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ARTICLE INFO ABSTRACT

Handling Editor: M.E. Gershwin Systemic sclerosis (SSc) is a complex disease that affects the connective tissue, causing fibrosis. SSc patients show
altered immune cell composition and activation in the peripheral blood (PB). PB monocytes (Mos) are recruited
into tissues where they differentiate into macrophages, which are directly involved in fibrosis. To understand the
role of CD14" PB Mos in SSc, a single-cell transcriptome analysis (scRNA-seq) was conducted on 8 SSc patients

and 8 controls. Using unsupervised clustering methods, CD14" cells were assigned to 11 clusters, which added
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RNA- . . . . . .
i;onoc}ffeq granularity to the known monocyte subsets: classical (cMos), intermediate (iMos) and non-classical Mos (ncMos)
cD14 or type 2 dendritic cells. NcMos were significantly overrepresented in SSc patients and showed an active IFN-

signature and increased expression levels of PTGES, in addition to monocyte motility and adhesion markers.
We identified a SSc-related cluster of IRF7+ STAT1+ iMos with an aberrant IFN-response. Finally, a depletion of
M2 polarised cMos in SSc was observed. Our results highlighted the potential of PB Mos as biomarkers for SSc
and provided new possibilities for putative drug targets for modulating the innate immune response in SSc.

1. Introduction

Systemic sclerosis (SSc) is a chronic life-threatening immune-medi-
ated disease (IMD), which is characterised by an imbalanced immune
response, endothelial damage and progressive fibrosis of the skin and
internal organs [1]. Clinical manifestations among patients are highly
heterogeneous, involving different extents of fibrosis, the appearance of
autoantibodies against different nuclear structures and the onset of
clinical complications or comorbidities [1]. SSc patients are classified
into two major clinical subtypes: limited cutaneous SSc (lcSSc), if
fibrosis is restricted to specific areas of the body (i.e. face and limbs),
and diffuse cutaneous SSc (dcSSc), if fibrosis is generalised and affects

mostly the torso and the proximal regions of the limbs [1]. From a
geneticist point of view, SSc is classified as a complex disorder, as it is
triggered by unknown environmental factors in genetically predisposed
individuals [2]. Large genetic studies have contributed to establish 27
loci as firm genetic players in SSc susceptibility [3].

Both the adaptive and innate responses are chronically active and
aberrant in SSc patients [4]. In this regard, innate myeloid cells that act
as antigen presenting cells (APCs) [5] have been shown to be involved in
pathological tissue scarring and fibrosis in SSc patients [6]. Moreover,
alterations of the macrophage compartment have been suggested as
essential drivers of connective tissue fibrosis in SSc [7]. Notably, in the
early stages of SSc skin fibrosis, macrophages show a proinflammatory

* Corresponding author. Department of Genetics and Biotechnology Institute, Biomedical Research Centre (CIBM), University of Granada, 18100, Granada, Spain.
** Corresponding author. Department of Cell Biology and Immunology, Institute of Parasitology and Biomedicine Lopez-Neyra, CSIC, 18016, Granada, Spain.
E-mail addresses: 1bossinicastillo@ugr.es (L. Bossini-Castillo), javiermartin@ipb.csic.es (J. Martin).

1 These authors contributed equally.

https://doi.org/10.1016/j.jaut.2023.103097

Received 18 May 2023; Received in revised form 10 August 2023; Accepted 16 August 2023

Available online 24 August 2023

0896-8411/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).


mailto:lbossinicastillo@ugr.es
mailto:javiermartin@ipb.csic.es
www.sciencedirect.com/science/journal/08968411
https://www.elsevier.com/locate/jautimm
https://doi.org/10.1016/j.jaut.2023.103097
https://doi.org/10.1016/j.jaut.2023.103097
https://doi.org/10.1016/j.jaut.2023.103097
http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaut.2023.103097&domain=pdf
http://creativecommons.org/licenses/by/4.0/

G. Villanueva-Martin et al.

M1 and/or M2 concomitant profile that might progress towards a
M1/M2 disequilibrium in later stages [8]. Furthermore, a new set of
CXCL4-induced macrophages, which might be linked with profibrotic
skills, has been identified in SSc patients. However, their exact role in
the disease is yet to be defined [9].

Recently, the study of the molecular mechanisms leading to anom-
alous macrophage behaviour in SSc-affected tissues has reached an un-
precedented level of detail thanks to the improvements of single cell
transcriptome (scRNA-seq) technologies [6,10], which focused on the
tissue-resident fibroblast, lymphocyte and macrophage populations [6,
11,12]. Regarding macrophages, pioneer studies have identified a
highly proliferative SSc-specific M2 macrophage subpopulation in the
lungs distinguished by the expression of osteopontin (SPP1) [10], which
induces profibrotic characteristics in the fibroblasts [13]. In the case of
skin macrophages, scRNA-seq experiments of dcSSc skin have singled
out a macrophage subpopulation characterised by the expression of high
levels of Fcy receptor IIIA (FCGR3A, also known as CD16) [6].

Interestingly, myeloid populations are not only a tissue-resident
lineage, but also circulate in the peripheral blood (PB) as monocytes
(Mos) [4]. Due to the systemic nature of the disease, the monocyte
compartment of SSc patients has abnormal biophysical properties and
increased proportions of circulating inflammatory non-classical Mos
(ncMo) [14-17]. Moreover, SSc Mos have been reported to increase
their adhesion by reducing the expression of CD52 [18] and upregu-
lating CCR3 [19] as a response to type I IFN. Moreover, circulating
myeloid cells in the blood of SSc patients, especially those with a severe
disease, have a gene expression profile that combines M1 and M2 surface
markers [20-22].

Nevertheless, scRNA-seq technologies have not been applied to
comprehensively characterise circulating CD14" Mos in the blood of SSc
patients. Therefore, we will investigate the composition and the cell
subtype-specific expression profiles of the monocyte compartment in
SSc at the highest resolution by analysing the single cell transcriptomes
of more than 94,000 CD14" PB cells from 8 patients affected with SSc
and 8 controls.

2. Methods
2.1. Patient description

The study cohort consisted of 16 women. All individuals were of self-
reported European ancestry and of similar age (average age SSc = 60;
average age controls = 59), 8 of them were diagnosed with SSc and the
remaining 8 were unaffected. Patients fulfilled the diagnostic criteria for
the disease proposed by ACR [23] and were classified into limited
cutaneous or diffuse cutaneous SSc according to the criteria proposed by
LeRoy [24,25]. Clinical information of the patients, as well as their
serological profile and drug treatment are shown in Supplementary
Table 1. All participants were selected from the Hospital Universitario San
Cecilio (Granada, Spain) by qualified staff and they signed a written
consent before being enrolled in the study. All samples were irreversibly
anonymised.

2.2. Cell suspension protocol

Thirty millilitres of PB of each participant were collected in EDTA
tubes (Greiner #4550356) and processed for cryopreservation within 1
h of extraction. CD14" cells were isolated at the Instituto de Para-
sitologia y Biomedicina Lopez-Neyra (Granada, Spain). Next, plasma
was separated from peripheral blood mononuclear cells (PBMCs) using
Ficoll® Paque Plus (Merk #GE 17-1440-02) density gradients in Leu-
cosep centrifuge tubes (Greiner #227290). Positive selection of CD14"
cells was performed using a magnetic bead kit (Stem Cell Easy Step, ref
#17858) by following the protocol established by the manufacturer. The
CD147 cells accounted for more than 86.5% of the cells in the samples as
confirmed by flow-cytometry analyses and high CD14 mRNA expression
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was later confirmed at the single cell level (Supplementary Fig. 1). Then,
CD14" cell suspensions were cryopreserved in 10% DMSO (Merk
D2438) and 90% foetal bovine serum (FBS, Gibco #10082-147) medium
and frozen in a —80 °C ultrafreezer at a controlled rate for at least 24 h
using a CoolCell container (Corning # 432000). Samples were kept in
liquid nitrogen for long term storage.

2.3. Single cell RNA-sequencing library generation

To perform single cell whole transcriptome sequencing (scRNA-seq),
we used the Next GEM technology by 10x Genomics. Samples were
assayed following the manufacturer’s instructions for the following kits:
Chromium Next GEM Chip G Single Cell Kit (10xGenomics, PN-
1000127) and Chromium Next GEM Single Cell 5 Library and Gel
Bead Kit v1.1 (10xGenomics, PN-1000165_a). Subsequently, the gener-
ated cDNA libraries were sequenced using the NovaSeq 6000 platform
(Illumina) with S2 and SP chemistry v1.5. The previously described
settings allowed us to obtain an average of 85.85% of reads in cells, with
an average of 31,847 reads per cell. The sequencing reads were aligned
to the GRCh38 genome build and unique molecular identifiers (UMI)
were processed by the 10x Cell Ranger Single Cell Software Suite
(v3.0.0) using default parameters, with an average of 1658 genes
identified per cell.

2.4. Single cell RNA-sequencing data analysis

Cell Ranger results were imported into Scanpy (v1.8.2) [26] in Py-
thon (v3.8.1). All individuals passed the established quality filters. Any
cell with less than 500 genes, more than 10% of reads mapping in
mitochondrial genes or more than 30% of reads mapping in ribosomal
genes was removed. In addition, to avoid doublets, any cell with more
than 3000 detected genes was discarded. The MTRNR2L8 gene was
found to be aberrantly expressed in only one individual and was,
therefore, excluded from the analysis. Altogether 94,525 CD147 cells,
and 22,637 genes passed the filters.

Normalisation by library size and logarithmic transformation was
applied to the resulting UMIs for each cell that passed QC, using the
scanpy tools and their default settings. Next, the scanpy cell cycle
analysis tool was used, using a list of publicly available cell cycle-related
genes [27], assigning to each cell a cell cycle phase. We used 5000
highly variable genes (HVG) in our downstream analyses, which were
selected at this point. To ensure that the results were not biassed by
biological variation, the following parameters were regressed out using
the scanpy regress_out function: number of UMIs per cell, proportion of
reads in mitochondrial and ribosomal genes and cell cycle (S phase and
G2M phase). Finally, the resulting data were scaled to unit variance and
values exceeding standard deviation 10 were clipped.

Scaled data were then used to perform principal component analysis
(PCA), and we used the first 20 PCs to perform a Batch Balanced k-
Nearest Neighbour (BBKNN) integration graph, using the individuals as
a correction key. This BBKNN graph was later used for embedding and
visualisation with the Uniform Manifold Approximation and Projection
(UMAP) algorithm [28], as well as for unsupervised clustering with the
Leiden algorithm [29]. All the samples were properly integrated and
similar clustering results were obtained using alternative algorithms
(Supplementary Figs. 2 and 3). The CellTypist package (v1.2.0) [30] was
used to identify non-monocytic cells, mainly lymphoid cells, which were
removed from the data. Additionally, apoptotic cells were identified on
the basis of a panel of apoptosis markers and discarded from further
analysis. Finally, 94,525 cells remained in the dataset, on which the
analyses described above were repeated.

Finally, the 11 clusters defined by the unsupervised Leiden clustering
algorithm were assigned to known CD14" cell subsets based on genetic
markers from the literature (Supplementary Fig. 4). However, each
cluster was analysed individually to prevent interpretation bias based on
previous immunological cell subset definitions.



G. Villanueva-Martin et al.

2.4.1. Differential gene expression

In order to identify genes that can be used as cluster-specific marker
genes and to analyse differential gene expression (DE) between cells in
the same cluster but originated from different conditions, we applied the
rank_genes_groups function implemented in scanpy. Scanpy then
calculated differential expression for each gene and ranked them based
on their Z-score and the underlying p-value. A Wilcoxon statistical test
was applied for DE calculation and the Benjamini-Hochberg FDR (FDR
<0.1) strategy was applied as a correction method. Log2 fold changes
were also calculated per group as implemented in the previously
mentioned function.

2.4.2. Pathway enrichment analysis

The top 10% cluster marker genes and DE genes were considered for
pathway enrichment analysis. The enrichment analysis was performed
using the Gene Ontology (GO), Kyoto Encyclopedia of Genes and Ge-
nomes (KEGG) and Reactome databases using R package EnrichR
(v3.1.0). A p-value <0.05 after FDR correction was established as a
statistical significance threshold.

2.4.3. Trajectory analysis

To explore potential cell trajectories, we relied on the methods
implemented in Monocle3 (v3.0) [31]. For this purpose, the object was
first converted to a Seurat (v4.3.0) [32] object, using the SeuratData
(v0.2.2) and SeuratDisk (v0.0.09020) packages. The sample was then
downsampled to 9,000 cells, and then converted to a cell data set object
with the Seurat function as.cell_data_set. The effect sizes of the raw
counts were then estimated and the cluster_cell function was applied to
perform the clustering and partitioning of the data in order to calculate
the cell trajectories. Finally, the pseudotime branches were inferred with
the learn_graph function. Based on the expression of genes related to the
transdifferentiation of Mos to macrophages (FCGR3A, CSFIR and
RHOQ), cluster 0 was chosen as the pseudotime root (this cluster cor-
responded to cluster 1 according to the monocle3 clustering).

We used the graph_test and find_gene modules functions imple-
mented in Monocle3 to identify modules of genes that changed with the
pseudotime. We applied a multiple testing correction [33] on the results
and, if a gene had a q value < 0.05 and a Moran’s I (a measure of the
degree of correlation) greater than 0.05, it was considered to be signif-
icantly associated with the pseudotime trajectory[34].

To perform the diffusion mapping, an unsupervised dimensionality
reduction analysis package Destiny (v3.12.0) [35] was used. Previously,
the SingleCellExperiment package (v1.20.0) [36] was needed to adapt
the Seurat object exported from Scanpy.

3. Results
3.1. Peripheral blood CD14" monocytes show a IFN signature in SSc

In order to comprehensively characterise the pathological alterations
of the transcriptome at the single cell level in PB Mos of SSc patients, we
analysed the transcriptome of 94,525 CD14" cells. As shown in Sup-
plementary Table 1, our study cohort was composed of 8 women
affected by SSc (6 with 1cSSc and 2 with dcSSc) and 8 non-affected
women. Patients had several years of disease duration and all of them
presented Raynaud’s phenomenon and similar drug treatment. The
majority of the recruited patients had gastrointestinal complications,
but only some of them showed pulmonary involvement. The patients
and controls were matched by ethnicity and age.

CD14" Mos represent a ~10% of the leukocytes in PB [37] and the
number of isolated CD14™" cells per sample was consistent between the
controls and the SSc patients, but also between patients with 1cSSc and
patients with dcSSc (Supplementary Table 2). We detected not only
CD14"&" byt also CD14°¥CD16" " cells, which corresponded to the
non-classical monocyte population [38]. Therefore, the analysed cells
showed a modest to high CD14 expression (Supplementary Fig. 1), and
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an average of 1,658 genes per cell were detected.

After QC, we generated an integrated data set combining the SSc and
control CD14™ monocyte transcriptomes. We observed that all samples
were evenly distributed (Supplementary Fig. 2), but each condition
showed a distinct density pattern with qualitative differences between
SSc and controls, as well as between 1cSSc and dcSSc (Fig. 1A). More-
over, the comparison of the average gene expression between controls
and SSc, 1cSSc or deSSc identified the overexpression in cases of 2,665,
2,640 and 1,057 genes, respectively (Fig. 1B; Supplementary Figs. 5A
and 5B; Supplementary Tables 3-5).

The top DE genes (DEG) in SSc compared with controls included
interferon response genes, such as IFITM3, IRF1, IFITM2 and IFI6.
Nevertheless, we also observed monocyte migration markers, for
example LGALS2, and TMSBI10. Additionally, antigen presentation
molecules were remarkably DE, i.e. HLA-A and HLA-DRB5 (Fig. 1B;
Supplementary Table 3). Furthermore, relevant SSc-associated tran-
scription factors, as STATI and KLF6, showed a significantly increased
expression in patients with SSc (Fig. 1B; Supplementary Table 3). In fact,
pathway enrichment analysis highlighted that these SSc upregulated
genes were enriched in several proinflammatory mechanisms such as:
response to type I and type II IFN, Toll-like receptor signalling and Class
I MHC-mediated antigen processing and presentation (Supplementary
Table 6). It should also be noted that overexpressed genes in SSc
included several key players of the innate immune response, the
interferon-induced guanylate binding protein (GBP) family: GBPI,
GBP2, GBP3, GBP4 and GBP5 (Supplementary Table 3) [39].

The comparison between 1cSSc patients and controls revealed that
the general biological pathways enriched with DE genes were very
similar to the observed trends for SSc (Supplementary Table 4). How-
ever, we detected subtype specific overexpression of genes encoding
proteins of the complement cascade (such as, CFD) in 1cSSc (Supple-
mentary Table 4). On the contrary, patients with dcSSc showed
increased levels of the monocyte activation related genes, such as LYZ,
CSF3R (Supplementary Table 5).

Additionally, when 1cSSc and dcSSc were compared, we identified
1,156 genes upregulated in lcSSc and 636 genes upregulated in dcSSc
(Supplementary Table 7). Compared with dcSSc, the 1cSSc subtype
showed an overexpression of some interferon response genes (i.e.
S100A4, IFNGR2), subtype-specific increased levels of negative regula-
tors of dendritic cell differentiation (TMEM176A and TMEM176B) [40],
and an enhanced antigen presentation profile with several HLA genes
amongst the most DEG (Fig. 1C; Supplementary Table 7). On the other
hand, the top deSSc upregulated genes compared to 1cSSc were involved
in monocyte migration (SELL [41], CD52 [42], VCAN [43]) and in
monocyte differentiation, CLEC12A [44] (Fig. 1B and C, Supplementary
Table 7). These DEGs were also enriched in interferon-related pathways
and, additionally in intercellular communication, for example: immu-
noregulatory interactions between a lymphoid and a non-lymphoid cell
(Supplementary Table 8). In addition, RUNX3-mediated immune
response and migration were in the top enriched pathways (Supple-
mentary Table 8).

3.2. Interferon activated non-classical CD16" RHOC + monocytes
express high levels of microsomal prostaglandin E2 synthase-1 in SSc

Eleven cell clusters were defined on the basis of transcriptional
similarity by implementing the community detection Leiden algorithm
in an UMAP (Fig. 2A). All the individuals contributed to all clusters
(Fig. 2B) and there was no cluster restricted to SSc or the SSc subtypes
(Supplementary Fig. 2). Notably, the implementation of the Louvain
algorithm on a t -distributed stochastic neighbour embedding (t-SNE)
visualisation resulted in similar clusters (Supplementary Fig. 3).

Panels of known membrane surface markers allowed us to manually
annotate clusters into the three major monocyte subsets: cMo (CD14"/
SELL, 5 clusters), iMo (HLA-DRA/CD74", 4 clusters) and ncMo
(FCGR3A"/C1QA™, 1 cluster) (Fig. 2C; Supplementary Fig. 4). We also
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Fig. 1. Cellular density and differential gene expression in SSc subtypes and controls. A) UMAP plots showing cellular density of CTRL, 1cSSc, and dcSSc. Colour
gradient indicates increasing density. B) Top 10 differentially expressed genes in SSc vs. CTRL, 1cSSc vs. CTRL, and dcSSc vs. CTRL. C) Top 10 differentially expressed
genes between 1cSSc and dcSSc, and vice versa. Point size represents the fraction of cells per group expressing each gene, and colour represents the expression level of
each gene in each group. SSc: Systemic Sclerosis; 1cSSc: limited cutaneous SSc; dcSSc: diffuse cutaneous SSc; CTRL: controls.

detected a DC2 population (CD1C*T FCERIAT/CLEC10A™, 1 cluster).

We observed that the ncMo compartment (cluster 7) was signifi-
cantly overrepresented in SSc patients, and especially in 1cSSc cases
(Fig. 2D; Supplementary Fig. 6). NcMo are CD16" cells, which was
consistent with cluster 7 showing the highest expression of the CD16
encoding gene, i.e. FCGR3A (Fig. 2D, Supplementary Fig. 4). This ncMo
cluster was characterised by high expression of LST1, which was also
overexpressed in the SSc cells of this cluster (Fig. 2D, Supplementary
Table 9). LST1 encodes a trans-membrane and soluble protein induced
by immune response against bacteria and associated with the inhibition
of lymphocyte proliferation [45]. Moreover, cell motility-related genes,
such as COTLI1 [46] and RHOC [47], were also clear markers for this
subset of Mos (Fig. 2D, Supplementary Table 9). It should be noted that
RHOC was differentially expressed between SSc and controls, as well as
being overexpressed in 1cSSc cases compared with dcSSc patients.
Although RHOC was a cluster marker (logFold change = 4.3) for ncMos
(cluster 7), it was differentially expressed between SSc and controls in
ncMo but also in the nearby subsets of antigen-presenting iMos (clusters
2 and 3) (Fig. 3A; Supplementary Tables 3, 7, 9 and 10).

The interferon signature in ncMo was clear with several interferon
induced genes, such as IFITM3 and IFITM2 in the top gene markers and
differentially overexpressed in SSc patients (Supplementary Tables 9
and 10). The DEGs with the largest log fold changes (logFold change
>1.5) included very promising loci related to SSc-associated fibrosis. For
example, PTGES, which encodes an inducible microsomal enzyme that
acts downstream from cyclooxygenase-2 and catalyses the prostaglandin
2 (PGE2) synthesis [48] or CEACAMS3, a cellular adhesion molecule
[49], were exclusively DE in this cluster of ncMo (Fig. 3A; Supplemen-
tary Table 10). Finally, several complement system genes, such as C1QA,
CIQB, C1QC and CSFIR, showed the greatest fold change increases in
the ncMo cluster compared with the rest of the CD14™ cells (Fig. 3A;
Supplementary Table 10).

3.3. Migration of M2 polarised monocytes is altered in SSc

We observed that cluster 9 was underrepresented in individuals
affected by SSc, which was especially visible in 1cSSc patients (Fig. 2D).

Cluster 9, a cMo subset, was characterised by a high expression of genes
related to cell adhesion and migration, such as VCAN, CD36, VIM and
ITGB2 (Supplementary Table 9). Moreover, pathway enrichment anal-
ysis of the marker genes showed that the most relevant pathways also
included cell surface interactions at vascular wall and several pathways
related to extracellular matrix composition, (such as chondroitin sul-
fate/dermatan sulfate metabolism, diseases associated with glycosami-
noglycan metabolism, etc.) and fibrosis (interleukin-4 and interleukin-
13 signalling) [50] (Supplementary Table 11).

Remarkably, this cluster showed markers of monocyte activation
(AHNAK [51], DDX5 [52,53], and CD44 [54]). Especially, we identified
several markers of polarisation towards a M2 profibrotic phenotype
[55],i.e. AHR [51], TGFB1 and CD163 [56] (Fig. 3B and Supplementary
Fig. 7). Additionally, we observed some M1 markers among the cluster 9
markers (Supplementary Fig. 7), such as NLRP3 and IL1B (Supplemen-
tary Table 9) [57]. However, NLRP3 had a higher expression in controls
than in SSc (logFold change = —0,23) and IL1B was not differentially
expressed (Supplementary Table 9). Finally, the SSc cMos in this cluster
showed a high overexpression of the S100A gene family (S100AS,
S100A6, S100A10, S100A9) and other interferon-response genes (IRF1,
IFITM3, IFITM2) (Fig. 3B; Supplementary Table 10).

Then, we analysed the composition and characteristics of an iMo IFN
signature-related cluster: cluster 8. SSc patients contributed more to this
iMo cluster, which was marked by very high expression of genes related
to IFN induction, such as ISG15, MX1, MX2 and IFI6 (Figs. 2D and 3C). It
should be noted that two master regulators of IFN-mediated immune
activation, which have been previously involved in SSc pathogenesis
and appeared DE in our comparison between all cells from SSc patients
versus the control cells, IRF7 and STAT1, marked exclusively this cluster
(Supplementary Tables 4, 9 and 10). As expected by the cluster marker
genes, DE analysis showed that the highest over-expression corre-
sponded to MHC-I (HLA-A) and MHC-II (HLA-DRB5) genes and members
of the S100A family (SI100A8/S100A9, S100A6 and S100A11), all
markers of monocyte activation and inflammation (Fig. 3C).
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3.4. The expression of SSc genetic risk loci is altered in SSc CD14*
monocytes

Considering our success in establishing IRF7 and STATI, known SSc
genetic risk factors, as cluster specific markers, we checked the expres-
sion of other known SSc risk loci [3].

We observed that CSK, RAB2A, TSPAN32, GRB2, IL12RB1, IRFS,

DDX6, and TNIP1 were DE in the comparison between all the SSc cells
and all the control cells (Supplementary Table 3). All of them were
upregulated in SSc, but only CSK, a kinase of the Src family that interacts
with the immune-related PTPN22 locus, was significantly upregulated in
1cSSc versus deSSc (Supplementary Table 7). Remarkably, for some of
these loci we were able to characterise cluster specific DEs.

We observed that the expression of CSK was increased in patient
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Fig. 3. Violin plots and dotplots of gene expression in A) cluster 7, B) cluster 9 and C) cluster 8. The height of each violin indicates the cell proportion of each cluster
and colours indicate expression levels and DE between controls and 1cSSc and dcSSc is depicted in the dotpots.

cMos (clusters 0, 4 and 5) and iMos (clusters 1, 2, 3 and 8), but not
ncMos or DC2 (Supplementary Table 10). On the contrary, RAB2A locus,
which encodes a Rab GTPase involved in intracellular vesicle trafficking,
showed DE scattered in several monocyte clusters identified as either
cMos (clusters 0 and 5), iMos (cluster 2) or ncMos (cluster 7).

As opposed to IRF7, which was a marker gene for clusters 7 and 8 but
showed a generalised DE in several monocyte clusters, IRF8 (also
involved in transcriptional regulation via I[FN) was a common marker for
several clusters and it was upregulated in SSc in two cMo clusters
(clusters 0 and 3) (Supplementary Tables 9 and 10). It should be noted
that recent reports have identified a CD14" cell-exclusive 3D chromatin

interaction between a SSc-associated SNP, which was located in the
vicinity of IRF8 (rs11117420), and the promoter of this locus using Hi-C
study in CD14" Mos obtained from SSc patient blood [58].

The GRB2 locus was exclusively overexpressed in the SSc cells that
belonged to cluster 0, and ARHGAP31 and TSPAN32 were significantly
upregulated in SSc only in cluster 3 (Supplementary Table 10).

Notably, IL12RB1, which had been previously identified as a genetic
risk locus for SSc [3,59], was highly expressed in the inflammatory SSc
ncMos (Supplementary Table 9).

Finally, we observed that only one gene, ANXAG6, located near the
TNIP1 SSc genetic susceptibility locus [60], showed a decreased
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expression in SSc patients compared to controls in all the defined clus-
ters (logFold change ranging 0.17-0.69) (Supplementary Tables 3-5).
Additionally, ANXA6 was a cluster marker for all the cMo clusters,
except for cluster 5 (Supplementary Table 9). Interestingly, a decreased
expression of ANXA6 and a physical interaction between the ANXA6
promoter and a nearby enhancer located in a TNIPI intron have been
previously described in SSc CD4" lymphocytes [61]. Moreover, the al-
leles of rs3792783, a SSc-associated SNP located in TNIP1 [60], corre-
lated both with the methylation status of the enhancer and with ANXA6
expression [61]. Therefore, our findings support further investigation of
the relevance of an altered expression of this locus in the context of
CD14" and especially in cMos in SSc patients.
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3.5. IRF7+ STATI1+ intermediate monocytes show a distinctive IFN-
response in SSc

Then, we explored the relationship between the different monocyte
clusters and studied the existence of specific gene modules or cellular
states that correlated with SSc. Consequently, we carried out a pseu-
dotime analysis.

We observed that the monocyte clusters seemed to gradually
differentiate from cMos towards either ncMos or DC2s with iMos acting
as a crossroads (Fig. 4A). The trajectory root was located in cMo clusters,
such as CD14+, SELL+, and CD36" (Supplementary Fig. 4). However,
the progression towards the endpoints relied on the expression of genes
such as FCGR3A (CD16) and FCER1A, both markers of ncMos and DC2s,
respectively (Fig. 4B).
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Fig. 4. A) UMAP showing CD14" cells from SSc and CTRLs coloured by pseudotime. B) Expression of the top 6 genes in the CD14" pseudotime C) Diffusion maps
coloured by cell type, pseudotime, and cluster 3 (from top to bottom). D) Heatmap of gene module expression per cluster. Numbers indicate clusters.
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Moreover, the cMo clusters located at the start of the trajectory were
clearly characterised by markers of an IFN-mediated response, i.e.
S100A12 (Fig. 4B), that have already been addressed as SSc biomarkers
above. Nevertheless, the trajectory ended in the ncMo cluster and it was
driven by the expression of two SSc-related markers: RHOC and CDKN1C
(Supplementary Tables 3, 9 and 10). Both genes further suggested an
overreactivity of ncMos in SSc, since the protein encoded by RHOC is key
in the regulation of cell motility and CDKN1C, also known as P57, acts as
a cyclin-dependent tumour suppressor.

Then, we took into account that the estimated pseudotime seemed to
have at least two different endpoints (Fig. 4A) and decided to calculate a
diffusion map to identify the branching points and connections between
the different cell clusters. The diffusion map confirmed that ncMos and
DC2s were established as two clearly different branches and, although
the different iMos clusters were located between the cMos, and the
ncMos or the DCs, cluster 3 appeared as an intersection between cMos
and their polarisation to ncMos or DC2s (Fig. 4B and C; Supplementary
Fig. 8). Although the transit from cMos to DC2s seemed gradual, the
polarisation from cMos to ncMos looked linear with cluster 3 as a
bottleneck (Fig. 4C). Cluster 3 was characterised by a very high
expression of HLA class II genes, which were also upregulated by the SSc
cells in this cluster (Supplementary Tables 9 and 10).

Finally, we identified modules of co-expressed genes in the trajectory
and we focused on those that showed a cluster specific pattern (Fig. 4D).
Module 1 was characteristic of the previously mentioned crossroads
iMos cluster, cluster 3 (Fig. 4D). This gene module was shaped by a
variety of genes such as MTHFR (coding gene for the methylenete-
trahydrofolate reductase enzyme) and CELA2A (which encodes a
chymotrypsin like elastase) (Supplementary Table 12). But pathway
enrichment suggested that this module might be correlated with sig-
nalling via IL1R (including loci such as JUN, TGFB2, ILIRN) and might
be involved in the altered proportions of monocyte subsets in SSc.

On the contrary, module 19 was integrated by ISG15 together with
several proteins of the GBP family (GBP1, GBP2, GBP3) and IFN-induced
genes (IFI6, IFI44, IFI44L) that were previously described as DEG in SSc
(Supplementary Tables 3 and 12). ISG15 was a specific marker gene for
cluster 8 (IRF7+ STAT1+ iMos), which was overrepresented in SSc and
showed the highest expression of module 19 (Figs. 2D, 3C and 4D),
which allowed us to restrict this particular IFN-response to a specific
subset of SSc iMos.

4. Discussion

In specific pathogenic conditions, as in the SSc fibrotic tissue, mac-
rophages are essential for the activation of profibrotic myofibroblasts [4,
5]. However, still in PB circulation, SSc Mos show altered composition
and expression profiles [16,62]. As opposed to affected tissue, blood is
abundant and easily accessible, and it is often an appropriate biomarker
for disease monitoring. Interestingly, single cell transcriptome analysis
of PB immune cells and Mos has been fruitful to identify unique cell
populations and disease activity-related profiles in IMDs [63,64].
Despite their central role in SSc pathogenesis, the circulating Mo
compartment transcriptome had never been characterised at the single
cell level before.

This study analysed the largest number of the circulating CD14 ™" cells
(over 90,000 cells) in SSc patients compared to healthy controls. We
prioritised identifying rare cell clusters and comprehensively charac-
terising the differences between clusters over addressing interindividual
variability. The reported findings provided valuable insights into CD14"
cellular heterogeneity and dynamics, and to identify disease markers in
SSc. Nevertheless, the main limitation of the study is the number of
studied individuals (8 SSc patients and 8 CTRLs) and further replication
in larger independent cohorts are needed to validate the subtype-specific
findings. Therefore, we consider that the comparisons comprising dis-
ease subtypes should be treated with caution, especially in the case of
dcSSc.
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Reassuringly, we observed an overrepresentation of inflammatory
ncMos (cluster 7) (Fig. 2D) as previously described [15,17]. Recently,
Carvalheiro et al. described an increased frequency of
CXCL10-producing ncMo in SSc and an elevated frequency of
CXCL8-producing ncMos upon stimulation [65]. We observed that the
ncMos in Cluster 7 exhibited a very high CXCL10 expression (logFold
change = 1.3) compared to other clusters (Supplementary Table 9) and
that CXCL8 expression was increased in SSc ncMos and iMo clusters as
well (Supplementary Table 10).

Additionally, the identified ncMo cluster in our dataset showed a
very high expression of known IFN-induced markers produced by
myeloid cells in SSc fibrotic skin, such as S1008A/S100A9, which
stimulate keratinocyte secretion of CXCL2 and CXCL3, as well as IL-6 (a
known SSc hallmark) [66]. Consistent with a IFN-mediated effect in
ncMos, SSc patient treatment with anifrolumab (a human monoclonal
antibody against the interferon-a/p receptor subunit 1) in clinical trials
correlated with a decreased TGF-p fibrosis and reduced expression levels
of some of the ncMo markers observed in our study, such as TGBI,
CXCL10 and B2M [67] (Supplementary Tables 9-10). Therefore, the
main role of the IFN-mediated ncMo activation might be to influence the
cytokine profile of ncMos.

We also hypothesise that IFN might affect ncMo migration. Of
particular significance is the upregulation of ncMo tissue migration
markers, i.e. CX3CR1 and CEACAM3 [49,68] (Supplementary Tables
9-10). CEACAMS3 and several members of its family had been previously
associated with SSc as well as correlated with interstitial lung disease,
but these previous reports related CEACAM3 to cMos [66]. Contrarily,
our data showed that CEACAM3 was an exclusive marker for ncMos,
while CEACAM4 was a marker for cMos and iMos clusters (Fig. 3B,
Supplementary Tables 9 and 10). The transcriptomic signature for
increased motility that we describe would match a recent study that
investigated the biophysical properties of ncMos in SSc patients [16].
Matei et al. found that the ncMo of patients were pathologically more
activated and exhibited biophysical characteristics that rendered them
more prone to vascular migration and tissue infiltration [16]. While a
mechanistic explanation for the IFN signal in SSc ncMos was out of the
scope of our study, our findings are consistent with an imbalanced
cytokine production and migration of ncMos in this disorder.

Additionally, we discovered that the SSc inflammatory ncMos show
increased expression of prostaglandin E synthase, which is also known as
mPGES-1 (microsomal Prostaglandin E Synthase-1) and encoded by
PTGES, in a cluster-specific fashion (Supplementary Table 9). Although
the cytosolic prostaglandin E synthase gene (PTGES3) was a cluster
marker for ncMos, only PTGES was overexpressed in SSc ncMos
compared to control ncMos (Supplementary Table 10). Prostaglandin-2
injections are used as an effective treatment for Raynaud’s phenomenon
in SSc patients due to its effect as a vasodilator [69], but PGE2 has a dual
effect in inflammation. Depending on its association with different
G-protein coupled PGE2 receptor subtypes, PGE2 shows an anti--
inflammatory and pro-resolving activity or it mediates proinflammatory
non-resolving immune activation [70]. Remarkably, mPGES-1 is an
inducible microsomal enzyme that has been associated with patholog-
ical overproduction of PGE2 [71]. We would like to highlight that
fibroblast from PTGES null mice were resistant to the bleomycin skin
fibrosis SSc model, and that PTGES has been involved in mono-
cyte/macrophage activation via PPARG (a known SSc genetic risk factor
[72]), after stimulation with IL-17 [73,74]. Therefore, considering the
recent advances in PTGES-specific inhibition, targeting this molecule
specifically in SSc inflammatory ncMos might provide new drug targets
for this disease.

Notably, a scRNA-seq analysis of SLE PBMCs reported that the Mo
compartment showed the highest interferon-stimulated gene expression
increase [75], concordantly with the large IFN-signature gene expres-
sion profile observed in our study. Interestingly, a SLE-specific cluster
that was integrated by Mos expressing high levels of IFN-induced genes
had similar cluster marker genes than a SSc-related cluster, the ISG15 +
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LY6E + iMo cluster (cluster 8) (Fig. 2D, Supplementary Table 9).
Moreover, this cluster showed relevant resemblance to a Clqhi monocyte
cluster that was recently identified in a scRNA-seq study in PBMCs of
patients with Behcet’s disease (BD) [76]. Although we did not find a
C1q" cluster in SSc, the C1q" Mos in BD showed hybrid characteristics
between the inflammatory SSc ncMos, which showed the largest
expression of complement genes, and SSc-related iMos (cluster 8)
(Supplementary Table 9). In BD, the STAT1-mediated response to IFNy
was correlated with IRF1 [77] in this cluster. Notably, IRF1 was one of
the most DEG in all the SSc monocyte clusters, especially in dcSSc pa-
tients, and a marker for cluster 8 (Supplementary 3-5, 10 and 9). In
addition to IRF1, SSc iMos in cluster 8 showed an IRF7 signal. Of note,
genetic variants in the IRF7 locus were associated with SSc [78] and the
STATI1/IRF7 axis has also been implicated in fibroblast differentiation
into myofibroblasts in SSc skin [11]. Therefore, we consider that our
findings support that inflammatory ncMos and IFN-activated iMos in SSc
have an aberrant response to IFN that might predispose them to a
biassed macrophage polarisation.

As mentioned above, we observed several IFN-induced genes, such as
several S100A family members or IFITM proteins, significantly DE in
both clinical subtypes of SSc patients (Supplementary Tables 3-5). There
is increasing evidence that suggests that high levels of these molecules
might be associated with a deregulated monocyte proliferation and
migration [66,79,80]. Considering that IFITM proteins, especially
IFITM3, have been shown to be negatively regulated by mTOR inhibitors
[81], our findings might support the emerging role of mTOR inhibition
as a promising drug target for SSc [82] and particularly for 1cSSc pa-
tients, who showed the highest IFITM3 mRNA levels (Supplementary
Table 8).

High levels of galectin-1 and galectin-3 (encoded by LGALSI and
LGALS3, respectively) were previously reported in the sera of SSc pa-
tients [83], but for the first time, we found overexpression of LGALS2 in
SSc (Supplementary Tables 3-5 and 10). Remarkably, gal-2 is predom-
inantly expressed in the gastrointestinal tract and it can bind to the
surface of different immune lineages [84], including Mos and macro-
phages [85]. Nevertheless, unlike other galectins, gal-2 is expressed in
immune cells only by the myeloid lineage [86]. Furthermore, gal-2 acts
through a CD14/toll-like receptor (TLR)-4 pathway (a well-established
SSc-related deregulated pathway in fibrotic skin and lung [87]) by
altering Mo polarisation towards a proinflammatory phenotype [88].
Considering that a gal-2 antibody treatment has shown promising ca-
pacities of altering the polarisation of macrophages in a murine
atherosclerosis model [89], these findings might also open new windows
for treatment in SSc.

M2 macrophages are known to be increased in SSc skin [90] and to
produce high levels of TGF-3. TGF-$ is a key profibrotic factor [91],
which is known to activate Mos more intensely in SSc than in healthy
controls [92] and to polarise macrophages towards a profibrotic M2
phenotype [93]. Interestingly, we observed a cMo cluster (cluster 9) that
showed markers of M2 polarisation, such as CD163 and TGFB1, and
which was depleted in patients with SSc (Fig. 2D and Supplementary
Fig. 7). Furthermore, we observed that the top cluster 9 markers
included AHR and CD36 (Supplementary Fig. 7, Supplementary Table
9), which might be informative of the role of these Mos in the tissue.
AHR has a key role in M1/M2 polarisation and is known to promote M2
polarisation and suppress M1 development [94]. CD36 is a relevant
apoptotic cell receptor and phagocytosis promoter that has been linked
with an M2 phenotype and increased fibrosis [95]. Additionally, IL1B, a
M1 marker that was also present in this cluster (Supplementary Table 9),
has been shown to also mediate the activation of M2 macrophages in
highly fibrotic skin tissue [96].

All the described findings connect cluster 9 with M2 polarised Mos
being actively recruited to affected connective tissue and are consistent
with an altered M1/M2 balance in SSc blood with lower M1 polarisation
levels in SSc. The underrepresentation of a highly activated cluster in an
IMD might seem counterintuitive, but we hypothesise that it would be
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due to an increased migration of M2-polarised Mos to SSc-affected tissue
in patients. Remarkably, increased levels of monocyte migration
markers, such as VCAN and ITGB2, were observed in this cluster (Fig. 3B
and Supplementary Table 9). VCAN (also known as versican) expression
have been related with increased circulating Mo migration in SSc [97].
Besides, ITGB2 has been identified as a SSc-associate monocyte gene and
found to be upregulated in SSc skin macrophages [38].

Finally, SSc bleomycin mouse models showed that the modulation of
M2 cytokine production by PDE4 inhibition decreased skin fibrosis [98],
and we observed high levels of expression of PDE4 in cluster 9 and other
cMos clusters (Supplementary Table 9). Therefore, we propose that
specifically blocking the extravasation of the novel TPT1+ VCAN +
AHNAK + cMo cluster into challenged tissue might benefit SSc patients.

5. Conclusions

In conclusion, we performed the most detailed characterisation of
the CD14" Mo compartment in SSc to date. We confirmed an over-
representation of CD16™ ncMos at single cell level. Inflammatory SSc
ncMos showed a high IFN-response signature and the upregulation of
PGE; synthesis, monocyte adhesion markers and complement genes. We
also identified an aberrant IFN-response in IRF7+ STAT1+ SSc iMos and,
finally, we observed a depletion of M2 polarised cMos in SSc. These
results reinforced the role of PB Mos as SSc biomarkers and provided
new windows for clinical monitoring and drug targeting.
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