-
uating the disease. Macrophages and monocytes are often
classified as pro-inflammatory M1 phenotype or classic acti-
vation and pro-fibrotic/anti-inflammatory M2 phenotype or
alternative activation. In this review, we highlighted the most
relevant research regarding the involvement of macrophages/
monocytes in the pathogenesis of this complex disease.
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Introduction

Systemic sclerosis (SSc) is a chronic autoimmune disease of
unknown etiology characterized by inflammation, vascular
injury, and fibrosis. The triggers that initiate and/or perpetuate
this complex phenotype remain uncertain. One of the hypoth-
eses is that some of the pro-fibrotic and/or pro-inflammatory
factors known to have an important role in the pathogenesis of
the disease might be released or be activated by immune cells,
mainly monocyte/macrophages. In this review, we will dis-
cuss the most recent data regarding the involvement of
monocyte/macrophages in the development and in the pro-
gression of the SSc disease.

Overview of the M1-M2 Concept: Background and New
Paradigms

Macrophages are key regulator and effector cells that based on
their activation status can influence a response cascade of the
immune system. The classic M1 activated macrophage was
originally described in combination of two signals, interferon-
gamma (IFNg) and tumor-necrosis factor (TNF), resulting in a
macrophage population with strong microbicidal or
tumoricidal capacity that secretes high levels of pro-
inflammatory cytokines and mediators [1]. On the other ex-
treme are the M2 macrophages or alternatively activated mac-
rophages, firstly described in extracellular parasitic infections
with increased interleukin-4 (IL4), a Th2 environment [2].

Nowadays, in a genomic era and with better knowledge of
cytokine signaling, we have a much more complex picture
regarding monocyte/macrophage activation. Although the
purpose of this review is not to describe in detail the M1 and
M2 paradigm, it is important to highlight signaling pathways
and gene expression singularities between M1 and M2 stim-
uli. As described below, numerous signals can influence mac-
rophage physiology with the main purpose to preserve ho-
meostasis; however, each of these activations might have dan-
gerous consequences if not appropriately regulated. For ex-
ample, M1 macrophages can ultimately cause intensive in-
flammation and tissue damage, or even predispose to neoplas-
tic transformation. On the other hand, M2 macrophages nor-
mally involved in wound healing can induce fibrosis, exacer-
bate allergic processes, and predispose the host to infection
[3].

In the most recent review about the M1 and M2 theory by
Martinez and Gordon [4••], the authors grouped these two
concepts according to relevant receptors and key signaling
mediators. In a simplistic way, M1 stimuli could be divided
in three subgroups. First, the classic with IFN-gamma as the
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main cytokine inducing M1 activation through IFNGR-1 and
IFNGR-2 that recruits Janus kinase (JAK) 1 and JAK2 adap-
tors that activate STAT1 and interferon regulatory factors
(IRF). The second subgroup involves pattern recognition re-
ceptors through Toll-like receptor (TLR) signaling. Lipopoly-
saccharide (LPS) is the best-studied M1 macrophage signal
and is recognized by TLR4. Conventionally, TLR4 activation
leads to a strong pro-inflammatory cytokine profile that is
controlled by NF-kB, activator protein 1 (AP-1), IRFs,
STAT1, and early growth response (EGR). The third group
is related to granulocyte macrophage colony-stimulating fac-
tor (GM-CSF), which recruits JAK2 to activate STAT5, extra-
cellular signal-regulated kinase (ERK), AKT, NK-kB, and
IRF5.

On the other hand, the M2 group is considered even more
complex with five subgroups [4••]. An IL-4 stimulus is one of
the initial M2 groups of ligands. It interacts with IL-4Ra1
activating JAK1 and JAK3 leading to STAT6 activation. IL-
13 signaling is similar to IL-4, although not totally overlap-
ping. The second M2 subgroup involves Fc gamma receptor
family leading to spleen tyrosine kinase (Syk) and
phosphoinositide 3-kinase (PI3K) activation. The third group
includes glucocorticoids stimuli that bind to the glucocorticoid
receptor alpha. This complex interacts with transcription fac-
tors affecting adherence, spreading, phagocytosis, and apopto-
sis of monocytes. An IL-10 stimulus is the fourth subgroup of
M2 ligands. It binds to the IL-10 receptor leading to activation
of STAT3 and inhibiting expression of many pro-
inflammatory cytokines. The last subgroup of M2 stimuli is
M-CSF that leads to activation of ERK, PI3K, phospholipase
C, and SP1 nuclear localization.

It is important to highlight here that the macrophage clas-
sification is still a work in progress, as proposed by Guilliams
and van de Laar [5], where they suggest a nomenclature sys-
tem in two levels. First level would be based on a restricted set
of names according to their cellular origin that would be ap-
plicable across species and across tissues. And a second level
would be more flexible depending on the activation state or
localization of the cells.

For the purpose of this review, a dichotomized classifica-
tion based upon M1 and M2 activation will be used to clarify
descriptions of the studies. The lists of the most frequently
used M1 and M2 macrophage markers and/or cytokines/re-
ceptors involved in their activation are provided with citations,
below [1, 4••, 6]. The list is not comprehensive nor does in-
clude all the currently aspects of the M1-M2 paradigm.

M1 macrophage markers include inducible nitric-oxide
synthase (iNOS), suppressor of cytokine signaling (SOCS1),
CD64, CD86, TLR2, TLR4, CCR7, interleukin 12 (IL-12),
IL-6, CXCL9, CXCL10, and CXCL11.

M2 macrophage markers include mannose receptor C type
1 (MRC1 or CD206), macrophage scavenger receptor 1
(MSR1 or CD204), C-type lectin receptor DCL-1 (DCL-1),

membrane-spanning 4-domains, subfamily A, member 4
(MS4A4A), CCR2, IL-10, CCL22, CCL18, CCL13, and
CCL17.

Evidence of Macrophage Involvement in the SSc
Human Disease

Blood

Almost 30 years ago, Andrews and colleagues [7] attempted
to better define the level of differentiation and activation of
monocytes in the blood of SSc patients. With what nowadays
we consider very rudimental tools, enzymatic assays and un-
specific cellular markers, the authors were able to show that
circulating monocytes are strongly activated in SSc patients.
Later on, Hussein et al. [8] showed that mononuclear inflam-
matory cells (no discriminatory cell markers were used), neu-
trophils, and eosinophils were significantly higher in the pe-
ripheral blood, in the bronchoalveolar lavage (BAL), and in
the skin of SSc patients compared to controls. They also ob-
served a higher CD4/CD8 ratios and an increased of TNFa
and IL1b in both BAL and blood of these patients. One of the
first studies focusing on specific macrophage/monocytes
markers involved in the interferon-mediated activation was
performed by York et al. [9]. They showed that Siglec-1
(CD169), macrophage marker induced by type I interferon,
was increased in circulating SSc monocytes and in the skin
macrophages. The authors showed a strong type I interferon
signature in SSc patients that was probably through TLR ac-
tivation with consequently IFN secretion leading to activation
of monocyte/macrophages in the blood and skin of SSc pa-
tients. Using a more comprehensive panel of markers,
Higashi-Kuwata et al. [10•] analyzed simultaneously skin
and blood samples from SSc patients in order to explore the
monocyte/macrophage population in these organs and their
involvement in the pathogenesis of the disease. Fifty-one pa-
tients were selected, and the authors observed a higher number
of cells positive for CD68 (pan-macrophage marker), CD163,
and CD204 in the perivascular regions and also between
thickened collagen bundles in the SSc skin compared to con-
trols. CD163 and CD204 are well-accepted markers for acti-
vated M2 macrophage [11]. When analyzing the blood, they
observed that peripheral blood mononuclear cells (PBMCs)
from SSc patients had a significantly greater population of
CD14+ cells compared to healthy donors. Interestingly, there
was no difference in this population between limited and dif-
fuse SSc subtypes. They further analyzed the CD14+ popula-
tion revealing that CD14+CD163+ cells were also in higher
numbers in PBMCs from SSc patients and the CD163+ cells
belonged to the CD204+ population, which the authors sug-
gested that could be the source of the CD163+ and CD204+
macrophages found in the SSc skin [10•]. Multiple reports
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have described CD163+ being increased in the serum of SSc
patients with high levels correlating with the disease severity
[12–15].

In a different approach, using gene expression analysis of
single cell types, Duan et al. [16] were able to demonstrate a
pattern of upregulated genes in both monocytes and CD4
lymphocytes populations in the blood of SSc patients. In more
detail, the authors analyzed the blood of diffuse and limited
SSc patients using a positive selection technique for CD14+
and CD4+ cell types. The gene expression signature of both
cell types was enough to distinguish patients from controls.
They confirmed the IFN-alpha signature in SSc blood cells in
the absence of this cytokine in the plasma, suggesting that
monocytes and CD4 lymphocytes respond locally to this cy-
tokine in the vessels. Interestingly, these signatures were sim-
ilar in both SSc subtypes.

Mathai et al. [17] had a similar hypothesis that monocytes
from the blood of patients with SSc-interstitial lung disease
(ILD) would also show pro-fibrotic, M2 features. They ob-
served that CD14+ monocytes in SSc-ILD express higher
levels of CD163 compared to controls. More importantly,
LPS stimulation of these cells increased CD163 expression
only in SSc-ILD CD14+ cells compared to controls. In order
to address functional differences in these monocytes, CCL18
levels in CD14+-cultured cells were measured showing a sub-
stantial increase in both baseline and LPS-stimulated cells
compared to controls. Taken together, they revealed a distinct
pro-fibrotic phenotype of circulating monocytes in SSc-ILD
that might be involved in the pathogenesis of lung fibrosis in
SSc disease.

PBMCs of SSc patients have also been extensively ana-
lyzed for gene signatures and cytokine profiles in order to
better understand the pathogenesis and also used for the de-
velopment of biomarkers for severe complications, such as
pulmonary arterial hypertension (PAH). One of the first stud-
ies using microarray gene expression profiling of PBMCs
from SSc-PAH and idiopathic PAH and controls was per-
formed by Grigoryev et al. in 2008 [18]. The authors indicated
that differential gene expression is detectable in PBMCs from
SSc-PAH patients and can be related to severity. More impor-
tantly, they observed a strong association of angiogenesis and
chemotaxis/inflammation, including CCL3 and CCL4 both
chemoattractives for monocytes/macrophages with the sever-
ity of PAH in SSc patients. Later on, Pendergrass et al. [19] in
a larger group of SSc-PAH patients confirmed the strong ex-
pression of vascular markers and again a clear monocyte sig-
nature in the blood of SSc-PAH patients. Our group validated
the presence of this unique monocyte signature in PBMCs of
SSc-PAH patients, and most importantly, we observed that
relevant monocyte/macrophage-related genes such as CCR1
and JAK2 were strongly expressed mainly in CD14+ cells of
these patients compared to controls [20]. One of the M2
markers, MRC1 (CD206 or mannose receptor 1) was

increased exclusively in SSc-PAH patients and strongly cor-
related with the pulmonary arterial pressure, by catheteriza-
tion. MRC1 was greatly increased after IL-13 stimulation and
with much higher expression in CD14+ cells. We also showed
a higher IL-13 concentration in the plasma of SSc-PAH pa-
tients, suggesting that the M2 markers found in this severe
group of patients might be a reflection of a strong Th2 envi-
ronment in the blood [20].

Skin

The recruitment of immune cells, including macrophages to
the peripheral tissues, depends mostly on chemokine gradi-
ents. Skin from SSc patients do have a well-described immune
cell infiltration mainly consisted by T cells and macrophages;
therefore, a strong expression of chemokines would be highly
expected. Following this hypothesis, Mathes et al. performed
a very comprehensive analysis of chemokine and chemokine
receptor expression in the SSc skin [21•]. They confirmed the
upregulation of several chemokines such as CCL2, CCL5, and
CXCL9 described before [22–25]. More interestingly, they
showed an upregulation of CCL18, CCL19, and CXCL13 in
the skin of SSc patients. The source of CCL19 appeared to be
from CD163+ macrophages, and its expression was strongly
correlated with macrophage markers in the skin, suggesting
that this chemokine might have a strong impact in activating
skin resident macrophages that eventually will secrete more
CCL19 perpetuating this activated loop. CCL19 was also
strongly correlated with vascular markers that might suggest
a role in the recruitment of macrophages in the SSc skin [21•].

CCL2 has been long recognized as a key player in the SSc
pathogenesis being shown to be upregulated in the skin [22,
23, 26, 27] of SSc patients and strongly correlated with the
modified Rodnan skin score (MRSS) [28, 29], a clinical skin
fibrotic score [30]. Serum levels of CCL2 are also higher in
SSc patients as shown by several groups; more importantly,
serum CCL2 was correlated with the MRSS strongly suggest-
ing that CCL2, and consequently the macrophage recruitment,
might be involved in the pathogenesis of the skin fibrosis [27,
28, 31–34]. Another important piece of evidence is that the
involvement of CCL2 might not be restricted only to the skin.
As was nicely shown by Assassi et al., skin gene expression
and plasma levels of CCL2 were strongly correlated with the
severity of lung fibrosis in SSc patients [35].

In terms of biomarker development, Stifano et al. [36] ob-
served an overexpression of TLR4 and its co-receptors, CD14
and MD2, in the skin of diffuse SSc patients. Most important-
ly, CD14 correlated with progressive skin disease assessed by
the change in MRSS 6 months after the skin biopsy. It was
considered the first prognostic biomarker identified in SSc
skin disease. CD14 is mainly expressed by macrophages, al-
though it can also be found in lower levels in neutrophils and
dendritic cells, and more recently, CD14 has been recognized
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to be expressed by many non-myeloid cells including endo-
thelial, epithelial cells, and fibroblasts [37]. Additional evi-
dence of the macrophage involvement in SSc skin disease
progression was observed by Rice et al. using a novel skin
biomarker [38]. The main goal of the study was the develop-
ment of a pharmacodynamic biomarker based on skin gene
expression, but it revealed in two separate models that macro-
phage markers such as MS4A4A, CD163, and CCL2 are
strongly correlated with the MRSS and can be used to monitor
skin disease activity longitudinally.

In order to identify the consensus genes present in three
independent cohorts of SSc skin biopsies, Mahoney et al.
[39] developed a computational tool that was able to perform
a meta-analysis of these genome-wide gene expression
datasets. In a simplistic way, the authors created a gene-gene
interaction network of conservedmolecular features across the
intrinsic subsets (inflammatory, fibroproliferative, normal-
like, and limited) and analyzed their connections with SSc-
associated genetic polymorphisms. The network shows five
main components interconnected with the first subnetwork
related to interferon activation, a second network containing
genes characteristic of M2 macrophage activation, and a third
molecular subnetwork containing genes involved in adaptive
immunity. The fourth molecular subnetwork contained TGFb
pathway and extra cellular (ECM) structural proteins, and the
fifth molecular subnetwork was related to cell cycle/cell pro-
liferation [39].

Lung

Interstitial lung disease (SSc-ILD) is one of the leading causes
of mortality in patients with SSc. Lung tissue from SSc-ILD
patients is not frequently available, and currently, biopsies
come mostly from lung transplantation patients. In a very
elegant study, Hsu et al. [40] showed using microarray analy-
sis of lung tissue from patients with idiopathic pulmonary
fibrosis (IPF), SSc-ILD, pulmonary arterial hypertension
(SSc-PAH), and idiopathic PAH (IPAH) that uniquemolecular
signatures are present as disease specific (SSc or IPF) and
phenotype specific (ILD or PAH). These molecular signatures
provided new insights into the pathogenesis of these two se-
vere complications of SSc; many genes in these signatures are
markers of alveolar macrophage activation and of fibrosis [40,
41]. Using a similar microarray analysis, our group examined
gene signatures in lung tissue from SSc-ILD patients on
whom two prospective clinical parameters were available;
therefore, the progression of the lung disease could be mea-
sured and correlated with the lung gene expression [42•]. We
confirmed Hsu’s data showing a strong fibrotic TGFb signa-
ture in SSc-ILD lungs. More importantly, we observed three
main lung gene signatures strongly correlated with the pro-
gression of the disease, based on clinical parameters. The
largest lung gene signature strongly related to progressive

lung disease was the macrophage emigration and activation,
with CCL18 and CD163 expression also confirmed at the
protein level. The fibrotic TGFb and the interferon signatures
were also correlated with progressive SSc-ILD [43]. Taken
together, these studies revealed molecular signatures in SSc-
ILD lung tissue, highlighted the major pathogenic pathways
involved in the pathogenesis and/or progression of lung fibro-
sis, and indicated that macrophages are key players.

As a surrogate for lung tissue, alveolar macrophages (AM)
have also been extensively studied in BAL from lungs of SSc
patients. The indication and the interpretation of this analysis
are not the focus of this review, but some of the functional
studies of these cells are relevant and should be mentioned.
White et al. [44] compared the gene expression profiles of
BAL cells from SSc patients with lung inflammation and pa-
tients without inflammation with the hypothesis that this could
reflect the cellular activation involved in the development of
lung fibrosis in SSc. Using DNA array technology, the authors
showed striking differences in gene expression of BAL cells
from SSc patients with inflammation. Of particular interest
was the increase in expression of CCL18 (PARC) and CXCR4
genes. CCL18 is a monocyte (M2)-derived chemokine that
induces T cell migration and collagen production by fibro-
blasts [45]. The authors were also able to show an increase
of CCL18 levels in BAL fluids from SSc patients with lung
inflammation, along with another important macrophage
chemoattractive chemokine CCL2. High levels of CCL18 in
SSc patients, mainly related to pulmonary fibrosis, were later
on confirmed by several groups, and it has been proposed for
use as a biomarker for pulmonary fibrotic activity in idiopathic
interstitial pneumonia and SSc-ILD [46–48].

Another very interesting study led by Hamilton et al. [49]
showed that AM from SSc-ILD patients responded more
strongly to LPS stimulation than controls, in agreement with
Mathai’s data showing an intense response of circulating SSc-
ILD monocytes after stimulation with LPS [17]. In addition,
markers of AM activation were significantly elevated in SSc
BAL samples compared to normal BAL. These phenotypical
changes in SSc AM were observed only in normal AM stim-
ulated with IL-4, but not after stimulation with INFg, IL-3, IL-
10, nor IL-12. The authors suggested that a more Th2 envi-
ronment might be responsible for the activation of AM in SSc-

Table 1 Cellular markers on macrophage/monocytes located in blood,
skin, and lungs

Localization Macrophage/monocyte markers References

Blood CD169, CD14, CD163, CD204,
CD206

[9, 10•, 11–16, 20]

Skin CD169, CD68, CD163, CD204
CD14, MS4A4A.

[9, 10•, 21•, 36, 38]

Lung CD163 [43]
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ILD patients [49]. See Table 1 for a summary of the references
regarding markers.

Conclusions

More than thirty years of research have revealed strong evi-
dence that macrophages/monocytes are involved in the path-
ogenesis of SSc, but their precise role in the disease is still
unclear. Furthermore, we have not yet identified which spe-
cific subset of macrophages is implicated in the development
and/or in the progression of this lethal chronic disease. The
presence of bothM1 and strongM2 signatures observed in the
skin, blood, and lungs of SSc patients is very clear. Our main
challenge for future research is to better define the mecha-
nisms and how relevant these cells are in perpetuating the
fibrotic loop. In order to solve this puzzle, we need better tools
both in animal models and in humans that will characterize at
the cellular level the contribution of specific monocyte/
macrophage in the development of the disease. Currently,
characterization of macrophages is an area of intense research
that with novel genetic tools will allow us to define specific
subsets that could potentially be targets for drug development.
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