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ABSTRACT
Systemic sclerosis (SSc), especially its 
life-threatening interstitial lung disease 
(SSc-ILD), urgently requires targeted 
therapies. This review highlights how 
macrophage heterogeneity, transcend-
ing the obsolete M1/M2 paradigm, 
acts as a central orchestrator of the 
pathogenic “fibro-immune axis” link-
ing vascular injury, immune dysregula-
tion, and fibroblast-mediated fibrosis. 
Single-cell RNA sequencing and spatial 
multi-omics reveal distinct, context-
dependent macrophage subsets with 
specialised roles across SSc tissues: 
secreted phosphoprotein-1 (SPP1+) 
macrophages dominate SSc-ILD, pro-
moting fibrosis via epithelial-mesen-
chymal transition and reciprocal acti-
vation of fibroblasts through IL-6/ERK 
signalling; FCGR3A+ macrophages 
drive skin inflammation and fibro-
sis via NF-κB and TGF-β pathways; 
while TREM2+ macrophages exhibit 
protective lipid clearance functions 
in skin. These subsets primarily origi-
nate from monocytes recruited through 
pathways such as CCL2-SPP1-ARG1 
and CXCL4. Crucially, spatial analy-
ses uncover “fibrotic niches” where 
macrophages and fibroblasts engage in 
pathogenic crosstalk, explaining the ef-
ficacy of IL-6 blockade (tocilizumab) in 
early SSc-ILD. Despite these advances, 
challenges remain in resolving tem-
poral dynamics and spatial signalling 
resolution. This integrated perspective 
establishes macrophage heterogeneity 
as a fundamental determinant of SSc 
progression and a critical frontier for 
mechanism-based therapeutics.

Introduction
Systemic sclerosis (SSc) is a devastat-
ing autoimmune disorder characterised 
by progressive vasculopathy, immune 
dysregulation and uncontrolled fibro-
sis affecting the skin and internal or-

gans, particularly the lungs. Interstitial 
lung disease (ILD) accounts for 35% 
of SSc-related mortality, with a 5-year 
survival around 70%, underscoring the 
urgent need for targeted therapies (1, 
2). Despite advances in understanding 
its pathogenesis, therapeutic options re-
main limited, partly due to unresolved 
complexities in the contributions of im-
mune cells. Skin biopsies have revealed 
elevated infiltration of monocytes/mac-
rophages in early-stage SSc skin fibro-
sis (3). Among these, macrophages have 
emerged as pivotal orchestrators of fi-
bro-inflammatory cascades (4-6), bridg-
ing vascular injury, immune activation 
and fibroblast-driven fibrosis, a triad 
termed the “fibro-immune axis” (7). 
Historically, macrophage roles in SSc 
were oversimplified into the M1/M2 
dichotomy, a model derived from bulk-
tissue analyses that masked critical het-
erogeneity and context-dependent plas-
ticity (8). This binary framework fails 
to explain clinical observations, such as 
the efficacy of anti-IL-6R (tocilizumab) 
observed only in early SSc-ILD (9), or 
the accelerated fibrosis observed in SSc 
compared to idiopathic pulmonary fi-
brosis (IPF). The advent of single-cell 
RNA sequencing (scRNA-seq) and 
spatial multi-omics has revolutionised 
macrophage heterogeneity profiling 
in SSc, revealing novel subsets with 
distinct roles in SSc pathogenesis. Un-
like previous scRNA-seq that primarily 
provided descriptive characterisation 
of cellular subtypes (10), this study 
integrates multi-omics data to identify 
several chemokine axes as the central 
driver of macrophage subsets differen-
tiation, thereby redefining the molecu-
lar hierarchy in fibrotic pathogenesis.

Overview of SSc immune process
SSc is a multifaceted autoimmune 
connective tissue disorder of unclear 
aetiology. The pathogenesis of SSc 
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revolves around a triad of intercon-
nected process: vasculopathy, immune 
dysregulation, and progressive fibrosis 
(11) (Fig. 1). Vascular injury, particu-
larly targeting endothelial cells (ECs), 
is considered a pivotal initiating event, 
leading to an imbalance between va-
soconstrictors and vasodilators, which 
results in capillary damage, vessel oc-
clusion, and tissue hypoxia (12). This 
process is driven by complex interac-
tions between genetic predisposition 
and environmental factors, including 
epigenetic modifications which am-
plify ECs damage and initiate aberrant 
immune response. Furthermore, anti-
endothelial cell antibodies (AECAs) 
exacerbate early vascular injury by 

promoting the release of pro-inflam-
matory mediators such as cytokines, 
chemokines and reactive oxygen spe-
cies (ROS) (13). These factors recruit 
immune cells, including macrophages 
and lymphocytes, to form perivascular 
infiltrates that sustain chronic inflam-
mation (14). Persistent inflammation 
activates myofibroblasts, the primary 
drivers of excessive extracellular ma-
trix (ECM) deposition, culminating in 
tissue fibrosis (15). Importantly, the 
vasculopathy not only drives fibrotic 
progression but also substantially in-
creases the risk of major cardiovascular 
events (16). These findings underscore 
the critical need to elucidate the under-
lying mechanisms of fibrosis to devel-

op more effective targeted therapies in 
SSc patients.

Reevaluating limitations of the 
M1/M2 paradigm
Macrophages are the dominant regu-
lators and immune cell population in 
SSc, whose dysfunction directly or 
indirectly contributes to the fibrosis 
process and abnormal regeneration. 
Notably, macrophages can sense their 
microenvironment and change how 
they behave through phenotypic plas-
ticity under different microenvironment 
(17), usually recognised as the M1/M2 
macrophage dichotomy, a traditional 
classification and an over-simplified 
in vitro model where monocyte-de-

Fig. 1. The overview of the potential mechanisms of SSc fibrosis. Initial vascular injury is partly caused by environmental factors, genetic mutations and 
autoimmune reaction from antibodies (AECAs). Vascular structural and functional abnormalities lead to excessive release of ROS and pro-inflammatory 
cytokines. The altered expression of cell adhesion molecules induces the infiltration of lymphocytes and macrophages. Recruited macrophages further 
exacerbate inflammatory signalling by producing more chemokines. Local fibroblasts, ECs and fibrocytes are activated and differentiated, resulting in vas-
culopathy, inflammation, autoimmunity and an excessive production of ECM.
AECAs: anti-endothelial cell antibodies; ROS: reactive oxygen species; DC: dendritic cell; ECs: endothelial cells; ECM: extracellular matrix.
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rived M1 macrophages were defined 
by LPS/interferon-γ as “pro-inflam-
matory” (18). Monocyte-derived M2 
macrophages were defined by IL-4/
IL-13 as “reparative”/ “profibrosis” 
(19). Furthermore, these macrophages 
are divided into: M2a (induced by IL-4 
or IL-13); M2b (induced by agonists 
of Toll-like receptors or IL-1R); M2c 
(induced by IL-10 and glucocorticoid 
hormones); M2d (induced by vascular 
endothelial growth factor, VEGF) (20, 
21) (Fig. 2).
Nowadays, many researchers have dis-
cussed the accuracy of this dichotomy 
model which fails to capture the func-
tional complexity of macrophages, as 
many macrophages often simultane-
ously highly express genes linked to 
inflammation and fibrosis, resisting 
clear categorisation. Besides, SSc mac-
rophages frequently exhibit hybrid phe-
notypes co-expressing CD86, TNF-α 
(M1-associated markers) and CD163, 
TGF-β (M2-associated markers), as 

evidenced by elevated mixed markers 
in SSc-ILD patients and co-detection 
of IL-12B (M1-associated) with TGM2 
(M2-associated) in SPP1+ lung mac-
rophages (22). For instance, in SSc-
ILD, a distinct TLR4+ M2 monocyte/
macrophage population (CD1c-CD80-

TLR4+CD163+CD204+CD206+) is sig-
nificantly enriched in peripheral blood 
and lung tissue, displaying both pro-
inflammatory (TLR4) and pro-fibrotic 
(CD163, CD206) features, further 
highlighting the inadequacy of the M1/
M2 framework. These cells co-localise 
with CD68+ fibrotic regions in the lungs 
of  SSc-ILD patients (absent in healthy 
control lung samples), secreting TGF-β 
and CCL18, deriving fibroblast activa-
tion and collagen deposition, and their 
elevated presence in peripheral blood 
correlates with SSc-ILD severity (23). 
Crucially, macrophage phenotypes are 
not static but exist on a dynamic con-
tinuum, continuously reshaped by dis-
ease-specific microenvironmental cues 

such as cytokine gradients, metabolic 
stress, tissue damage, and even drug us-
age (24, 25). In early diffuse cutaneous 
SSc (dcSSc, <5 years), macrophages 
express inflammatory genes (e.g., IL-6, 
TGF-β), deriving fibroblast activation, 
particularly in patients with anti-topoi-
somerase 1 antibodies (ATA), while in 
late-stage dcSSc (>5 years), they shift 
toward a pro-fibrotic phenotype, sus-
taining ECM remodelling (26). This in-
herent dynamism generates transitional 
and intermediate states that co-express 
hybrid M1/M2 markers, which evade 
binary classification. It’s been proved 
in many other diseases that traditional 
polarisation models systematically 
overlook these fluid states, which criti-
cally orchestrate fibro-inflammatory 
cascades during the pathogenesis of 
many diseases (27).
The advent of scRNA-seq has trans-
formed macrophage classification by 
allowing high-resolution analysis of 
these previously overlooked pheno-

Fig. 2. M0 macrophages, which originate from monocytes, polarise into classically activated M1 macrophages under pro-inflammatory stimuli such as 
LPS and IFN-γ, and express markers like CD86 and CD80, and secrete cytokines including IL-1β, IL-6, TNF-α, and IL-18. M1 macrophages promote Th1 
responses, tumour resistance, and inflammation. Alternatively, under anti-inflammatory or regulatory signals, such as IL-4 and IL-13, M0 macrophages 
polarise into M2 macrophages, which express markers such as CD163 and ARG1. M2 macrophages further subdivide into subsets: M2a (induced by IL-4/
IL-13, secreting IL-4 and IL-13, involved in wound recovery and anti-inflammation); M2b (induced by TLR/IL-1R ligands, secreting IL-10, contributing to 
inflammation and immunoregulation); M2c (induced by IL-10, secreting IL-10, supporting tissue remodelling and anti-inflammation); and M2d (induced by 
IL-12 and VEGF, promoting tumour progression and angiogenesis).
LPS: lipopolysaccharide; IFN-γ: interferon gamma; TNF-α: tumour necrosis factor alpha; ARG1: arginase 1; TLR: toll-like receptor; VEGF: vascular 
endothelial growth factor.
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types. These observations highlight the 
limitations of the M1/M2 paradigm in 
capturing macrophage plasticity and 
hybrid phenotypes in SSc. Ultimately, 
advanced technologies like scRNA-seq 
are essential to uncover dynamic mac-
rophage states for better understanding 
fibro-inflammatory processes.

Mapping macrophage heterogeneity
scRNA-seq resolves transcriptional 
heterogeneity by capturing genome-
wide expression profiles of individual 
cells, enabling the identification of rare 
subpopulations and their functional 
states within complex tissues. In SSc, 
this technology is pivotal for deconvo-
luting macrophage diversity beyond the 
traditional M1/M2 dichotomy, reveal-
ing disease-specific subsets that drive 
distinct pathogenic mechanisms. Defin-
ing these subtypes is critical for under-
standing their roles in fibro-inflamma-
tory cascades and ultimately improving 
clinical outcomes for SSc-ILD and skin 
fibrosis.

scRNA-seq identifies subgroups 
of macrophages
Despite therapeutic advances, SSc-ILD 
remains a major therapeutic challenge 
due to its early onset and rapid progres-
sion compared to idiopathic pulmo-
nary fibrosis (28, 29). scRNA-seq has 
identified disease-specific macrophage 
subsets that drive fibro-inflammatory 
cascades through spatially resolved 
mechanisms, transcending the limita-
tions of M1/M2 paradigms. 
FABP4+ macrophages, FCN1+ mac-
rophages, and SPP1+ macrophages 
have also been identified in SSc. SPP1+ 

macrophages are mainly found in 
SSc-ILD patients, while FABP4+ mac-
rophages and FCN1+ macrophages are 
found both in SSc and healthy controls 
(28, 30).
FABP4+ macrophages exhibit high 
expression of lipid-binding and meta-
bolic genes such as FABP4, INHBA, 
and ATP1B1, indicating a strong con-
nection to alveolar lipid processing 
and homeostatic maintenance (31). 
Compared to their role in IPF, FABP4+ 
macrophages in SSc-ILD demonstrate 
unique transcriptional signatures, no-
tably upregulated type I interferon 

signalling relative to IPF counterparts 
(32). Their persistent presence suggests 
a potential role in shaping immune reg-
ulation and tissue metabolic balance in 
SSc, although their direct fibrotic inter-
actions remain to be elucidated.
FCN1+ macrophages (also classified 
as monocyte-derived dendritic-like 
cells) are also present in both healthy 
and diseased SSc tissues. Character-
ised by high expression of monocyte 
markers such as FCN1, CD14, EREG 
and S100A8, they are enriched in early 
monocyte-to-macrophage transition 
states. FCN1+ myeloid cells correlate 
with activated monocyte-driven clus-
ters and exhibit proximity to conven-
tional type-2 dendritic cell populations 
(33). Trajectory analyses place them 
as intermediates in differentiation cas-
cades, linking peripheral monocyte 
recruitment to phenotypically ma-
ture macrophages, suggesting FCN1+ 
monocytes/macrophages may serve 
as key transitional populations in the 
SSc macrophage landscape, resulting 
in early immune infiltration and subse-
quent specialisation into disease-asso-
ciated subsets.
Critically, scRNA-seq reveals that 
SSc-ILD macrophages uniquely ex-
hibit constitutive MAPK signalling 
driven by oxidative stress and loss of 
the ANNEXIN-FPR inhibitory axis, 
distinguishing from IPF macrophages, 
which retain this feedback mecha-
nism (32, 34). This dysregulation is 
sustained by BCLAF1 and NFE2L2 
regulons, explaining SSc-ILD accel-
erated fibrosis. SPP1+ macrophage 
is the most enriched cluster in these 
macrophages, has specific proliferating 
properties, marked by upregulation of 
SPP1, MERTK, and LGMN (35, 36), 
and has hybrid gene expression related 
to M1 and M2 phenotype at the same 
time (37). scRNA-seq had detected the 
transcriptional activation of the epi-
thelial-mesenchymal transition (EMT) 
pathway, and the SPP1+ macrophages 
could induce EMT of alveolar epithe-
lial cells, leading to pulmonary fibrosis 
in SSc-ILD (32, 38). 
It has been proven that SPP1 produced 
by macrophages drives monocytes(39), 
some of which differentiate into specif-
ic macrophages, activating the VEGF 

and VISFATIN signalling pathways, 
further driving the downstream p38-
MAPK pathway (34). Ingenuity path-
way analysis suggests potential up-
stream drivers of SPP1+ macrophages 
as well as SSc-ILD phenotype, includ-
ing LPS, TGF-β, and IL-6, as well as 
other cytokines (28, 40, 41). This result 
explains that IL-6 inhibition with toci-
lizumab preserves lung function over 
48 weeks in patients with early SSc-
ILD (42). 
Currently, in SSc skin lesions, 
FCGR3Ahi macrophages exhibit a path-
ogenic triad: their pro-phagocytic ac-
tivity via elevated FCGR1A/FCGR2A, 
pro-inflammatory activity through NF-
κB-dependent IL-6/TNF secretion, and 
pro-fibrotic activity by TGF-β/JAK-
STAT/WNT activation (43). Besides, 
these clusters of macrophages show 
upregulated expression of genes cor-
related with the severity of SSc, such 
as MSR1, CD163, F13A1, CCL2, and 
MS4A4A (44). Gene ontology (GO) 
functional profile suggests FCGR3A+ 
macrophages are activated through 
TLR signalling (33), consistent with 
several recent studies that placed TLR 
signalling upstream of inflammatory 
and pro-fibrotic changes in SSc (45, 
46). Patients with expanded FCGR3A+ 
macrophages display elevated expres-
sion of genes correlated with the sever-
ity of dcSSc as assessed by the modi-
fied Rodnan Skin Score (mRSS)  and 
accelerated fibrosis progression, con-
firming their role as drivers of the 
“vascular injury-fibrosis axis” in SSc 
pathogenesis (33).
Other discoveries have turned attention 
towards the central role of the TREM2 
(a sensor recognising multiple lipid 
species) receptor in diverse pathologies 
as a major pathology-induced immune 
signalling hub for sensing tissue dam-
age (47). An upregulation of TREM2+ 
macrophage alteration in human skin 
lesions of dcSSc and localised scle-
roderma has been found during skin 
fibrosis progression. This elevated ex-
pression is mainly seen in macrophage 
subpopulations but not in other cell 
types from mouse injured skin (48), 
consistent with reported studies that 
TREM2 is mainly limited to mac-
rophages (49, 50). Functional analysis 
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of TREM2+ Macrophages demonstrates 
a reduction of several genes related to 
inflammation as well as fibrosis; mean-
while, an upregulation of genes related 
to phagocytosis, extracellular matrix 
remodelling and cell survival, which 
corresponds to the previous study (50). 
Critically, this subset highly expresses 
lipid transport genes (PLTP, APOE), 
which enhance lipophagy to clear toxic 
lipids released by damaged cells, and 
this result is consistent with a recent 
report that TREM2+ macrophages har-
bour an intrinsic proinflammatory func-
tion mediated by MS4A7-dependent 
NLRP3 inflammasome activation (51). 
Nevertheless, prolonged lipid droplets 
exposure and efferocytosis promote 
further polarization of macrophages 
toward an anti-inflammatory pheno-
type, thereby blocking lipotoxicity-
induced fibroblast activation (48, 52). 
However, recent studies also implicate 
TREM2 in promoting tissue fibrosis, 
particularly in IPF. Notably, TREM2+ 

macrophages often co-express SPP1, 
driving M2 polarization via the JAK2/
STAT3 signalling pathway, which ac-
celerates lung fibrosis in IPF (53). This 
overlap between TREM2+ and SPP1+ 
macrophage subsets underscores their 
potential synergistic role in fibrotic 

niches. Ultimately, whether this syner-
gistic role exists in SSc requires further 
investigation.
In the bleomycin-induced SSc skin 
fibrosis mouse model, scRNA-seq 
combined with flow cytometry identi-
fied a dominant CD206hiMHCIIlo mac-
rophage population, distinct from clas-
sical M2 macrophages, which typically 
express both CD206 and high MHC Ⅱ 
following IL-4/IL-13 stimulation. Neu-
trophil infiltration is a prerequisite for 
the accumulation of these macrophag-
es. This subset co-expresses high levels 
of MerTK, ARG1, IL-10, and TGF-β1, 
hallmarks of alternative activation, 
but its notably low MHCⅡ suggests 
reduced antigen-presenting capacity 
and skew toward a regulatory, tissue-
remodelling phenotype (54). Corre-
spondingly, soluble CD206 levels were 
elevated in the serum of dcSSc patients, 
correlating with disease activity (55). 
Functional inhibition using CD206-
targeted peptides significantly reduced 
TGF-β1 production, reinforcing the 
pathogenic relevance of this popula-
tion (56). Collectively, these findings 
substantiate the central role of CCR1+, 
MARCO+, TREM2+, FCGR3A+, and 
CD206hiMHCIIlo M2-like macrophages 
as proliferative, regulatory, and fibrot-

ic actors within the SSc skin immune 
microenvironment (Table I). Results 
above illustrate the diversity of mac-
rophage subsets identified by scRNA-
seq in SSc-ILD and skin lesions, imply 
targeting key pathways like IL-6 and 
TGF-β in these subsets holds promise 
for mitigating fibrosis progression.

Differentiation source 
of macrophage subsets
Tissue-resident alveolar macrophages 
(TR-AMs) originate from embryonic 
yolk sac and foetal liver progenitors, 
colonising the lung shortly after birth 
and persisting throughout their lifes-
pan (57). In contrast, following injury 
or inflammation, circulating CCR2+ 
monocytes are recruited to the alve-
oli via chemokines and differentiate 
into monocyte-derived macrophages 
(Mo-AMs). Unlike TR-AMs, these 
monocyte-derived macrophages often 
exhibit heightened inflammatory and 
pro-fibrotic gene expression, contribut-
ing significantly to fibrotic remodelling 
in fibrosis diseases such as SSc (58). 
To date, there are few lineage-tracing 
studies for TREM2+ macrophages in 
SSc skin, and it remains controversial 
whether they derive from circulating 
monocytes or embryonic progenitors 

Table I. Enriched macrophage cell populations in SSc and their pathogenic function.

Macrophage subtypes	 Gene signature	 Disease specificity	 Sample	 Pathogenic function 
				    (associated pathways)

TLR4+M2	 TLR4, CD163, CD204	 disease-specific: enriched in SSc-ILD, 	 lung/peripheral	 pro-fibrotic (TLR4 signalling)
		  absent in health.	 blood	

FABP4+	 IRF9, FABP4	 constitutively present in healthy lung; 	 lung	 lipid metabolism (type I IFN
		  expanded in SSc-ILD		  signalling)

SPP1+	 MERTK, LGMN, SPP1	 disease-specific: enriched in SSc-ILD,	 lung	 pro-fibrotic (IL-6/ERK; CCL2- 
		  minimal in healthy lung		  SPP1-ARG1 signalling; CXCL4; 	
				    p38-MAPK)

FCN1+	 FCN1, CD14, IL-1B	 present in health and SSc (enriched in 	 lung/skin	 inflammatory
		  disease)	

CCR1+	 MMP9, HMOX1	 homeostatic in skin; pathologically 	 skin	 pro-fibrotic (ECM remodelling, 
		  activated in SSc		  Interferon-γ Pathway)

MARCO+	 SEPP1, CCL13	 homeostatic in skin; pathologically 	 skin	 pro-fibrotic (IFN type I and γ)
		  activated in SSc	

TREM2+	 TREM2, APOE, PLTP, 	 disease-induced: minimal in healthy skin,	 skin	 anti-fibrotic (NLRP3 inflamma- 
	 CCR2, LY6C2	 enriched in SSc fibrosis		  some activation)

FCGR3A+	 TGFB1, FCGR3A, 	 disease-specific: absent in health, defines	 skin	 pro-fibrotic/ pro-phagocytic/ pro-
	 MS4A4A	 severe SSc skin involvement		  inflammatory (NF-κB pathway; 	
				    TGF-β pathway)

CD206hiMHCIIlo	 MERTK, ARG1	 Inactive in normal skin, activated in SSc 	 skin	 pro-fibrotic
		  skin fibrosis	
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(59, 60). scRNA-seq profile detected 
higher expression of CCR2, LY6C2, 
and PLAC8 genes in TREM2+ mac-
rophages, indicating a likely origin from 
circulating monocytes (48).
Trajectory pseudo-time (a scRNA-seq 
algorithm that tracks the relationship 
between transcriptomes of single cells) 
analysis of myeloid cells in SSc patients 
revealed that FCGR3A+ macrophages 
are closely related and even admixed 
with CCR1+ macrophages, while also 
exhibit spatial and transcriptional 
proximity to MARCO+ macrophages, 
suggesting CCR1+ macrophages and/
or MARCO+ macrophages may act as 
progenitors of FCGR3A+ macrophages 
(33). Notably, both CCR1+ and MAR-
CO+ macrophages are present in healthy 
skin, where they are known to play es-
sential roles in maintaining tissue ho-
meostasis and promoting wound heal-
ing (61). However, under pathological 
conditions such as SSc, these resident 
macrophage subsets undergo aberrant 
activation, proliferation, or phenotypic 
switching, contributing to the emer-
gence of FCGR3A+ macrophages, driv-
ing fibrosis and immune dysregulation 
(62). This transition underscores the 
plasticity of tissue-resident macrophag-
es and highlights their context-depend-

ent roles, which may be therapeutically 
targeted to modulate macrophage polar-
isation and fibrotic progression in SSc 
(63). 
Emerging evidence implicates 
CD14+CD68+ monocytes and CD14+ 
macrophages as pivotal mediators in 
SSc pathogenesis, with their abundance 
positively correlating with clinical se-
verity indices such as mRSS and ILD-
GAP index (64). Beyond numerical 
increases, these cells exhibit functional 
reprogramming toward a pro-fibrotic 
phenotype. CyTOF-based profiling sug-
gests these monocytes may differentiate 
into SPP1+ macrophages via a CCL2-
dependent axis (65). This CCL2-SPP1-
ARG1 signalling axis orchestrates a 
feedforward loop: CCL2 not only re-
cruits monocytes to fibrotic niches but 
also induces SPP1 expression, which 
in turn upregulates ARG1 to potentiate 
collagen synthesis and myofibroblast 
activation. Both CCL2 and SPP1 are 
considered to increase in SSc, position-
ing them as another promising therapeu-
tic target for SSc (66). Parallel to this, 
an alternative route delineated by Gao 
et al. (67) demonstrates that circulating 
monocytes activated by tissue-immobi-
lised immune complexes (ICs) differen-
tiate into OPN+ (also known as SPP1+) 

macrophages via autocrine M-CSF/
IL-6 signalling, whereby IC engage-
ment triggers monocyte morphological 
transformation, sustained SPP1 secre-
tion, correlating with progressive skin 
and lung fibrosis in SSc patients. These 
findings align with recent concepts 
(68, 69). Further integrating platelet-
derived signals, trajectory pseudo-time 
analysis reveals that CXCL4 released 
from activated platelets serves as a dual 
regulator: priming pro-fibrotic mono-
cyte activation and instructing SPP1+ 
macrophage differentiation through 
platelet-monocyte crosstalk (70). This 
aligns with clinical observations of el-
evated CXCL4 in SSc patients, where 
its levels correlate with inflammatory 
signatures and macrophage-driven fi-
brogenesis (71, 72) (Fig. 3). These 
findings reveal that most pathogenic 
macrophage subsets in SSc, including 
SPP1+, FCGR3A+, and TREM2+ popu-
lations, predominantly originate from 
circulating monocyte recruitment rather 
than tissue-resident progenitors. Target-
ing monocyte recruitment axes such as 
CCL2-CCR2, CXCL4, and immune 
complex signalling therefore represents 
a promising strategy to interrupt patho-
genic macrophage differentiation and 
halt fibrotic progression in SSc.

Fig. 3. In the lung, monocyte-derived macrophages adopt pro-fibrotic SPP1+ phenotypes, partially driven by IC stimulation, and alveolar macrophages 
transition into FABP4+ macrophages under disease conditions. In the skin, monocytes give rise to transcriptionally diverse subsets, including TREM2+, 
FCN1+ and CD206hiMHCⅡlo macrophages. Resident CCR1+ and MARCO+ macrophages are also present in healthy skin and may transition into FCGR3A+ 

macrophages under pathological conditions. 
IC: immune complex; CCR1: C-C chemokine receptor type 1; MARCO: macrophage receptor with collagenous structure; FCGR3A: Fcγ receptor Ⅲa; 
TREM2: triggering receptor expressed on myeloid cells 2; FCN: Ficolin-1; SPP1: secreted phosphoprotein 1; FABP4: fatty acid-binding protein 4.
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Spatial interplay and reciprocal 
activation between fibroblast and 
macrophage
Fibroblast subpopulations in SSc
Fibroblasts are critical drivers of in-
flammatory and fibrotic processes in 
SSc, contributing to disease progres-
sion through diverse functional roles 
(73, 74). scRNA-seq has revealed sev-
eral dermal fibroblast subtypes with 
disease-specific transcriptional profiles, 
each characterised by unique gene sig-
natures and pathogenic contributions in 
SSc samples (Table II). In early SSc, 
SFRP4/SFRP2+ and PRSS23/SFRP2+ 

fibroblasts subsets are enriched, pro-
moting inflammation and ECM re-
modelling. SFRP4/SFRP2+ fibroblasts 

express pro-inflammatory chemokines, 
co-localising with immune infiltrates to 
facilitate recruitment, while PRSS23/
SFRP2+ fibroblasts show increased ex-
pression of proteases such as PRSS23, 
contributing to ECM remodelling in 
early fibrogenesis. SFRP4/SFRP2+, 
PRSS23+/SFRP2+, and COMP+ fibro-

blasts are considered a differentiation 
continuum, as these cells showed more 
overlap in gene expression and less 
distinct expression patterns from each 
other. Pseudo-time analysis shows a 
linear progression from SFRP2+ to 
PRSS23+ fibroblasts, culminating in 
SFRP2+/PRSS23+/SFRP4+ fibroblasts 
(75). COMP+ fibroblasts, defined by 
SFRP2, PTGDS, and COMP expres-
sion, are increased in SSc skin, driving 
fibrotic tissue remodelling and coagu-
lation via IL-10 signalling. COL11A1+ 
fibroblasts, expressing TNMD, MFAP5 
and GPC3, are also enriched in SSc and 
act as myofibroblast precursors. The 
abundance of COMP+ and COL11A1+ 
fibroblasts correlates with clinical se-
verity, as measured by mRSS (76). 
CCL19+ fibroblasts are a proinflamma-
tory fibroblast population, expressing 
multiple chemokines and cytokines, 
promoting immune cell recruitment 
and activation (77). MYOC+ fibroblast 
signatures showed prominent regula-
tion of processes relevant to vascular 

homeostasis and alterations in lipid 
metabolism; meanwhile, another popu-
lation with major regulatory effects on 
vasculature is ANGPTL7+ fibroblasts. 
The signatures of ANGPTL7+ fibro-
blasts were inversely correlated with 
the markers of fibroblast activation 
and collagen thickness (76). CXCL12+ 
fibroblasts expressed genes related to 
immature cells and prominent regula-
tion of IL-10 signalling. PI16+ fibro-
blasts (previously labelled by LGR5 
fibroblasts (78)) were characterised by 
alterations in cholesterol metabolism 
and multiple terms related to apoptosis. 
The proportion of PI16+ and CXCL12+ 
fibroblast signatures was inversely cor-
related with the local skin score, the 
total mRSS, and the skin thickness 
progression rate (STPR), indicating po-
tential antifibrotic effects of PI16+ and 
CXCL12+ cells. In contrast, the pro-
portions of SFRP4/SFRP2+, PRSS23/
SFRP2+, COMP+, COL11A1+, and 
CCL19+ fibroblast signatures were pos-
itively associated with clinical metrics 

Table II. Enriched fibroblast cell populations in SSc and their clinical outcome.

Fibroblast subtypes	 Gene signature	 Disease specificity	 Pathogenic function	 Clinical outcome

SCARA5+	 SCARA5	 Decreased in SSc	 Myofibroblast progenitor	 Inversely correlated with the skin 
				    fibrosis

POSTN+	 POSTN, ACTA2	 Increased in SSc	 Myofibroblast, Promoting the 	 Positively correlated with the skin
			   fibrotic process	 fibrosis

SFRP4/SFRP2+	 SFRP4, SFRP2	 Increased in SSc	 Fibrotic tissue remodelling, 	 Positively correlated with the local
			   coagulation	 skin score, mRSS, and STPR

PRSS23/SFRP2+	 PRSS23, SFRP2	 Increased in SSc	 Fibrotic tissue remodelling, 	 Positively correlated with the local
			   coagulation	 skin score, mRSS and STPR

COMP+	 SFRP2, PTGDS, COMP	 Increased in SSc	 Fibrotic tissue remodelling, 	 Positively correlated with the local
			   coagulation	 skin score, mRSS and STPR

COL11A1+	 TNMD, MFAP5, GPC3	 Increased in SSc	 Fibrotic tissue remodelling, 	 Positively correlated with the local
			   response to pro-fibrotic pathways, 	 skin score, mRSS and STPR
			   and coagulation	

MYOC+	 MGP, APOE, CFH	 Increased in SSc	 Metabolism regulation, reactive 	 Unknown
			   oxygen species response	

CCL19+	 CCL19, IGFBP3	 Increased in SSc	 Inflammation	 positively correlated with the local 
				    skin score, mRSS and STPR

CXCL12+	 PTGDS, APOE, CXCL12	 Decreased in SSc	 Angio-/vasculo-genesis, 	 Inversely correlated with the local
			   immature/stem cell division 	 skin score, mRSS, and STPR
			   and proliferation	

PI16+	 SFRP2, PI16, WISP2	 Decreased in SSc	 cholesterol metabolism	 Inversely correlated with the local s
				    kin score, mRSS, and STPR

ANGPTL7+	 PTGDS, CYP1B1, ANGPTL7	 Decreased in SSc	 Angiogenesis-regulating,	 Inversely correlated with collagen 
			   vascular permeability	 thickness

COCH+	 COCH, ASPN, SPARCL1	 Decreased in SSc	 Angio-/vasculo-genesis, 	 Unknown
			   endothelium development	
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of skin fibrosis, including mRSS and 
STPR (76). COCH+ fibroblasts, seen in 
both SSc patients  and healthy controls 
(79), expressing COCH, ASPN, and 
SPARCL1, are decreased in SSc; they 
show  functional profiles in angiogene-
sis and endothelial development, under-
scoring their protective role in healthy 
skin (76). The findings suggest a broad 
spectrum of fibroblast heterogeneity 
in SSc, featuring subpopulations with 
varying pro-fibrotic, inflammatory, or 
protective functions that align with key 
clinical indicators like mRSS and skin 
thickness progression.

Macrophage-fibroblast interactions
In parallel, macrophages are frequently 
found in close proximity to fibroblasts 
in affected tissues, suggesting the ex-

istence of spatially organised micro-
environments where reciprocal inter-
actions between these two cell types 
may contribute to disease progression 
(80, 81). While the mechanism of this 
crosstalk remains to be fully delineat-
ed, recent spatial omics studies provide 
crucial insights by resolving multicel-
lular niches.
Recent advances in spatial omics have 
begun to illuminate the structure and 
function of these multicellular niches. 
A spatial transcriptomics study in-
tegrating scRNA-seq profiling and 
tissue-level mapping identified a mac-
rophage-rich “fibrotic niche” in SSc 
skin, spatially co-localised with acti-
vated fibroblasts and endothelial cells, 
consistent with results in other pulmo-
nary fibrotic diseases (82, 83). 

Within this niche, macrophage-derived 
PDGF, induced by CXCL4 present in 
the skin and circulation, appears to en-
gage PDGFR on adjacent fibroblasts 
(84), further activating PI3K-Akt sig-
nalling and forming a reciprocal ac-
tivation grounded in spatial proxim-
ity. This outcome is consistent with 
the former research (85). In addition, 
disease-specific SCARA5+ fibroblast 
progenitors were observed in collagen-
rich regions alongside proinflamma-
tory macrophages, expressing ACKR3, 
a decoy receptor for CXCL12, which 
diminished during differentiation to-
wards mature myofibroblasts (86). This 
expression pattern may indicate a po-
tentially regulated CXCL12-CXCR4 
axis involved in macrophage recruit-
ment/activation and fibroblast differen-

Fig. 4. Once resident in the tissue, these activated macrophages orchestrate a multi-pronged assault on central POSTN+ fibroblasts. They secrete canoni-
cal pro-fibrotic signals like TGF-β to drive myofibroblast differentiation via pathways including NF-κB, while concurrently releasing PDGF to stimulate 
fibroblast proliferation through the downstream PI3K-Akt axis. This activation is powerfully amplified by specialised subsets, such as SPP1+ macrophages, 
which release a cocktail of mediators including SPP1, FN1, and SEMA3 to stimulate the IL-6/ERK pathway. The culmination of these convergent signals is 
the excessive production and deposition of ECM by activated fibroblasts. This pro-fibrotic state is then pathologically sustained through reinforcing mecha-
nisms, including a reciprocal feedback loop mediated by fibroblast-derived exosomes that maintain macrophage activation, and the direct contribution of 
new myofibroblasts from endothelial cells via EndMT.
PDGF: platelet-derived growth factor; PDGFR: platelet-derived growth factor receptor; PI3K: phosphoinositide 3-kinase; Akt: protein kinase B; CXCL12: 
C-X-C motif chemokine ligand 12; ACKR3: atypical chemokine receptor 3; TGF-β: transforming growth factor-beta; SPP1: secreted phosphoprotein 1; 
UGRP1: uteroglobin-related protein 1; FN1: fibronectin 1; SEMA3: semaphorin 3; IL-6: interleukin-6; ERK: extracellular signal-regulated kinase; ECM: 
extracellular matrix; POSTN: periostin; SCARA5: scavenger receptor class A member 5; FCGR3A: Fc gamma receptor IIIa; EndMT: endothelial-to-
mesenchymal transition. (This figure is drafted with Figdraw).
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tiation (87). The functional relevance 
of this pathway is further supported by 
the observation that PI3K inhibition at-
tenuates dermal thickening in preclini-
cal SSc models (88).
Further in vitro studies have explored 
this reciprocal activation loop. SSc 
fibroblasts exposed to SSc exosome-
activated macrophages produced an 
increased expression of IL-6, collagen 
Type Ⅰ, Ⅱ, Ⅲ, Ⅳ, and fibronectin, con-
sistent with the proposed role of IL-6 
in the early stages of SSc-ILD and the 
clinical efficacy of IL-6 inhibition. 
Conversely, macrophages treated with 
SSc fibroblasts-derived exosomes ex-
hibit elevated surface levels of CD163, 
CD206, and HLA-DR, along with in-
creased secretion of IL-6, TNF-α, and 
CCL2 (89). These findings align with 
reports that SPP1+ macrophage differ-
entiation may be driven by CCL2 sig-
nalling (65). 
In lung tissue from SSc-ILD patients, 
SPP1+ macrophages have also been 
observed adjacent to POSTN+ fibro-
blasts. In this area, macrophage-de-
rived SPP1, potentially triggered by 
UGRP1 signals from frontline cells in 
the lung tissue such as type Ⅱ alveo-
lar and epithelial cells (34), alongside 
with FN1 and SEMA3, induced by 
CXCL4 secretion from platelets, pro-
motes endothelial-to-mesenchymal 
transition (EndMT) and activation of 
myofibroblasts, through the IL-6, ERK 
and downstream PI3K/Akt pathways, 
inducing myofibroblast expansion and 
matrix production (70, 90), while in-
ducing B cell autoimmunity (65). This 
dual pro-fibrotic/autoimmune function 
is amplified under hypoxia, a signature 
distinct from IPF, where a similar clus-
ter of macrophages undergoes Th17 
differentiation instead (34). Previous 
studies also demonstrated that ERK 
inhibition prevents the progression of 
fibrosis (91). 
Notably, both SPP1 and MMP9 serve 
as key markers of this macrophage 
population (36, 92) and increased se-
rum levels of MMP-9 and TGF-β have 
been associated with more severe skin 
fibrosis in SSc patients (93). Other 
macrophages have also been shown by 
spatial transcriptomics to be relevant 
to fibrosis, for example, TREM2+ mac-

rophages were found to be localised 
at sites of hepatocellular fibrosis in 
steatotic liver (59). These findings un-
derscore the dual fibrotic and immune-
modulating roles of macrophage-fibro-
blast interactions within spatially con-
fined niches and suggest that targeting 
these cellular crosstalk pathways may 
offer new therapeutic opportunities in 
SSc (Fig. 4).

Conclusion
In this review we synthesised current 
insights into macrophage heterogeneity 
in SSc, with a particular focus on dis-
tinct subtypes identified in fibrotic skin 
and lung tissues. Recent advances in 
scRNA-seq and spatial transcriptomics 
have facilitated high-resolution profil-
ing of the myeloid compartment, un-
covering a diverse array of macrophage 
subsets with specialised functions and 
spatial localisation. Despite their phe-
notypic diversity, most of these mac-
rophage populations appear to arise 
from circulating monocytes, highlight-
ing a shared ontogeny across tissues. 
Notably, FABP4+, SPP1+, and FCN1+ 
macrophages are predominantly en-
riched in the lungs of SSc-ILD patients, 
where they participate in lipid homeo-
stasis, epithelial-mesenchymal transi-
tion and inflammatory priming, respec-
tively. In contrast, CCR1+, MARCO+, 
TREM2+ and FCGR3A+ macrophages 
are more commonly found in fibrotic 
skin lesions, contributing to pro-fibrot-
ic remodelling, immune regulation and 
phagocytic clearance. Among these, 
FCN1+ and possibly FCGR3A+ mac-
rophages are shared between skin and 
lung compartments, suggesting they 
may serve as transitional or migratory 
subsets. These findings underscore the 
spatial and functional compartmen-
talisation of macrophage subsets in 
SSc and support the notion that tissue 
microenvironment, rather than origin 
alone, dictates macrophage phenotype 
and pathogenic potential. A key chal-
lenge in the scRNA-seq analysis is 
that different studies may use distinct 
annotations for functionally similar 
cell populations. After we carefully 
reviewed the literature, we treated the 
macrophage subtypes presented herein 
as unique based on their currently re-

ported gene signatures. Nonetheless, 
we cannot exclude the possibility that 
some of these subsets exhibit overlap-
ping gene expression profiles, or that 
progenitor-mature relationships exist 
among them. Further studies, particu-
larly those integrating multiple datasets 
and technologies, will be crucial to ful-
ly confirm these potential relationships 
and establish a unified classification of 
macrophage heterogeneity in SSc.
One key insight from recent studies is 
the spatial co-localisation and recipro-
cal activation of the fibro-immune axis. 
For instance, the CXCL12-CXCR4 
chemokine axis may facilitate targeted 
recruitment of macrophages into fibrot-
ic niches, while macrophage-derived 
IL-6 and TGF-β1 drive fibroblast ac-
tivation and matrix deposition. In this 
review we highlight that IL-6 is mecha-
nistically linked to specific macrophage 
subpopulations in SSc pathogenesis: 
FCGR3A+ macrophages in skin lesions 
demonstrate NF-κB-dependent IL-6 
secretion, while SPP1+ macrophages 
in lung fibrosis are transcriptionally 
regulated by IL-6 upstream signalling. 
These results are consistent with the 
therapeutic efficacy of IL-6 receptor 
blockade with tocilizumab in preserv-
ing lung function in early SSc-ILD 
(94). Among all the subpopulations 
of macrophages in SSc mentioned in 
this review, TREM2+ macrophages are 
the only cluster that play a protective 
role during skin fibrosis in human SSc. 
However, in other lung fibrosis models 
such as IPF and bleomycin-induced 
pulmonary fibrosis model, TREM2 ex-
hibits an opposing role to be strongly 
negatively correlated with the survival 
time of IPF patients and blockade/in-
sufficiency of TREM2 protects mice 
against pulmonary fibrosis (95, 96). 
Notably, several problems remain un-
solved. Most available data derive from 
cross-sectional end-stage SSc tissues, 
limiting our ability to resolve temporal 
trajectories of macrophage differentia-
tion. For example, recently found Ly-
ve1hiMHCIIlo macrophages are not dis-
cussed in this review, which is found 
to play a protective role by maintaining 
vascular integrity and preventing im-
mune cell infiltration in fibrotic condi-
tions (97). Furthermore, spatial tran-
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scriptomics, while powerful, still lacks 
the resolution to distinguish paracrine 
from juxtracrine signalling events. 
While scRNA-seq reveals macrophage 
heterogeneity, it infers function solely 
from gene expression, lacking spatial, 
proteomic and environmental context. 
Its snapshot nature and computational 
assumptions limit dynamic insight. 
Another challenge is the strict require-
ment for sample quality: fresh tissue 
samples are deemed appropriate for 
scRNA-seq, whereas freeze-thaw sam-
ples are generally recommended for 
snRNA-seq, which may not be suitable 
for subtype identification (98). Cor-
relations with clinical outcomes, such 
as mRSS and lung function decline, 
are evident for SPP1+ and FCGR3A+ 
macrophages, but further studies are 
needed to validate these associations 
across larger cohorts. Additionally, 
widely used murine models only par-
tially recapitulate the complex ontog-
eny and microenvironment of human 
macrophages in SSc. Thus, functional 
roles suggested by scRNA-seq require 
validation through spatial and in vivo 
studies to ensure biological accuracy. 
While current research has success-
fully mapped the transcriptional identi-
ties of macrophage subsets in SSc, the 
upstream regulatory mechanisms that 
govern their plasticity remain a key 
area of investigation. Future studies 
focusing on specific epigenetic modi-
fications, such as histone methylation 
or chromatin accessibility, will be vi-
tal for understanding how pathogenic 
macrophage phenotypes are estab-
lished and maintained.

References
  1.	RAGHU G, MONTESI SB, SILVER RM et al.: 

Treatment of systemic sclerosis-associated 
interstitial lung disease: evidence-based rec-
ommendations. An Official American Tho-
racic Society Clinical Practice Guideline. 
Am J Respir Crit Care Med 2024; 209(2): 
137-52. 

	 https://doi.org/10.1164/rccm.202306-1113st
  2.	AMIKISHIYEV S, YALÇINKAYA Y, MAM-

MADOVA K et al.: Mortality and associated 
factors in patients with systemic sclerosis-
associated pulmonary hypertension with 
and without interstitial lung disease: A long-
term follow-up study. Mod Rheumatol 2025; 
35(3): 478-83. 

	 https://doi.org/10.1093/mr/roae095
  3.	KRÄLING BM, MAUL GG, JIMENEZ SA: 

Mononuclear cellular infiltrates in clinically 

involved skin from patients with systemic 
sclerosis of recent onset predominantly con-
sist of monocytes/macrophages. Pathobiol-
ogy 1995; 63(1): 48-56. 

	 https://doi.org/10.1159/000163933
  4.	TACKE F, ZIMMERMANN HW: Macrophage 

heterogeneity in liver injury and fibrosis.       
J Hepatol 2014; 60(5): 1090-96. 

	 https://doi.org/10.1016/j.jhep.2013.12.025
  5.	YORK MR, NAGAI T, MANGINI AJ, LEMAIRE 

R, VAN SEVENTER JM, LAFYATIS R: A mac-
rophage marker, Siglec-1, is increased on cir-
culating monocytes in patients with systemic 
sclerosis and induced by type I interferons 
and toll-like receptor agonists. Arthritis 
Rheum 2007; 56(3): 1010-20. 

	 https://doi.org/10.1002/art.22382
  6.	HIGASHI-KUWATA N, JINNIN M, MAKINO T 

et al.: Characterization of monocyte/mac-
rophage subsets in the skin and peripheral 
blood derived from patients with systemic 
sclerosis. Arthritis Res Ther 2010; 12(4): 
R128. https://doi.org/10.1186/ar3066

  7.	BRANCEWICZ J, WÓJCIK N, SARNOWSKA Z, 
ROBAK J, KRÓL M: The multifaceted role of 
macrophages in biology and diseases. Int J 
Mol Sci 2025; 26(5): 2107. 

	 https://doi.org/10.3390/ijms26052107
  8.	KULAKOVA K, LAWAL TR, MCCARTHY 

E, FLOUDAS A: The contribution of mac-
rophage plasticity to inflammatory arthritis 
and their potential as therapeutic targets. 
Cells 2024; 13(18) 1586. 

	 https://doi.org/10.3390/cells13181586
  9.	KHANNA D, LIN CJF, FURST DE et al.:          

Tocilizumab in systemic sclerosis: a ran-
domised, double-blind, placebo-controlled, 
phase 3 trial. Lancet Respir Med 2020; 8(10): 
963-74. https://

	 doi.org/10.1016/s2213-2600(20)30318-0
10.	DING L, LI X, ZHU H, LUO H: Single-cell      

sequencing in rheumatic diseases: new in-
sights from the perspective of the cell type. 
Aging Dis 2022; 13(6): 1633-51. 

	 https://doi.org/10.14336/ad.2022.0323
11.	HU M, YAO Z, XU L et al.: M2 macrophage 

polarization in systemic sclerosis fibrosis: 
pathogenic mechanisms and therapeutic ef-
fects. Heliyon 2023; 9(5): e16206. https://

	 doi.org/10.1016/j.heliyon.2023.e16206
12.	MOSTMANS Y, CUTOLO M, GIDDELO C et 

al.: The role of endothelial cells in the vas-
culopathy of systemic sclerosis: A systematic 
review. Autoimmun Rev 2017; 16(8): 774-86. 
https://doi.org/10.1016/j.autrev.2017.05.024

13.	ASANO Y, SATO S: Vasculopathy in sclero-
derma. Semin Immunopathol 2015; 37(5): 
489-500. 

	 https://doi.org/10.1007/s00281-015-0505-5
14.	JIMENEZ SA: Role of endothelial to mesen-

chymal transition in the pathogenesis of the 
vascular alterations in systemic sclerosis. 
ISRN Rheumatol 2013; 2013: 835948. 

	 https://doi.org/10.1155/2013/835948
15.	ALTOROK N, WANG Y, KAHALEH B: Endothe-

lial dysfunction in systemic sclerosis. Curr 
Opin Rheumatol 2014; 26(6): 615-20. https://

	 doi.org/10.1097/bor.0000000000000112
16.	PELLEGRINO G, MOHAMMAD REZA BEIGI 

D, VARVARO A, ARESE M, RICCIERI V, SAR-
ZI-PUTTINI P: Risk of major cardiovascular 
events in patients with systemic sclerosis: 

insights into an underestimated concern from 
a systematic literature review and meta-anal-
ysis. Clin Exp Rheumatol 2026; 44(8): 1483-
91. https://

	 doi.org/10.55563/clinexprheumatol/6pstix
17.	PENG Y, ZHOU M, YANG H et al.: Regula-

tory mechanism of M1/M2 macrophage po-
larization in the development of autoimmune 
diseases. Mediators Inflamm 2023; 2023: 
8821610. 

	 https://doi.org/10.1155/2023/8821610
18.	DI BATTISTA M, LEPRI G, CODULLO V et al.: 

Systemic sclerosis: one year in review 2025. 
Clin Exp Rheumatol 2025; 43(8): 1369-79. 

	 https://
	 doi.org/10.55563/clinexprheumatol/upbjl2
19.	SHAN N, SHANG Y, HE Y, WEN Z, NING S, 

CHEN H: Common biomarkers of idiopathic 
pulmonary fibrosis and systemic sclerosis 
based on WGCNA and machine learning. Sci 
Rep 2025; 15(1): 610. 

	 https://doi.org/10.1038/s41598-024-84820-3
20.	MANTOVANI A, SICA A, SOZZANI S, ALLAVE-

NA P, VECCHI A, LOCATI M: The chemokine 
system in diverse forms of macrophage ac-
tivation and polarization. Trends Immunol 
2004; 25(12): 677-86. 

	 https://doi.org/10.1016/j.it.2004.09.015
21.	YAO Y, XU XH, JIN L: Macrophage polariza-

tion in physiological and pathological preg-
nancy. Front Immunol 2019; 10: 792. 

	 https://doi.org/10.3389/fimmu.2019.00792
22.	GUAN F, WANG R, YI Z et al.: Tissue macro-

phages: origin, heterogenity, biological func-
tions, diseases and therapeutic targets. Signal 
Transduct Target Ther 2025; 10(1): 93. 

	 https://doi.org/10.1038/s41392-025-02124-y
23.	GOTELLI E, SOLDANO S, FEGHALI-BOST-

WICK C et al.: Prevalence of hybrid TLR4(+)
M2 monocytes/macrophages in peripheral 
blood and lung of systemic sclerosis patients 
with interstitial lung disease. Front Immunol 
2024; 15: 1488867. 

	 https://doi.org/10.3389/fimmu.2024.1488867
24.	YAKUPOVA EI, MALEEV GV, KRIVTSOV AV, 

PLOTNIKOV EY: Macrophage polarization in 
hypoxia and ischemia/reperfusion: Insights 
into the role of energetic metabolism. Exp 
Biol Med (Maywood) 2022; 247(11): 958-71. 

	 https://doi.org/10.1177/15353702221080130
25.	MSHEIK Z, EL MASSRY M, ROVINI A, BILLET 

F, DESMOULIÈRE A: The macrophage: a key 
player in the pathophysiology of peripheral 
neuropathies. J Neuroinflammation 2022; 
19(1): 97. 

	 https://doi.org/10.1186/s12974-022-02454-6
26.	CLARK KEN, XU S, ATTAH M, ONG VH, 

BUCKLEY CD, DENTON CP: Single-cell anal-
ysis reveals key differences between early-
stage and late-stage systemic sclerosis skin 
across autoantibody subgroups. Ann Rheum-
Dis 2023; 82(12): 1568-79. 

	 https://doi.org/10.1136/ard-2023-224184
27.	KUNTZEL T, BAGNARD D: Manipulating 

macrophage/microglia polarization to treat 
glioblastoma or multiple sclerosis. Pharma-
ceutics 2022; 14(2): 344. https://

	 doi.org/10.3390/pharmaceutics14020344
28.	PAPAZOGLOU A, HUANG M, BULIK M et al.: 

Epigenetic regulation of profibrotic mac-
rophages in systemic sclerosis-associated 
interstitial lung disease. Arthritis Rheumatol 



1624 Clinical and Experimental Rheumatology 2026

Macrophage diversity in SSc fibrosis balance / P. Zheng et al.

(Hoboken) 2022; 74(12): 2003-14. 
	 https://doi.org/10.1002/art.42286
29.	TSENG CC, SUNG YW, CHEN KY et al.: The 

role of macrophages in connective tissue 
disease-associated interstitial lung disease: 
focusing on molecular mechanisms and po-
tential treatment strategies. Int J Mol Sci 
2023; 24(15): 11995. 

	 https://doi.org/10.3390/ijms241511995
30.	KOBAYASHI S, NAGAFUCHI Y, OKUBO M et 

al.: Integrated bulk and single-cell RNA-se-
quencing identified disease-relevant mono-
cytes and a gene network module underlying 
systemic sclerosis. J Autoimmun 2021; 116: 
102547. 

	 https://doi.org/10.1016/j.jaut.2020.102547
31.	ZHAN W, LUO W, ZHANG Y et al.: Sputum 

transcriptomics reveals FCN1+ macrophage 
activation in mild eosinophilic asthma com-
pared to non-asthmatic eosinophilic bron-
chitis. Allergy Asthma Immunol Res 2024; 
16(1): 55-70. 

	 https://doi.org/10.4168/aair.2024.16.1.55
32.	VALENZI E, TABIB T, PAPAZOGLOU A et al.: 

Disparate interferon signaling and shared 
aberrant basaloid cells in single-cell profil-
ing of idiopathic pulmonary fibrosis and 
systemic sclerosis-associated interstitial lung 
disease. Front Immunol 2021; 12: 595811. 

	 https://doi.org/10.3389/fimmu.2021.595811
33.	XUE D, TABIB T, MORSE C et al.: Expansion 

of Fcγ receptor IIIa-positive macrophages, 
ficolin 1-positive monocyte-derived dendrit-
ic cells, and plasmacytoid dendritic cells as-
sociated with severe skin disease in systemic 
sclerosis. Arthritis Rheumatol (Hoboken) 
2022; 74(2): 329-41. 

	 https://doi.org/10.1002/art.41813
34.	LEE SC, HUANG CH, OYANG YJ, HUANG HC, 

JUAN HF: Macrophages as determinants and 
regulators of systemic sclerosis-related in-
terstitial lung disease. J Transl Med 2024; 
22(1): 600. 

	 https://doi.org/10.1186/s12967-024-05403-4
35.	VALENZI E, BULIK M, TABIB T et al.: Single-

cell analysis reveals fibroblast heterogeneity 
and myofibroblasts in systemic sclerosis-as-
sociated interstitial lung disease. Ann Rheum 
Dis 2019; 78(10): 1379-87. https://

	 doi.org/10.1136/annrheumdis-2018-214865
36.	MORSE C, TABIB T, SEMBRAT J et al.:          

Proliferating SPP1/MERTK-expressing mac-
rophages in idiopathic pulmonary fibrosis. 
Eur Respir J 2019; 54(2): 1802441. https://

	 doi.org/10.1183/13993003.02441-2018
37.	KING EM, ZHAO Y, MOORE CM et al.:            

Gpnmb and Spp1 mark a conserved mac-
rophage injury response masking fibrosis-
specific programming in the lung. JCI In-
sight 2024; 9(24): e182700. 

	 https://doi.org/10.1172/jci.insight.182700
38.	JI J, ZHENG S, LIU Y et al.: Increased expres-

sion of OPN contributes to idiopathic pulmo-
nary fibrosis and indicates a poor prognosis. 
J Transl Med 2023; 21(1): 640. 

	 https://doi.org/10.1186/s12967-023-04279-0
39.	PALMA A: The landscape of SPP1 (+) mac-

rophages across tissues and diseases: a 
comprehensive review. Immunology 2025; 
176(2): 179-96. 

	 https://doi.org/10.1111/imm.13952
40.	CAO D, ZHENG J, LI Z, YU Y, CHEN Z, WANG 

Q: ACSL4 inhibition prevents macrophage 
ferroptosis and alleviates fibrosis in bleo-
mycin-induced systemic sclerosis model.        
Arthritis Res Ther 2023; 25(1): 212. 

	 https://doi.org/10.1186/s13075-023-03190-9
41.	SHI W, ZHOU H, ZHU X, XIE J, HUANG Z:      

The association of IL-33 and systemic scle-
rosis: a systematic review and meta-analysis. 
Immunol Res 2023; 71(1): 60-69. 

	 https://doi.org/10.1007/s12026-022-09329-1
42.	KHANNA D, LIN CJF, FURST DE et al.: Long-

term safety and efficacy of tocilizumab in 
early systemic sclerosis-interstitial lung 
disease: open-label extension of a phase 3 
randomized controlled trial. Am J Respir Crit 
Care Med 2022; 205(6): 674-84. 

	 https://doi.org/10.1164/rccm.202103-0714oc
43.	GARCÍA-NICOLÁS O, GODEL A, ZIMMER G, 

SUMMERFIELD A: Macrophage phagocyto-
sis of SARS-CoV-2-infected cells mediates 
potent plasmacytoid dendritic cell activation. 
Cell Mol Immunol 2023; 20(7): 835-49. 

	 https://doi.org/10.1038/s41423-023-01039-4
44.	STIFANO G, SORNASSE T, RICE LM et al.: 

Skin gene expression is prognostic for the 
trajectory of skin disease in patients with dif-
fuse cutaneous systemic sclerosis. Arthritis 
Rheumatol (Hoboken) 2018; 70(6): 912-19. 
https://doi.org/10.1002/art.40455

45.	BHATTACHARYYA S, MIDWOOD KS, YIN 
H, VARGA J: Toll-like receptor-4 signaling 
drives persistent fibroblast activation and 
prevents fibrosis resolution in scleroderma. 
Adv Wound Care 2017; 6(10): 356-69. 

	 https://doi.org/10.1089/wound.2017.0732
46.	FARINA G, YORK M, COLLINS C, LAFYATIS 

R: dsRNA activation of endothelin-1 and 
markers of vascular activation in endothelial 
cells and fibroblasts. Ann Rheum Dis 2011; 
70(3): 544-50. 

	 https://doi.org/10.1136/ard.2010.132464
47.	DECZKOWSKA A, WEINER A, AMIT I: The 

physiology, pathology, and potential thera-
peutic applications of the TREM2 signaling 
pathway. Cell 2020; 181(6): 1207-17. 

	 https://doi.org/10.1016/j.cell.2020.05.003
48.	LIANG Y, HU Y, ZHANG J et al.: Dynamic 

pathological analysis reveals a protective 
role against skin fibrosis for TREM2-de-
pendent macrophages. Theranostics 2024; 
14(5): 2232-45. 

	 https://doi.org/10.7150/thno.94121
49.	HAN X, ZHOU Z, FEI L et al.: Construction of 

a human cell landscape at single-cell level. 
Nature 2020; 581(7808): 303-9. 

	 https://doi.org/10.1038/s41586-020-2157-4
50.	JAITIN DA, ADLUNG L, THAISS CA et al.: 

Lipid-associated macrophages control met-
abolic homeostasis in a trem2-dependent 
manner. Cell 2019; 178(3): 686-98.e14. 

	 https://doi.org/10.1016/j.cell.2019.05.054
51.	ZHOU L, QIU X, MENG Z et al.: Hepatic 

danger signaling triggers TREM2(+) mac-
rophage induction and drives steatohepa-
titis via MS4A7-dependent inflammasome 
activation. Sci Transl Med 2024; 16(738): 
eadk1866. https://

	 doi.org/10.1126/scitranslmed.adk1866
52.	ZHOU L, LU Y, QIU X et al.: Lipid droplet 

efferocytosis attenuates proinflammatory 
signaling in macrophages via TREM2- and 
MS4A7-dependent mechanisms. Cell Rep 

2025; 44(2): 115310. 
	 https://doi.org/10.1016/j.celrep.2025.115310
53.	YANG X, LIU Z, ZHOU J et al.: SPP1 promotes 

the polarization of M2 macrophages through 
the Jak2/Stat3 signaling pathway and accel-
erates the progression of idiopathic pulmo-
nary fibrosis. Int J Mol Med 2024; 54(4): 89. 

	 https://doi.org/10.3892/ijmm.2024.5413
54.	GONG P, DING Y, LI W et al.: Neutrophil-

driven M2-like macrophages are critical for 
skin fibrosis in a systemic sclerosis model. J 
Invest Dermatol 2024; 144(11): 2426-39.e3. 
https://doi.org/10.1016/j.jid.2024.03.031

55.	LEEVES LA, KANNAN Z, ALI Y et al.: 
P147M2 macrophage associated fibrosis in 
early-stage systemic sclerosis: an update on 
plasma biomarkers. Rheumatology (Oxford) 
2024; 63(Supplement_1). https://

	 doi.org/10.1093/rheumatology/keae163.186
56.	GHEBREMEDHIN A, SALAM AB, ADU-ADDAI 

B et al.: A novel CD206 targeting peptide in-
hibits bleomycin-induced pulmonary fibrosis 
in mice. Cells 2023; 12(9): 1254. 

	 https://doi.org/10.3390/cells12091254
57.	GOMEZ PERDIGUERO E, KLAPPROTH K, 

SCHULZ C et al.: Tissue-resident macrophages 
originate from yolk-sac-derived erythro-mye-
loid progenitors. Nature 2015; 518(7540): 
547-51. https://doi.org/10.1038/nature13989

58.	RÖSZER T: Understanding the biology of 
self-renewing macrophages. Cells 2018; 
7(8): 103. 

	 https://doi.org/10.3390/cells7080103
59.	HENDRIKX T, PORSCH F, KISS MG et al.:  

Soluble TREM2 levels reflect the recruitment 
and expansion of TREM2(+) macrophag-
es that localize to fibrotic areas and limit 
NASH. J Hepatol 2022; 77(5): 1373-85. 

	 https://doi.org/10.1016/j.jhep.2022.06.004
60.	PARK MD, REYES-TORRES I, LEBERICHEL 

J et al.: TREM2 macrophages drive NK 
cell paucity and dysfunction in lung cancer.     
Nat Immunol 2023; 24(5): 792-801. 

	 https://doi.org/10.1038/s41590-023-01475-4
61.	ZHANG Y, MCCORMICK LL, DESAI SR, WU C, 

GILLIAM AC: Murine sclerodermatous graft-
versus-host disease, a model for human scle-
roderma: cutaneous cytokines, chemokines, 
and immune cell activation. J Immunol 2002; 
168(6): 3088-98. 

	 https://doi.org/10.4049/jimmunol.168.6.3088
62.	XU D, BHATTACHARYYA S, WANG W et al.: 

PLG nanoparticles target fibroblasts and 
MARCO+ monocytes to reverse multiorgan 
fibrosis. JCI Insight 2022; 7(5): e151037. 

	 https://doi.org/10.1172/jci.insight.151037
63.	WYNN TA, VANNELLA KM: Macrophages in 

tissue repair, regeneration, and fibrosis. Im-
munity 2016; 44(3): 450-62. 

	 https://doi.org/10.1016/j.immuni.2016.02.015
64.	RUDNIK M, HUKARA A, KOCHEROVA I et 

al.: Elevated fibronectin levels in profibrotic 
CD14(+) monocytes and CD14(+) mac-
rophages in systemic sclerosis. Front Immu-
nol 2021; 12: 642891. 

	 https://doi.org/10.3389/fimmu.2021.642891
65.	YUAN X, QIN X, TAKEMOTO K et al.: Hu-

man hypofunctional NCF1 variants promote 
pulmonary fibrosis in the bleomycin-induced 
mouse model and patients with systemic 
sclerosis via expansion of SPP1(+) mono-
cytes-derived macrophages. Ann Rheum Dis 



1625Clinical and Experimental Rheumatology 2026

Macrophage diversity in SSc fibrosis balance / P. Zheng et al.

2025; 84(2): 294-306. 
	 https://doi.org/10.1136/ard-2024-226034
66.	HUANG J, PUENTE H, WAREING NE et al.: 

STAT6 suppression prevents bleomycin-in-
duced dermal fibrosis. FASEB J 2023; 37(2): 
e22761. 

	 https://doi.org/10.1096/fj.202200994R
67.	GAO X, JIA G, GUTTMAN A et al.: Osteopon-

tin links myeloid activation and disease pro-
gression in systemic sclerosis. Cell Rep Med 
2020; 1(8): 100140. 

	 https://doi.org/10.1016/j.xcrm.2020.100140
68.	HAN H, GE X, KOMAKULA SSB et al.:       

Macrophage-derived osteopontin (SPP1) 
protects from nonalcoholic steatohepatitis. 
Gastroenterology 2023; 165(1): 201-17. 

	 https://doi.org/10.1053/j.gastro.2023.03.228
69.	FU M, SHU S, PENG Z et al.: Single-cell RNA 

sequencing of coronary perivascular adipose 
tissue from end-stage heart failure patients 
identifies SPP1(+) macrophage subpopula-
tion as a target for alleviating fibrosis. Ar-
terioscler Thromb Vasc Biol 2023; 43(11): 
2143-64. 

	 https://doi.org/10.1161/atvbaha.123.319828
70.	HOEFT K, SCHAEFER GJL, KIM H et al.: 

Platelet-instructed SPP1(+) macrophages 
drive myofibroblast activation in fibrosis in 
a CXCL4-dependent manner. Cell Rep 2023; 
42(2): 112131. 

	 https://doi.org/10.1016/j.celrep.2023.112131
71.	LANDE R, MENNELLA A, PALAZZO R et al.: 

Anti-CXCL4 antibody reactivity is present in 
systemic sclerosis (SSc) and correlates with 
the SSc type I interferon signature. Int J Mol 
Sci 2020; 21(14): 5102. 

	 https://doi.org/10.3390/ijms21145102
72.	LE TALLEC E, BELLAMRI N, LELONG M et 

al.: Efferocytosis dysfunction in CXCL4-in-
duced M4 macrophages: phenotypic insights 
in systemic sclerosis in vitro and in vivo. 
Front Immunol 2024; 15: 1468821. 

	 https://doi.org/10.3389/fimmu.2024.1468821
73.	FEGHALI CA, BOST KL, BOULWARE DW, 

LEVY LS: Control of IL-6 expression and re-
sponse in fibroblasts from patients with sys-
temic sclerosis. Autoimmunity 1994; 17(4): 
309-18. 

	 https://doi.org/10.3109/08916939409010671
74.	NGUYEN HN, NOSS EH, MIZOGUCHI F et al.: 

Autocrine loop involving IL-6 family mem-
ber LIF, LIF receptor, and STAT4 drives sus-
tained fibroblast production of inflammatory 
mediators. Immunity 2017; 46(2): 220-32. 
https://

	 doi.org/10.1016/j.immuni.2017.01.004
75.	TABIB T, HUANG M, MORSE N et al.: Myo-

fibroblast transcriptome indicates SFRP2(hi) 
fibroblast progenitors in systemic sclerosis 
skin. Nat Commun 2021; 12(1): 4384. 

	 https://doi.org/10.1038/s41467-021-24607-6
76.	ZHU H, LUO H, SKAUG B et al.: Fibroblast 

subpopulations in systemic sclerosis: func-
tional implications of individual subpopula-

tions and correlations with clinical features. J 
Invest Dermatol 2024; 144(6): 1251-61.e13. 

	 https://doi.org/10.1016/j.jid.2023.09.288
77.	BUECHLER MB, PRADHAN RN, KRISHNA-

MURTY AT et al.: Cross-tissue organiza-
tion of the fibroblast lineage. Nature 2021; 
593(7860): 575-79. 

	 https://doi.org/10.1038/s41586-021-03549-5
78.	GUR C, WANG SY, SHEBAN F et al.: LGR5 

expressing skin fibroblasts define a major 
cellular hub perturbed in scleroderma. Cell 
2022; 185(8): 1373-88.e20. 

	 https://doi.org/10.1016/j.cell.2022.03.011
79.	HE S, WANG LH, LIU Y et al.: Single-cell tran-

scriptome profiling of an adult human cell 
atlas of 15 major organs. Genome Biol 2020; 
21(1): 294. 

	 https://doi.org/10.1186/s13059-020-02210-0
80.	ZHANG Z, WU Y, WU B et al.: DZ2002 ame-

liorates fibrosis, inflammation, and vascu-
lopathy in experimental systemic sclerosis 
models. Arthritis Res Ther 2019; 21(1): 290. 

	 https://doi.org/10.1186/s13075-019-2074-9
81.	BIELECKI M, KOWAL K, LAPINSKA A, CHWI-

ESKO-MINAROWSKA S, CHYCZEWSKI L, 
KOWAL-BIELECKA O: Peripheral blood mon-
onuclear cells from patients with systemic 
sclerosis spontaneously secrete increased 
amounts of vascular endothelial growth fac-
tor (VEGF) already in the early stage of the 
disease. Adv Med Sci 2011; 56(2): 255-63. 

	 https://doi.org/10.2478/v10039-011-0025-z
82.	MAYR CH, SANTACRUZ D, JAROSCH S et 

al.: Spatial transcriptomic characterization 
of pathologic niches in IPF. Sci Adv 2024; 
10(32): eadl5473. 

	 https://doi.org/10.1126/sciadv.adl5473
83.	VANNAN A, LYU R, WILLIAMS AL et al.: 

Spatial transcriptomics identifies molecular 
niche dysregulation associated with distal 
lung remodeling in pulmonary fibrosis. Nat 
Genet 2025; 57(3): 647-58. 

	 https://doi.org/10.1038/s41588-025-02080-x
84.	VAN DER KROEF M, CARVALHEIRO T, ROS-

SATO M et al.: CXCL4 triggers monocytes 
and macrophages to produce PDGF-BB, 
culminating in fibroblast activation: Impli-
cations for systemic sclerosis. J Autoimmun 
2020; 111: 102444. 

	 https://doi.org/10.1016/j.jaut.2020.102444
85.	LIANG M, LV J, CHU H et al.: Vertical inhibi-

tion of PI3K/Akt/mTOR signaling demon-
strates in vitro and in vivo anti-fibrotic activ-
ity. J Dermatol Sci 2014; 76(2): 104-11. 

	 https://
	 doi.org/10.1016/j.jdermsci.2014.08.002
86.	LI Z, RIUS RIGAU A, XIE W et al.: Spatial 

multiomics decipher fibroblast-macrophage 
dynamics in systemic sclerosis. Ann Rheum 
Dis 2025; 84(7): 1231-45. 

	 https://doi.org/10.1016/j.ard.2025.04.025
87.	FUKUI Y, MIYAGAWA T, HIRABAYASHI M et 

al.: Possible association of decreased serum 
CXCL14 levels with digital ulcers in patients 

with systemic sclerosis. J Dermatol 2019; 
46(7): 584-89. 

	 https://doi.org/10.1111/1346-8138.14914
88.	TENG Y, FAN Y, MA J et al.: The PI3K/Akt 

pathway: emerging roles in skin homeostasis 
and a group of non-malignant skin disorders. 
Cells 2021; 10(5): 1219. 

	 https://doi.org/10.3390/cells10051219
89.	BHANDARI R, YANG H, KOSAREK NN et al.: 

Human dermal fibroblast-derived exosomes 
induce macrophage activation in systemic 
sclerosis. Rheumatology (Oxford) 2023; 
62(Si): Si114-si24. https://

	 doi.org/10.1093/rheumatology/keac453
90.	PANG X, ZHANG J, HE X et al.: SPP1 pro-

motes enzalutamide resistance and epithe-
lial-mesenchymal-transition activation in 
castration-resistant prostate cancer via PI3K/
AKT and ERK1/2 pathways. Oxid Med Cell 
Longev 2021; 2021: 5806602. 

	 https://doi.org/10.1155/2021/5806602
91.	MADALA SK, SCHMIDT S, DAVIDSON C, 

IKEGAMI M, WERT S, HARDIE WD: MEK-
ERK pathway modulation ameliorates pul-
monary fibrosis associated with epidermal 
growth factor receptor activation. Am J 
Respir Cell Mol Biol 2012; 46(3): 380-8. 

	 https://doi.org/10.1165/rcmb.2011-0237OC
92.	HSU E, SHI H, JORDAN RM, LYONS-WEILER 

J, PILEWSKI JM, FEGHALI-BOSTWICK CA: 
Lung tissues in patients with systemic scle-
rosis have gene expression patterns unique to 
pulmonary fibrosis and pulmonary hyperten-
sion. Arthritis Rheum 2011; 63(3): 783-94. 

	 https://doi.org/10.1002/art.30159
93.	KIM WU, MIN SY, CHO ML et al.: Elevated 

matrix metalloproteinase-9 in patients with 
systemic sclerosis. Arthritis Res Ther 2005; 
7(1): R71-79. https://doi.org/10.1186/ar1454

94.	SIEIRO SANTOS C, DEL GALDO F: New ho-
rizons in systemic sclerosis treatment: ad-
vances and emerging therapies in 2025. RMD 
Open 2025; 11(3): e005776. https://

	 doi.org/10.1136/rmdopen-2025-005776
95.	CUI H, BANERJEE S, XIE N et al.: TREM2 

promotes lung fibrosis via controlling alveo-
lar macrophage survival and pro-fibrotic ac-
tivity. Nat Commun 2025; 16(1): 1761. 

	 https://doi.org/10.1038/s41467-025-57024-0
96.	GU X, KANG H, CAO S, TONG Z, SONG N: 

Blockade of TREM2 ameliorates pulmonary 
inflammation and fibrosis by modulating 
sphingolipid metabolism. Transl Res 2025; 
275: 1-17. 

	 https://doi.org/10.1016/j.trsl.2024.10.002
97.	CHAKAROV S, LIM HY, TAN L et al.: Two 

distinct interstitial macrophage populations 
coexist across tissues in specific subtissular 
niches. Science 2019; 363(6432): eaau0964. 

	 https://doi.org/10.1126/science.aau0964
98.	WU X, YANG X, DAI Y et al.: Single-cell se-

quencing to multi-omics: technologies and 
applications. Biomark Res 2024; 12(1): 110. 

	 https://doi.org/10.1186/s40364-024-00643-4


