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ABSTRACT
Objective  To characterise phenotype and functional 
profibrotic M2 markers in circulating monocytes and 
cultured monocyte-derived macrophages (MDMs) 
from systemic sclerosis (SSc) patients (pts) with 
progressive interstitial lung disease (ILD) (prog-ILD), 
non-progressive ILD (no-prog-ILD) and without ILD 
(no-ILD).
Methods  Fifty-five SSc pts and 20 age-matched 
healthy controls were evaluated. In 36 SSc pts, 
circulating monocytes expressing toll-like receptor-4 
(TLR4, M1 marker) and M2 phenotype markers (CD204, 
CD206, CD163) were detected by flow cytometry. 
Moreover, MDMs of 29 SSc pts were analysed by 
quantitative real-time PCR and Western blotting for 
gene expression and protein synthesis with regard to 
the production of profibrotic mediators: transforming 
growth factor-ß1 (TGFß1), Mer tyrosine kinase receptor 
(MerTK) and arginase-1 (ARG1). Interleukin-6 and 4 
(IL6, IL4), as well as C-C motif chemokine ligand 2 and 
18 (CCL2/MCP1 and CCL18) from culture medium, were 
evaluated by enzyme-linked immunosorbent assay 
(ELISA).
Results  Prog-ILD SSc pts showed a higher percentage of 
TLR4+CD204+CD206+CD163+ monocytes versus no-prog-
ILD, and significantly higher compared with no-ILD SSc 
pts.
Interestingly, MDMs from prog-ILD SSc pts showed 
a significantly higher gene expression and protein 
synthesis of TGFβ1, and a significantly higher protein 
synthesis of MerTK, CD206, IL4 and CCL18 compared 
with no-prog-ILD SSc pts. Finally, gene expression 
and protein synthesis of TGFβ1, TLR4, CD206, CD163, 
ARG1, MerTK and IL6 were significantly increased in 
prog-ILD SSc versus no-ILD SSc MDMs.
Conclusions  Cultured MDMs from circulating 
monocytes in SSc pts with prog-ILD show markedly 
increased profibrotic biomarkers and mediator 
expression, indicating an enhanced fibrotic phenotype 
compared to non-prog and no-ILD SSc pts.

BACKGROUND
Systemic sclerosis (SSc) is an autoimmune 
connective tissue disorder involving a 

WHAT IS ALREADY KNOWN ON THIS TOPIC
	⇒ Monocytes and macrophages, as innate immune 
cells, are recognised to contribute to the fibrotic 
process in systemic sclerosis (SSc). Hybrid M1/M2 
circulating monocyte/macrophage populations are 
found increased in SSc patients (pts), particularly 
those with Interstitial Lung Disease (ILD), and have 
been linked to disease severity and progression.

WHAT THIS STUDY ADDS
	⇒ The study provides an in-depth characterisation of 
circulating hybrid TLR4+M2 monocytes and cultured 
monocyte-derived macrophages (MDMs) in SSc 
pts examining both their phenotypic and functional 
profibrotic characteristics. It includes comparisons 
across different stages of lung involvement, name-
ly progressive ILD and non-progressive ILD, as well 
as absence of ILD and healthy controls, enabling 
comprehensive and meaningful insights. Therefore, 
the study highlights for the first time a prominent 
profibrotic attitude of cultured MDMs obtained from 
circulating monocytes of SSc pts with progressive 
ILD compared with MDMs obtained from SSc pts 
without ILD.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE, OR POLICY

	⇒ This study may provide new insights into the immu-
nopathogenesis of ILD in SSc by identifying specific 
phenotypic and functional M2 markers associated 
with disease progression. These insights may con-
tribute to developing novel biomarkers for moni-
toring ILD severity and progression, and potentially 
guide targeted therapeutic strategies.
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complex interplay of genetic predisposition, epigenetic 
modifications and an altered immune system response.1 2 
This interplay initiates a cascade of pathological events 
beginning with a progressive microvascular damage, an 
abnormal activation of innate and adaptive immunity, as 
well as a fibroblast-to-myofibroblast transition, leading to 
tissue fibrosis.1–4 Of note, SSc can affect multiple organs, 
primarily skin, heart, kidneys and lung.5

Interstitial lung disease (ILD) stands out as one of the 
most severe complications of SSc, and it is characterised 
by a progressive fibrosis of lung parenchyma, detect-
able through high-resolution CT (HRCT) and pulmo-
nary function tests, affecting approximately 40% of 
patients.6–10 Notably, the 2022 American Thoracic Society 
guidelines define progressive SSc-ILD based on clinical 
symptoms (worsening dyspnoea or cough), functional 
decline (forced vital capacity—(FVC) >5% or diffusing 
capacity of the lungs for carbon monoxide—(DLCO) 
>10%, in a year), and radiological progression observed 
within 12 months.11 12

Mounting evidence, focused on innate immune system 
components, highlighted monocytes and macrophages 
as potential mediators in driving the fibrotic process in 
SSc.2 13 14

Indeed, circulating inflammatory cells, primarily mono-
cytes and T lymphocytes, are recruited and, along with 
tissue resident macrophages, they initiate the production 
of profibrotic cytokines, such as transforming growth 
factor-β1 (TGFβ1) and interleukin-10 (IL10).15

Macrophages can sense their microenvironment and 
dynamically adapt their behaviour through a phenotypic 
plasticity to perform their distinct functions in immune 
regulation and tissue maintenance.16 Therefore, macro-
phages can polarise into five morphological and func-
tional states, ranging from a classically (M1) phenotype 
with a pro-inflammatory activity to different alternatively 
activated (M2) macrophage subsets, according to micro-
environmental stimuli and identified as M2a (or profi-
brotic), M2b (or regulatory), M2c (or deactivated) and 
M2d (or tumour associated), with different character-
istics.17–19 Although this dichotomous model of macro-
phage polarisation is mainly applied in in vitro models, 
it does not capture the full complexity of macrophage 
functions, which stem from their inherent plasticity. As 
such, M1 and M2 represent two extremes of a broader 
and dynamic polarisation continuum.19 Over the years, 
this has led to a more refined definition of macrophage 
phenotypes in several autoimmune diseases (ie, rheu-
matoid arthritis and SSc), no longer based solely on 
surface markers but also incorporating transcription 
factors, cytokines, chemokines and gene signatures or 
transcriptomic profiles.20–22 Of note, peripheral blood 
monocytes play a pivotal role also in the pathogenesis of 
inflammatory connective tissue diseases, such as rheuma-
toid arthritis, where CD14+ monocytes are metabolically 
reprogrammed to sustain pro-inflammatory responses, 
with STAT3 identified as a key molecular mediator.23

Profibrotic M2 macrophages are phenotypically charac-
terised by the expression of specific cell surface markers 
including the mannose receptor type C (CD206), macro-
phage and haemoglobin scavenger receptors (CD204 
and CD163, respectively), and functional markers like 
arginase-1 (ARG1) and MER proto-oncogene receptor 
tyrosine kinase (MerTK). These macrophages are central 
in wound healing and fibrosis, primarily secreting anti-
inflammatory and profibrotic molecules, including IL10 
and TGFβ1.13 24–26

A growing body of evidence has documented the pres-
ence of profibrotic M2 macrophages in the affected 
tissues of SSc patients, deriving from circulating mono-
cytes and resident macrophages activated by local medi-
ators.27 Interestingly, a significantly higher percentage 
of circulating cells belonging to the monocyte/macro-
phage lineage and showing hybrid M1/M2 phenotypes 
characterised by the co-expression of M2 markers (such 
as CD204, CD163, CD206) and M1 markers (such as toll-
like receptor-4—TLR4, CD80 and CD86) were identified 
in SSc patients compared with healthy subjects.28 In SSc 
patients, these hybrid phenotypes are particularly associ-
ated with the presence of ILD and elevated pulmonary 
artery hypertension (PAH), as well as the positivity for 
anti-topoisomerase antibody, a known lung involvement 
predictor.28 29 Furthermore, a recent study identified high 
concentrations of macrophages expressing TLR4 and 
M2 markers in lung biopsies obtained from SSc patients 
undergoing lung transplantation for severe ILD, high-
lighting the potential dynamic role of peripheral blood 
monocytes in driving fibrosis after homing to the lungs.30

The present study aims to characterise phenotype 
and functional M2 markers in circulating monocytes 
and cultured monocyte-derived macrophages (MDMs) 
obtained from SSc patients with progressive ILD 
compared with SSc patients with non-progressive ILD 
and to explore the profibrotic biomarkers associated with 
ILD progression.

MATERIALS AND METHODS
Enrolment of SSc patients and healthy controls and blood 
collection
Fifty-five SSc patients were enrolled under the care of 
the Division of Clinical Rheumatology at the Univer-
sity of Genova, and Department of Rheumatology at 
the University of Ghent. The study was conducted after 
receiving approval from the Ethical Committee of the 
Ospedale Policlinico San Martino (237REG2015, amend-
ment number: 002–28/05/2018) and obtaining written 
informed consent from all participants.

The enrolled SSc patients met 2013 ACR/EULAR clas-
sification criteria for SSc.31 Instrumental examinations 
were part of their regular follow-up.32 The presence of 
ILD was confirmed through routinely performed HRCT 
and lung function tests.33 34

In our cohort of patients, the definition of ILD 
followed the 2022 American Thoracic Society guidelines 
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Table 1  Demographic and clinical data of systemic sclerosis patients included in flow cytometry analysis

SSc progressive ILD (n 8) SSc non-progressive ILD (n 14) SSc no-ILD (n 14)

Age (years, mean±SD) 61±13.6 66±14 66.1±21.6

Gender (female/male) 6/2 12/2 13/1

Disease duration
(years, mean±SD)

7.3±4.4 7.6±6 5.6±4.4

People who smoke/people who do not 
smoke

1 (12) 1 (7) 0 (0)

Antibody profile n (%)

 � Anti-centromere
 � Anti-Scl70
 � Anti-RNA polymerase III
 � Only ANA positive
 � Other SSc-associated antibodies*
 � ANA negative

0 (0)
6 (75)
0 (0)
0 (0)
2 (25)
0 (0)

4 (29)
7 (50)
0 (0)
0 (0)
6 (3)
0 (0)

7 (50)
1 (7)
0 (0)
1 (7)
5 (36)
0 (0)

Clinical manifestations n (%)

 � Skin involvement (lcSSc/dcSSc)
 � RP
 � DUs
 � PAH
 � ILD
 � GI involvement
 � Kidney involvement

3/5
8 (100)
5 (62)
0 (0)
8 (100)
7 (87)
2 (25)

7/7
14 (100)
9 (64)
1 (7)
14 (100)
9 (64)
1 (7)

10/4
14 (100)
5 (36)
0 (0)
0 (0)
7 (50)
0 (0)

Pulmonary function tests (reference percentage, mean±SD)

 � FVC
 � DLCO/VA

64±34
67±32

93±27.8
78.5±18.5

91.8±28.5
77±18.7

Radiographic pattern n (%)

 � NSIP
 � UIP
 � Others

8 (100)
0 (0)
0 (0)

14 (100)
0 (0)
0 (0)

–
–

Therapy n° (%)

MMF=6 (75)
MTX=3 (37)
RTX=0 (0)
AZA=0
CYC=1 (12)
HCQ=0
Ca-ant=3 (37)
ACEi=5 (62)
PDE5i=0 (0)
ERA=2 (25)
Prostanoids=8 (100)
Selexipag=0 (0)
Riociguat=0 (0)
Nintedanib=0 (0)

MMF=5 (35)
MTX=1 (8)
RTX=1 (7)
AZA=0 (0)
CYC=0 (0)
HCQ=0 (0)
Ca-ant=1 (8)
ACEi=6 (42)
PDE5i=0 (0)
ERA=3 (21)
Prostanoids=14 (100)
Selexipag=0 (0)
Riociguat=0 (0)
Nintedanib=0 (0)

MMF=3 (21)
MTX=4 (29)
RTX=0 (0)
AZA=0
CYC=0 (0)
HCQ=0 (0)
Ca-ant=5 (36)
ACEi=7 (50)
PDE5i=0 (0)
ERA=2 (14)
Prostanoids=14 
(100)
Selexipag=0 (0)
Riociguat=0 (0)
Nintedanib=0 (0)

Description of age, gender, disease duration, auto-antibody profile, organ involvement, pulmonary functional tests and therapy of SSc 
patients included in the flow cytometry analysis.
*Other SSc-associated antibodies include anti-U3 RNP, anti-PmScl75, anti-PmScl100, anti-NOR90, anti-Th/To, anti-Ku and anti-SSA.
†
ACEi, angiotensin-converting enzyme inhibitor; ANA, anti-nuclear antibodies; AZA, azathioprine; Ca-ant, calcium channel antagonist; CYC, 
cyclophosphamide; dcSSc, diffuse cutaneous systemic sclerosis; DLCO, diffusing capacity for carbon monoxide; DUs, digital ulcers; ENA, 
extractable nuclear antigen antibodies; ERA, endothelin receptor antagonist; FEV1, forced expiratory volume in 1 second; FVC, forced vital 
capacity; GI, gastrointestinal; HCQ, hydroxychloroquine; ILD, interstitial lung disease; lcSSc, limited cutaneous systemic sclerosis; MMF, 
mycophenolate mofetil; mRSS, modified Rodnan Skin Score; MSK, musculoskeletal; MTX, methotrexate; NSIP, Nonspecific Interstitial 
Pneumonia; PAH, pulmonary arterial hypertension; PDE5i, phosphodiesterase type 5 inhibitor; RP, Raynaud phenomenon; RTX, rituximab; 
Scl70, anti-topoisomerase I; UIP, Usual Interstitial Pneumonia.
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Table 2  Demographic and clinical data of systemic sclerosis patients included in in vitro experiments

SSc progressive ILD (13) SSc non-progressive ILD (10) SSc no ILD (6)

Age (years, mean±SD) 61.8±15.7 67±9 66.7±17

Gender (female/male) 10/3 7/3 6/0

Disease duration
(years, mean±SD)

13.9±8.5 8.8±7.4 7.8±5.1

Smokers n (%) 4 (36) 2 (20) 1 (8)

Antibody profile* n (%)

 � Anti-centromere
 � Anti-Scl70
 � Anti-RNA polymerase III
 � Only ANA positive
 � Other SSc-associated antibodies†
 � ANA negative

1 (8)
6 (50)
1 (8)
4 (33)
3 (25)
0 (0)

3 (30)
1 (10)
1 (10)
4 (40)
0 (0)
2 (20)

1 (16)
2 (33)
1 (16)
2 (33)
0 (0)
0 (0)

Clinical manifestations n (%)

 � Skin involvement (lcSSc/dcSSc)
 � RP
 � DUs
 � PAH
 � ILD
 � GI involvement
 � Kidney involvement

3/9
12(100)
7 (58)
0 (0)
13 (100)
8 (66)
2 (16)

4/6
10(100)
5 (50)
1 (10)
10(100)
4 (40)
1 (10)

1/5
6 (100)
3 (50)
0 (0)
0 (0)
5 (83)
0 (0)

Pulmonary function tests (reference percentage, mean±SD)

 � FVC
 � DLCO/VA

82±16
84.8±15

83±39
85±28

102.6±8.4
87±14

Radiographic pattern n (%)

 � NSIP
 � UIP
 � Others

13 (100)
0 (0)
0 (0)

10 (100)
0 (0)
0 (0)

–
–

Therapy n° (%)

MMF=6 (50)
MTX=5 (41)
RTX=5 (41)
AZA=0 (0)
CYC=0 (0)
HCQ=0 (0)
Ca-ant=3 (25)
ACEi=5 (41)
PDE5i=1 (8)
ERA=6 (50)
Prostanoids=8 (66)
Selexipag=0 (0)
Riociguat=1 (8)
Nintedanib=0 (0)

MMF=1 (10)
MTX=2 (20)
RTX=0 (0)
AZA=0 (0)
CYC=1 (10)
HCQ=0 (0)
Ca-ant=1 (10)
ACEi=4 (40)
PDE5i=2 (20)
ERA=2 (20)
Prostanoids=6 (60)
Selexipag=0 (0)
Riociguat=0 (0)
Nintedanib=0 (0)

MMF=6 (100)
MTX=3 (50)
RTX=1 (16)
AZA=0 (0)
CYC=1 (16)
HCQ=0 (0)
Ca-ant=3 (20)
ACEi=1 (16)
PDE5i=1 (16)
ERA=1 (16)
Prostanoids=6 (100)
Selexipag=0 (0)
Riociguat=0 (0)
Nintedanib=0 (0)

Description of age, gender, disease duration, auto-antibody profile, organ involvement, pulmonary functional tests and therapy of SSc 
patients included in the in vitro experiments.
*Positivity for more than one SSc-specific antibodies. 
†Other SSc-associated antibodies includes anti-U3 RNP, anti-PmScl75, anti-PmScl100, anti-NOR90, anti-Th/To, anti-Ku and anti-SSA.
ACEi, angiotensin-converting enzyme inhibitor; ANA, anti-nuclear antibodies; AZA, azathioprine; Ca-ant, calcium channel antagonist; CYC, 
cyclophosphamide; dcSSc, diffuse cutaneous systemic sclerosis; DLCO, diffusing capacity for carbon monoxide; DUs, digital ulcers; ENA, 
extractable nuclear antigen antibodies; ERA, endothelin receptor antagonist; FEV1, forced expiratory volume in 1 second; FVC, forced vital 
capacity; GI, gastrointestinal; HCQ, hydroxychloroquine; ILD, interstitial lung disease; lcSSc, limited cutaneous systemic sclerosis; MMF, 
mycophenolate mofetil; mRSS, modified Rodnan Skin Score; MSK, musculoskeletal; MTX, methotrexate; NSIP, Nonspecific Interstitial 
Pneumonia; PAH, pulmonary arterial hypertension; PDE5i, phosphodiesterase type 5 inhibitor; RP, Raynaud phenomenon; RTX, rituximab; 
Scl70, anti-topoisomerase I; UIP, Usual Interstitial Pneumonia.
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for idiopathic pulmonary fibrosis, including radiolog-
ical features such as traction bronchiectasis, traction 
bronchiolectasis, ground-glass opacities, reticulation, 
honeycombing, other interstitial lung abnormalities, or a 
combination of these findings, as well as any recognised 
interstitial composite pattern.34 To define progressive 
ILD in SSc, the following criteria have been adopted: 
FVC of at least 10% predicted, or a relative decline in 
FVC between 5% and less than 10% predicted, combined 
with a relative decline in DLCO of at least 15% predicted, 
within a 12-month period or worsened respiratory symp-
toms and increased extent of fibrosis on HRCT.12 35

Skin involvement was present in all subjects and was 
classified according to LeRoy and Medsger criteria.36

Demographic data and pulmonary function tests of 
SSc patients at time of blood sample are summarised 
in tables  1 and 2. Among our cohort, blood samples 
from 36 SSc patients were analysed with Flow Cytom-
etry, whereas 29 underwent further in vitro analysis. Of 
note, 10 patients from all clinical subtypes were involved 
in both analyses (online supplemental file I). Finally, 25 
age and sex matched healthy controls (HCs) were also 
enrolled into the study; 20 samples were considered for 
the Flow Cytometry evaluation and five for the in vitro 
experiments.

Flow cytometry and gating strategy
To investigate the presence of circulating monocytes 
showing a M2 phenotype and circulating TLR4+M2 
monocytes, Flow Cytometry analysis was performed 
directly on whole blood samples obtained from 37 of 
enrolled SSc patients and 20 of enrolled HCs, using 
Navios Flow Cytometer and Kaluza analysis software 
(Beckman Coulter, Brea, California, USA); 3 SSc patients 
were excluded from the analysis since they were under 
therapy with nintedanib (a tyrosine 2 kinase inhibitor). 
A volume of 0.1 mL of blood was incubated with the anti-
body mix for 15 min at room temperature in dark condi-
tions. At the end of incubation, red blood cells were 
lysed and leucocytes post-fixed. A total of 5×106 cells and 
detecting more than 30 events in the smallest subset were 
investigated.37 38 The gating strategy used in this study 
started from the detection of the monocyte population 
characterised as CD45+CD14+CD16+cells in the leucocyte 
population (CD45+cells) excluding both lymphocytes 
and granulocytes, as it has been shown in the online 
supplemental file 2 and recently described in our recent 
study.30

The monocyte lineage was characterised by investi-
gating the cell membrane markers CD14, CD16 and 
CD45, using conjugated primary antibodies anti-human 
CD14-FITC (Miltenyi Biotech, Bergisch Gladbach, 
Germany), CD16-APC AlexaFluor 700, and CD45-Krome 
Orange (Beckman Coulter).

The M1 phenotype of circulating monocytes was 
defined through the detection of cell membrane 
markers CD80 and TLR4 using conjugated primary 
antibodies anti-human CD80-PEVio770 (Miltenyi 

Biotech) and TLR4-BV421 (Becton Dickinson-BD 
Biosciences, Franklin Lakes, New Jersey, USA), whereas 
to identify M2 phenotype, the specific cell membrane 
markers CD163, CD204 and CD206 were investigated 
using conjugated primary antibodies anti-human 
CD163-PEVio615, CD204-PE and CD206-PerCPVio700 
(Miltenyi Biotech).

Moreover, to exclude the presence of dendritic cells, 
CD1c was investigated using the conjugated primary anti-
human CD1c-APC Cy7 antibody (BioLegend, San Diego, 
California, USA).

The value in the box plots showing the percentage 
of the investigated subsets of circulating monocytes is 
referred to the leucocyte population.38

Isolation of circulating monocytes and in vitro differentiation 
into monocyte-derived macrophages (MDMs) from SSc 
patients and HC
In a subgroup of 29 enrolled SSc patients not under 
nintedanib therapy, venous blood samples (20 mL) 
were collected for the in vitro evaluation. Our cohort 
of patients was composed as follows: SSc patients 
with progressive ILD (n=13), SSc patients with non-
progressive ILD (n=10) and no-ILD SSc patients (n=6). 
Moreover, a subgroup of 5 enrolled HCs was included in 
the analysis.

Peripheral blood mononuclear cells (PBMCs) were 
obtained by density gradient centrifugation from venous 
blood samples using Lympholyte-H cell separation 
medium (Cedarline, Burlington, Canada). Monocytes 
were isolated from PBMCs using the EasySep human 
monocyte enrichment kit without CD16 depletion 
(Stemcell Technologies, Vancouver, Canada), and their 
viability and purity were assessed by Flow Cytometry. The 
isolated monocytes were plated in tissue culture dishes 
(Eppendorf, Hamburg, Germany) at the concentra-
tion of 2.5×106 cells and stimulated with phorbol myri-
state acetate (PMA, 5 ng/mL; Sigma-Aldrich, St. Louis, 
Missouri, USA) in growth medium (Roswell Park Memo-
rial Institute medium with 10% fetal bovine serum, 1% 
penicillin-streptomycin and 1% L-glutamine, Euroclone, 
Milan, Italy) for 24 hours to induce their differentiation 
into MDMs, in accordance with several studies.30 39 40 At 
the end of PMA stimulation, the medium was removed, 
and cultured MDMs were maintained for an additional 
24 hours in growth medium without PMA or any other 
stimulation. At the end of culture time, cell superna-
tant was collected and stored at -80°C for the evaluation 
of production of TGFβ1, cytokines (IL6 and IL4) and 
chemokines (C-C motif chemokine ligand 2 and 18; 
CCL2/MCP1 and CCL18), whereas the cells were washed 
in Dulbecco’s Phosphate Buffer Saline 1x (DPBS1x; 
Euroclone) and lysed using lysis buffer (Norgen Biotech, 
Thorold, Canada) to allow the isolation of RNA and 
proteins necessary to evaluate both gene expression and/
or protein synthesis of TGFβ1, MerTK, ARG1, CD206, 
CD163, CD204 and TLR4.
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Quantitative real-time PCR (qRT-PCR)
RNA was isolated using the RNA/Protein Purification 
Plus kit (Norgen Biotech) and quantified by nanodrop 
to assess its integrity and purity. For each experimental 
condition, first-strand complementary DNA was synthe-
sised from 1 µg of total RNA, using QuantiTect Reverse 
Transcription Kit (Qiagen, Milan, Italy). The qRT-PCR 
was performed on an Eppendorf Realplex four master-
cycler (Eppendorf) using a SYBR green mastermix detec-
tion system in a total volume of 10 µL, loaded in triplicate.

M2 phenotype markers were investigated using the 
specific primers for human CD204 (NM_002445), 
CD206 (NM_002438), CD163 (NM_004244) along 
with M1 phenotype marker TLR4 (NM_003266), and 
primers for human MerTK (NM_006343) and TGFβ1 
(NM_000660), as functional M2 markers. Primers for 
human β-actin (NM_001101) were used as housekeeping 
gene. Gene expression values have been calculated using 
the comparative ΔΔ cycle threshold (ΔΔCT) method and 
corresponded to the expression level (fold-increase) of 
the target gene in cultured MDMs obtained from SSc 
patients compared with cultured MDMs obtained from 
HCs.41 The melting curve was included in all qRT-PCR 
assays to confirm the specificity of the SYBR green assay.

Western blotting analysis
Proteins were isolated using the RNA/Protein Puri-
fication Plus kit (Norgen Biotech) and quantified by 
Bradford method. Subsequently, 10 µg of protein was 

separated via electrophoresis on pre-cast 4–20% gradient 
tris-glycine gels (GenScript, Piscataway, USA) and 
then transferred onto a nitrocellulose membrane 
(BioRad, Milan, Italy). After 1 hour in blocking solu-
tion, membranes were incubated overnight at 4°C with 
primary antibodies against human CD204, TLR4 (dilu-
tion 1:400 and 1:200, respectively; Santa Cruz Biotech-
nologies, Dallas, Texas, USA), CD206, CD163 and 
MerTK (dilution 1:500, Cell Signalling Technology, 
Danvers, Massachusetts, USA), ARG1 (dilution 1:500, 
Sigma-Aldrich, Darmstadt, Germany) and glyceralde-
hyde 3-phosphate dehydrogenase (GAPDH, dilution 
1:1,000; Santa Cruz Biotechnologies). Membranes were 
subsequently incubated with specific horseradish perox-
idase (HRP)-conjugated secondary antibodies (dilution 
1:2,000; Cell Signalling Technology) for 1 hour at room 
temperature. Protein synthesis was detected using an 
enhanced chemiluminescence system (SuperSignal West 
Pico PLUS Chemiluminescent Substrate, Thermo Scien-
tific, Rockford, USA) and the densitometric analysis 
was performed by the UVITEC Image Analysis System 
(UVITEC, Cambridge, UK).

For each sample (SSc patients and HCs), the value of 
the protein synthesis of the investigated molecules was 
normalised to that of the GAPDH (as housekeeping 
protein). The resulting value of each sample of SSc 
patients was then normalised to that of the corresponding 
HCs (considered as the unit value).

Figure 1  Flow Cytometry analysis of circulating monocytes from SSc patients with progressive ILD, non-progressive ILD, 
no-ILD and from HCs. Representative Flow Cytometry analysis of (A) TLR4+M2 monocytes (CD1c-CD80-TLR4+CD163+CD204
+CD206+CD14+CD16+CD45+cells) and (B) M2 monocytes (CD1c-CD80-TLR4-CD163+CD204+CD206+CD14+CD16+CD45+cells) 
in the peripheral blood of 8 SSc patients with progressive ILD (SSc-ILD prog), 14 with non-progressive ILD (SSc-ILD no-prog), 
14 without ILD (SSc no-ILD) and 20 healthy controls (HCs) and related box plot representation of the cell percentage. ILD, 
interstitial lung disease; SSc, systemic sclerosis.
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Enzyme-linked immunosorbent assay (ELISA)
The endogenous level of the active form of TGFβ1 was 
determined in cell supernatants by ELISA assay using 
Ella automated immunoassay system, in accordance with 
the manufacturer’s protocol (Bio-techne, Minneapolis, 
Minnesota, USA). In the first phase of the procedure 
(sample activation step), 80 µL of sample was mixed with 
20 µL of HCl 1 n and incubated for 10 min at room temper-
ature to acidify the sample. At the end of incubation, the 
acidification of samples was neutralised by adding 20 µL 
of NaOH 1.2 N / HEPES 0.5 M solution to obtain an acti-
vated cell culture supernatant, which was subsequently 
diluted five-fold with a specific sample diluent (20 µL of 
activated sample was added to 80 µL of sample diluent). 
At the end of this phase, 50 µL of each diluted sample was 
transferred into the TGFβ1 Ella cartridge.

In the same cell supernatants, the levels of IL6, IL4, 
CCL2/MCP1 and CCL18 were also investigated by ELISA 
using the Sandwich-ELISA principle, in accordance with 
the manufacturers’ protocol (Elabscience, Houston, 
Texas, USA). A volume of 0.1 mL each of diluted stan-
dard, blank and sample was dispensed into the appro-
priate wells, incubated for 90 min, and then 0.1 mL of 
biotinylated detection antibody was added and incubated 
for 60 min always at 37°C. At the end of this step, each 
well was washed three times and subsequently 0.1 mL of 
HRP conjugate working solution was added and incu-
bated for 30 min; after a second washing step, the wells 
were incubated with 0.1 mL of Substrate reagent solution 
and incubated for an additional 30 min. At the end of 
the incubation time, 50 µL of stop solution was added to 

each well and the optical density (OD value) of each well 
was determined at once with a micro-plate reader set to 
450 nm.

Levels of TGFβ1, IL6, IL4, CCL2/MCP1 and CCL18 
were expressed as pg/mL.

Statistical analysis
Statistical analysis was carried out by non-parametric 
Mann–Whitney U test using GraphPad Prism (V.8.4.0, 
GraphPad Software, San Diego, California, USA) to 
compare gene and protein expression of investigated 
M2 markers between cultured MDMs obtained from 
HCs, SSc patients no-ILD and SSc-prog ILD patients, 
SSc-non-prog ILD patients. Any p value lower than 0.05 
has been considered as statistically significant. Results of 
qRT- PCR and Western blotting were analysed and graph-
ically reported as median with range. Statistical analyses 
included the χ2 test with Yates correction and Kruskal-
Wallis test (H) with post hoc analysis (Dunn-Bonferroni) 
for group comparisons, and Spearman correlation anal-
ysis to examine relationships between monocyte subsets 
and capillary density. These analyses were performed 
using DATAtab Team (2025).

RESULTS
Demographic data of SSc patients with progressive ILD 
compared with patients with non-progressive ILD and no-ILD 
enrolled for the studies
The cohort of patients enrolled for the Flow Cytometry 
analysis had the following demographic characteristics: 

Figure 2  Gene expression of TLR4, functional and cell surface markers of profibrotic M2 phenotype in cultured MDMs 
obtained from SSc with progressive ILD, SSc with non-progressive ILD, no-ILD SSc and HCs. (A–F) Evaluation by 
quantitative real-time PCR (qRT-PCR) of the gene expression of TGFβ1, MerTK, TLR4, CD163, CD206 and CD204 in 
cultures of monocyte-derived macrophages (MDMs) obtained from 13 SSc patients with progressive ILD (SSc-ILD prog), 
10 with non-progressive ILD (SSc-ILD no-prog), 6 without ILD (SSc no-ILD) and 5 healthy controls (HCs). The resulting 
value of the gene expression of each molecule in cultured MDMs from SSc-ILD prog, SSc-ILD no-prog and SSc no-ILD 
patients was compared with that obtained in cultured HC-MDMs (taken as unit value). Data are reported as median with 
a range of fold increase compared with HCs. ILD, interstitial lung disease; MerTK, Mer tyrosine kinase receptor; SSc, 
systemic sclerosis; TLR4, toll-like receptor-4; TGF, transforming growth factor.
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the mean age was 61±13.6 years in SSc progressive ILD 
patients, 66±14 years in SSc non-progressive ILD patients, 
and 66.1±21.6 years in no-ILD SSc patients; the mean 
disease duration was 7.3±4.4 years in SSc progressive ILD 
patients, 7.6±6 years in SSc non-progressive ILD patients, 
and 5.6±4.4 years in no-ILD SSc patients . There were 6 
female and 2 male SSc progressive ILD patients, 12 female 
and 2 male SSc non-progressive ILD and 13 female and 1 
male no-ILD SSc patients.

Demographics, SSc organ involvement and therapies 
are summarised in table 1.

The cohort of patients enrolled for the in vitro anal-
ysis had the following demographic characteristics: the 
mean age was 61.8±15.7 years in SSc progressive ILD 
patients, 67±9 years in SSc non-progressive ILD patients 
and 66.7±17 years in no-ILD SSc patients; the mean 
disease duration was 13.9±8.5 years in SSc progressive 
ILD patients, 8.8±7.4 years in SSc non-progressive ILD 
patients and 7.8±5.1 years in no-ILD SSc patients . There 
were 9 female and 3 male SSc progressive ILD patients, 7 
female and 1 male SSc non-progressive ILD and 6 female 
and 0 male no-ILD SSc patients.

Demographics, SSc organ involvement and therapies 
are summarised in table 2.

Increased percentage of circulating TLR4+M2 monocytes in 
SSc patients with progressive ILD compared with patients 
with non-progressive ILD and no-ILD
Flow Cytometry was conducted to examine the pheno-
type of circulating monocytes, specifically those showing 
a hybrid TLR4+M2 and M2 phenotypes, based on the 
gating strategy described in the online supplemental file 
2.

Results showed that SSc patients with progres-
sive ILD were characterised by a significantly higher 
percentage of circulating hybrid TLR4+M2 monocytes 
(TLR4+CD80-CD204+CD206+CD163+CD14+CD16+C-
D45+cells) compared with no-ILD SSc patients (p<0.05) 
(figure 1A). Moreover, the percentage of these cells was 
higher in SSc patients with progressive ILD compared 
with those patients with non-progressive ILD (not statisti-
cally significant) (figure 1A).

No differences in the percentage of circulating mono-
cytes showing an M2 phenotype (TLR4-CD80-CD204+C-
D206+CD163+CD14+CD16+CD45+cells) in SSc patients 
with progressive ILD compared with SSc patients with 
non-progressive ILD and no-ILD SSc patients were 
observed (figure 1B).

The results also showed that the percentage of circu-
lating TLR4+M2 monocytes and M2 monocytes was signifi-
cantly higher in SSc patients compared with HCs (no-ILD 

Figure 3  Protein synthesis of TLR4, functional and cell surface markers of profibrotic M2 phenotype in cultured MDMs 
obtained from SSc with progressive ILD, SSc with non-progressive ILD, no-ILD SSc and HCs. (A) Evaluation by Western 
blotting and (B–G) related densitometric analysis of the protein synthesis of CD206, MerTK, CD163, ARG1, TLR4 and CD204 
in cultures of monocyte-derived macrophages (MDMs) obtained from 13 SSc patients with progressive ILD (SSc-ILD prog), 
10 with non-progressive ILD (SSc-ILD no-prog), 6 without ILD (SSc no-ILD) and 5 healthy controls (HCs). The value of protein 
expression of the investigated molecules was normalised to that of the corresponding GAPDH in cultured MDMs from SSc-ILD 
prog, SSc-ILD no-prog, no-ILD SSc and HCs. The resulting value of the protein synthesis of each molecule in cultured MDMs 
from progressive SSc-ILD, non-prog SSc-ILD and no-ILD SSc patients was compared with that obtained in cultured HC-
MDMs (taken as unit value). Data are reported as median with a range of fold increase compared with HCs. ILD, interstitial lung 
disease; MerTK, Mer tyrosine kinase receptor; SSc, systemic sclerosis; TLR4, toll-like receptor-4;

R
M

D
 O

pen: first published as 10.1136/rm
dopen-2025-006135 on 11 D

ecem
ber 2025. D

ow
nloaded from

 https://rm
dopen.bm

j.com
 on 11 F

ebruary 2026 by guest.
P

rotected by copyright, including for uses related to text and data m
ining, A

I training, and sim
ilar technologies.

https://dx.doi.org/10.1136/rmdopen-2025-006135
https://dx.doi.org/10.1136/rmdopen-2025-006135


9Smith V, et al. RMD Open 2025;11:e006135. doi:10.1136/rmdopen-2025-006135

Systemic sclerosisSystemic sclerosisSystemic sclerosis

SSc: p<0.01 and p<0.05; SSc with non-progressive ILD: 
p<0.01 for both cell subsets; SSc with progressive ILD: 
p<0.001 and p<0.05) (figure  1). No statistically signifi-
cant correlations were found between the percentage 
of TLR4+M2 monocytes and FVC, DLCO or modified 
Rodnan Skin Score.

Increased gene expression of MerTK and TGFβ1 in cultured 
MDMs obtained from SSc patients with progressive ILD 
compared with patients with non-progressive ILD and no-ILD
Cultured MDMs obtained from SSc patients with progres-
sive ILD showed a significant upregulation of the gene 
expression of TGFβ1 compared with MDMs obtained 
from both SSc patients with non-progressive ILD and 
no-ILD SSc patients (p<0.01) (figure 2A).

Moreover, these MDMs obtained from SSc patients 
with progressive ILD were characterised by a higher gene 
expression of MerTK compared with MDMs obtained 
from SSc patients with non-progressive ILD and no-ILD 
SSc patients (mean fold increase: 1.6±0.4 vs. 1.1±0.5, and 
vs 0.82±0.3, respectively), whereas the gene expression of 
TLR4 was significantly higher compared with no-ILD SSc 
patients (p<0.05) (figure 2B–C).

In any case, MDMs obtained from SSc patients with 
non-progressive ILD showed an increased TLR4 gene 
expression compared with MDMs obtained from no-ILD 
SSc patients (non-statistically significant) (figure 2C).

Of note, cultured MDMs obtained from SSc patients 
with ILD (both progressive and non-progressive) were 
characterised by a significant upregulation of the gene 

expression of CD163 compared with MDMs obtained 
from no-ILD SSc patients (p<0.05; p<0.01) (figure 2D).

Moreover, CD206 gene expression was found signifi-
cantly upregulated in cultured MDMs obtained from 
SSc patients both with progressive and non-progressive 
ILD compared with HCs (p<0.01; p<0.05), whereas, 
CD204 gene expression was significantly upregulated in 
MDMs obtained from all SSc patients’ groups (p<0.001 
for MDMs of non-progressive and no-ILD SSc patients; 
p<0.01 for MDMs of SSc patients with progressive ILD vs 
HC-MDMs) (figure 2E,F).

Increased protein synthesis of TLR4, MerTK and M2 markers in 
cultured MDMs obtained from SSc patients with progressive ILD 
compared with patients with non-progressive ILD and no ILD.
Cultured MDMs obtained from SSc patients with progres-
sive ILD were characterised by a significant increase in 
protein synthesis of CD206, MerTK, CD163, ARG1 and 
TLR4 compared with MDMs obtained from no-ILD SSc 
patients (CD206: p<0.05; MerTK and CD163: p<0.01; 
ARG1: p<0.001; TLR4: p<0.05) (figure  3A–E). More-
over, the protein synthesis of CD206 and MerTK was 
significantly higher in cultured MDMs obtained from 
SSc patients with progressive ILD compared with non-
progressive ILD SSc patients (p<0.05 for both), whereas 
CD163 protein synthesis showed a trend to higher value 
that was non-statistically significant (mean±SD protein 
synthesis CD163: 7.79±6.8 vs 3,23±1.8) (figure 3A–D).

Of note, cultured MDMs obtained from SSc-ILD 
patients (both progressive and non-progressive) showed 

Figure 4  Levels of TGFβ1, IL6, IL4, CCL2/MCP1 and CCL18 in cell supernatant of cultured MDMs obtained from from SSc 
with progressive ILD, SSc with non-progressive ILD, no-ILD SSc and HCs.(A–E) Evaluation by ELISA of the release of active 
TGFβ1, IL6, IL4, MCP1 and CCL18 in the conditioned medium of cultured monocyte-derived macrophages (MDMs) obtained 
from 13 SSc patients with progressive ILD (SSc-ILD prog), 10 with non-progressive ILD (SSc-ILD no-prog), 6 without ILD (SSc 
no-ILD) and 5 healthy controls (HCs). The levels of TGFβ1, cytokines and chemokines in cultured MDMs from SSc-ILD prog, 
SSc-ILD non-prog and no-ILD SSc, as well as in cultured HC-MDMs, were reported as pg/mL. ILD, interstitial lung disease; 
SSc, systemic sclerosis; TGF, transforming growth factor, IL, Interleukin; MCP1, monocyte chemoattractant protein-1; CCL-18, 
C-C Motif Chemokine Ligand 18
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a significant increase in protein synthesis of ARG1 
compared with MDMs obtained from no-ILD SSc patients 
(p<0.01 for SSc patients with non-progressive ILD; 
p<0.001 for SSc patients with progressive ILD) and they 
also showed a significantly higher protein synthesis of 
CD206, MerTK, CD163 and ARG1 compared with MDMs 
obtained from HCs (non-progressive SSc-ILD patients: 
p<0.01 for CD206; p<0.05 for MerTK, CD163 and AGR1; 
progressive SSc-ILD patients: p<0.001 for CD206 and 
MerTK, p<0.01 for CD163 and AGR1) (figure 3A–E). A 
supplementary file shows this in more detail (see online 
supplemental file 3).

Increased production and release of profibrotic cytokines, 
chemokines and IL6 in cultured MDMs obtained from SSc patients 
with progressive ILD compared with patients with non-progressive 
ILD, no-ILD and HC.
Based on the results obtained at gene and protein 
level, the production and release of profibrotic growth 
factor TGFβ1, IL4, CCL2/MCP1, CCL18 as well as pro-
inflammatory IL6 were investigated by ELISA assay in the 
cell supernatants of cultured MDMs obtained from all 
SSc patient groups and HCs.

Cultured MDMs obtained from SSc patients with 
progressive ILD were characterised by a significantly 
higher production and release of the active form of 
TGFβ1 compared with MDMs obtained from SSc patients 
with non-progressive ILD, no-ILD SSc patients (p<0.05 
for both), and compared with MDMs obtained from HCs 
(p<0.01) (figure 4A). Cultured MDMs obtained from SSc 
patients with progressive ILD were also characterised by 
a significantly higher production and release of IL4 and 
CCL18 compared with MDMs obtained from SSc patients 
with non-progressive ILD (p<0.05 for both profibrotic 
molecules) (figure 4B and E). Of note, the level of CCL18 
was significantly higher only in cultured MDMs obtained 
from SSc patients with progressive ILD compared with 
HC-MDMs (p<0.01), whereas CCL2/MCP1 levels were 
significantly higher in cultured MDMs obtained from 
no-ILD SSc patients and SSc patient with non-progressive 
ILD (p<0.05) (figure 4D and E). Cultured MDMs obtained 
from SSc-ILD patients (both progressive and non-
progressive) were characterise by a significantly higher 
production and release of IL6 compared with HC-MDMs 
(p<0.01 and p<0.05) (figure  4C). Moreover, the culture 
medium level of IL6 was significantly higher in MDMs 
from progressive ILD SSc patients compared with MDMs 
obtained from no-ILD SSc patients (p<0.05) (figure 4C).

Finally, these results confirmed that the production of 
all the investigated profibrotic cytokines and chemok-
ines, together with that of IL6, was significantly higher in 
cultured MDMs obtained from all SSc patients compared 
with MDMs obtained from HCs (p<0.05 for all mole-
cules) (online supplemental file 4).

DISCUSSION
The investigation shows for the first time that cultured 
MDMs originating from circulating monocytes of SSc 

patients with progressive ILD are characterised by a 
significantly higher combination of biomarkers and 
protein production for a strong profibrotic phenotype 
including significant increase of protein synthesis and/
or gene expression for functional mediators of fibrosis 
compared with non-progressive ILD, as well as no-ILD 
SSc patients.

Therefore, the finding of this study seems to align with 
previous ones showing an increased prevalence of hybrid 
M1/M2 phenotypes in SSc patients with lung involve-
ment and linking these cells to ILD development and 
severity.28

As a matter of fact, the in vitro results revealed that 
cultured MDMs obtained from SSc patients with progres-
sive ILD seem to be characterised by a higher profibrotic 
activity due to their significant increased gene expression 
and protein release of TGFβ1 and secretion of IL4 and 
CCL18 compared with MDMs from non-progressive SSc-
ILD patients.

Moreover, the significant upregulation of MerTK (a 
marker associated with efferocytosis and fibrogenesis), 
ARG1, CD206 and CD163 at both gene and protein 
level compared with MDMs obtained from no-ILD SSc 
patients further supports the high profibrotic activity 
of these cells and their involvement at least in the lung 
fibrotic process.42

Interestingly, MerTK is a member of the Tyro-3, Axl 
and TAM receptor tyrosine kinase family, implicated in 
various fibrotic conditions, including pulmonary and 
hepatic fibrosis, and it plays a role in recognising apop-
totic cells during efferocytosis.43

Notably, MerTK induces TGFβ1 expression, which acti-
vates fibrotic cells, such as fibroblasts, into myofibroblasts 
enhancing collagen production during wound healing.44 
Similarly, in lung fibrosis, macrophages highly expressing 
MerTK have been shown to drive TGFβ1 production, 
which promotes fibroblast-to-myofibroblast transition, 
leading to tissue fibrosis.45 Of note, the TGFβ/Smad 
and Wnt/β-catenin signalling pathways are activated 
in M2 macrophages stimulating the fibrotic process.44 
The significantly higher secretion of TGFβ1 observed 
in cultured MDMs obtained from progressive ILD SSc 
patients might be triggered by a metabolic reprogram-
ming toward an increased glycolytic pathway involving 
GLUT1 and NADPH-mediated mechanisms, and a mito-
chondrial dysfunction allowing for an increased oxygen 
species (ROS) production, as already observed in alve-
olar macrophages and fibroblasts in lung fibrosis.46–48

Indeed, the enhanced gene expression and protein 
synthesis of MerTK in cultured MDMs obtained from 
SSc patients with progressive ILD observed in this study 
further support its critical role in driving fibrosis and 
highlighting the profibrotic function of MerTK posi-
tive macrophage.39 49 In addition, the higher synthesis 
and release of the active form of TGFβ1, together with 
IL4 and CCL18 observed in cultured MDMs from SSc 
patients with progressive ILD, highlight these cells as 
pivotal mediators in the interplay between immune 
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signalling and fibrotic tissue remodelling, as already 
observed in pulmonary fibrosis.50 Moreover, CCL18 is 
highly increased in pulmonary fibrotic disease processes 
and is considered a profibrotic mediator together with 
TGFβ1 responsible for fibroblast-to-myofibroblast differ-
entiation and collagen overproduction.51

The identification of macrophages co-expressing TLR4 
and the M2 cell surface markers (CD206, CD163, CD204) 
in fibrotic parenchyma of SSc-ILD seems to reinforce 
their potential role as pathogenic elements in the SSc-
related lung involvement.30 Reflecting this observation, 
the higher percentage of circulating hybrid TLR4+M2 
monocytes in patients with progressive ILD compared 
with non-progressive ILD patients and significantly 
higher compared with no-ILD SSc patients reported 
in the study suggests a possible involvement of these 
cells in the progression of lung fibrosis. The absence of 
CD1c (marker for dendritic cells) further validated the 
monocyte-specific nature of these circulating cells.52

In addition, the higher production and release of IL6 
by cultured MDMs obtained from SSc-ILD patients (both 
progressive and non-progressive), associated with a higher 
gene and protein expression of TLR4, M2 markers (ie, 
ARG1, CD163 and CD206) and CCL18, seem to confirm 
not only the plasticity of these cells but also their possible 
phenotypic traits characteristic of tumour-associated 
macrophages.53 54

A recent study highlighted the association of serum 
interferon α−2a and chemokines such as CCL8, CCL19, 
CXCL10 and CXCL11 with disease severity and prog-
nosis in SSc, with CCL8 emerging as a potent monocyte 
chemoattractant—underscoring the central role of the 
monocyte–macrophage lineage in both the production 
and response to these inflammatory mediators.55

Notably, a recent in vitro study has reported for the 
first time that nintedanib, a tyrosine kinase inhibitor 
and antifibrotic drug currently approved for the SSc-ILD 
treatment, significantly downregulates the expression of 
MerTK in cultured ILD-SSc MDMs.39 This finding offers 
new insights into how nintedanib may mitigate fibrosis 
by interfering with pathways involving the tyrosine kinase 
receptor MerTK.56 Nowadays, tailoring pharmacological 
treatment requires consideration not only of the patient’s 
clinical phenotype but also of their immune cell profile.

A comprehensive immune cell characterisation is there-
fore crucial to achieve an in-depth patient stratification 
and pro-active personalised therapeutic approaches.57

Some limitations of the study are present. The small 
sample size and cross-sectional design limit the ability 
to establish causal relationships between macrophage 
phenotypes and ILD progression. This limitation will be 
solved by ongoing larger studies.

In some analyses, the lack of statistical significance 
differences between progressive and non-progressive ILD 
SSc groups may have been influenced by the dynamic 
and evolving nature of the disease, as well as by the 
intrinsic heterogeneity of ILD and the limited sample 
size, reflecting a typical variation within the cohort.

A further limitation of this study is that the ongoing 
immunosuppressive treatments were allowed, reflecting 
a real-life clinical context. Nevertheless, patients treated 
with antifibrotic agents, such as nintedanib, were 
excluded from the analysis (online supplemental file 1).

To further elucidate the profibrotic role of 
TLR4+M2 monocytes and their direct interaction 
with mesenchymal cells, especially fibroblasts, addi-
tional in vitro co-culture studies are needed to 
confirm the connection between these two cell types, 
increasing the powerful and novel central function 
of these hybrid monocytes/macrophages in SSc lung 
fibrosis.57 Indeed, the characterisation of TLR4+M2 
monocytes and MDMs from SSc patients, particularly 
those with progressive ILD, is ongoing in order to 
investigate their functional status, gene expression 
profile and their possible capability to induce in vitro 
the activation of fibroblasts and extracellular matrix 
production.

Future research should also investigate the interaction 
between M2 macrophages and other immune cells, as 
well as their involvement in microvascular damage in SSc 
and other CTDs.

Moreover, based on the results of the study, it might 
be interesting to elucidate if the higher profibrotic 
activity of circulating monocytes and MDMs obtained 
from SSc-ILD patients, primarily in those with a 
progressive ILD, may be correlated/linked with an 
alteration of the immunometabolic shifting from 
oxidative phosphorylation to glycolysis to fuel their 
phenotype and protein production, as well as with an 
alteration of the mitochondrial oxidative stress and 
turnover, both involved in the activation of TGFβ1 
signalling pathway and in the promotion of a profi-
brotic phenotype in alveolar macrophages.46 47

Of note, other pathophysiological mechanisms may 
further intervene in the dynamics of SSc microvas-
cular damage and related symptoms, such as gender, 
the increase in nocturnal inflammatory reactions (ie, 
increased cytokine and growth factor synthesis) that 
follow the circadian rhythm, as seen in rheumatoid 
arthritis synovitis.58 59

Finally, longitudinal studies, already planned, are 
required to validate these findings and explore whether 
therapeutic modulation of these pathways can signifi-
cantly influence clinical outcomes.

CONCLUSION
The investigation shows for the first time that cultured 
MDMs originating from circulating monocytes of 
SSc patients with progressive ILD are characterised 
by a significantly higher combination of biomarkers 
and protein production for a strong profibrotic 
phenotype (CD206, CD163, IL4, IL6 and CCL18), 
including significant increase of protein synthesis 
and/or gene expression for functional mediators of 

R
M

D
 O

pen: first published as 10.1136/rm
dopen-2025-006135 on 11 D

ecem
ber 2025. D

ow
nloaded from

 https://rm
dopen.bm

j.com
 on 11 F

ebruary 2026 by guest.
P

rotected by copyright, including for uses related to text and data m
ining, A

I training, and sim
ilar technologies.

https://dx.doi.org/10.1136/rmdopen-2025-006135


12 Smith V, et al. RMD Open 2025;11:e006135. doi:10.1136/rmdopen-2025-006135

RMD OpenRMD OpenRMD Open

fibrosis (TGFβ1, MerTK, ARG1) compared with non-
progressive ILD, as well as no-ILD SSc patients.

Present results represent the basis of our ongoing 
investigations to further characterise the potential 
role of such circulating monocyte phenotype, to be 
considered as possible predictive biomarker of evolu-
tion versus progressive ILD at least among ILD-SSc 
patients.
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