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A B S T R A C T

Objectives: Spatially nonresolved transcriptomic data identified several functionally distinct pop-
ulations of fibroblasts in health and disease. However, in-depth transcriptional profiling in situ
at the single-cell resolution has not been possible so far. We thus aimed to profile these popula-
tions by single-cell spatial transcriptomics using cyclic in situ hybridisation (cISH).
Methods:We studied fibroblast subpopulations in the skin of systemic sclerosis (SSc) patients and
heathy individuals using cISH as a novel approach for transcriptional phenotyping with subcel-
lular resolution. Clustering was performed using Building Aggregates with a Neighbourhood
Kernel and Spatial Yardstick (BANKSY) as a novel approach for spatially informed transcrip-
tional phenotyping. The findings were further validated by integration with single-cell RNA
sequencing in distinct SSc cohorts.
Results: BANKSY-based spatially informed clustering identified 9 fibroblast (FB) subpopulations,
with SFRP2+ reticular dermis (RetD) FB and CCL19+ nonperivascular (nonPV) FBs as novel
subpopulations that reside in specific cellular niches and display unique gene expression pro-
files. SFRP2+ RetD FBs and CCL19+ nonPV FBs as well as COL8A1+ FBs display altered fre-
quencies in SSc skin and play specific, disease-promoting roles for extracellular matrix release
and leukocyte recruitment as revealed by their transcriptional profile, their cellular interactions,
and ligand−receptor analyses. The frequencies of COL8A1+ FBs and their interactions with
monocytic cells and B cells are associated with the progression of skin fibrosis in SSc.
Conclusions: Our cISH-based, spatially resolved transcriptomic approach identified novel fibro-
blast subpopulations deregulated in SSc skin with specific pathogenic roles. COL8A1+ FBs and
their immune interactions may also have potential as biomarkers for future progression of skin
fibrosis.
WHAT IS ALREADY KNOWN ON THIS TOPIC

� Single-cell RNA sequencing studies revealed that fibroblasts are
a heterogenous population of cells with functionally diverse
subpopulations. However, these studies lack spatial context
and did not enable characterisation of the local niches and the
cellular interactions in situ.

WHAT THIS STUDY ADDS

� We provide the first cyclic in situ hybridisation (cISH)-based
characterisation of fibroblast subpopulations and their micro-
environment in systemic sclerosis (SSc) and control skin.

� Using cISH in conjunction with a novel clustering approach
that considers spatial localisation, we identify 9 subpopulations
of fibroblasts, with recovery of previously described popula-
tions and identification of several novel subpopulations of
fibroblasts.

� SFRP2+ reticular dermis (RetD), CCL19+ nonperivascular
(nonPV), and COL8A1+ fibroblasts are numerically altered in
SSc, reside in specific niches, and display unique cellular func-
tions in SSc.

� SFRP2+ RetD, CCL19+ nonPV, and COL8A1+ fibroblasts dis-
play specific profibrotic, proinflammatory or dual profibrotic
and proinflammatory roles in SSc skin.

� The frequencies of COL8A1+ fibroblasts and their interactions
with monocytic cells or B cells are associated with progression
of skin fibrosis.

HOW THIS STUDY MIGHT AFFECT RESEARCH, PRACTICE OR
POLICY

� The newly identified fibroblast subpopulations may offer
potential for selective targeting of SFRP2+ RetD, CCL19+
perivascular, and COL8A1+ fibroblasts as disease-promoting
fibroblast subsets.

� COL8A1+ fibroblast counts and cellular interactions may offer
potential as biomarkers for progression of skin fibrosis in SSc.
1853
INTRODUCTION

Systemic sclerosis (SSc) is a connective disease characterised
by autoimmunity and inflammation, which promote extensive
fibrotic remodelling of the skin and various internal organs [1].
The progressive accumulation of the extracellular matrix (ECM)
in affected tissues impairs organ function and commonly leads
to organ failure, resulting in high morbidity and mortality of SSc
patients [2]. Fibroblasts are the key effector cells for release of
the ECM in fibrosis [2−5]. However, fibroblasts are a heteroge-
nous population of cells with specific, functionally distinct sub-
populations. Understanding fibroblast heterogeneity,
particularly in the context of specific diseases, is still in its early
stages. Moreover, we are lacking information on the organisa-
tion of fibroblast subpopulations in vivo and the intricate cellular
interactions that occur within their native tissue environment.

Single-cell omics allows for the study of cellular subpopula-
tions at previously unattainable resolution. To date, nonspatially
resolved single-cell RNA sequencing (scRNA-seq) has been pre-
dominantly used to phenotype cellular changes in rheumatic dis-
eases. scRNA-seq revealed that fibroblasts constitute a
heterogenous population of cells with distinct transcriptional
patterns and functions [6]. scRNA-seq data from SSc skin
revealed between 6 and 10 distinct subpopulations of fibroblasts
[7−9]. However, scRNA-seq, like other existing single cell tech-
niques, requires tissue disaggregation and single cell separation.
As a result, these approaches cannot provide information on the
spatial localisation of cells inside the tissue, and they cannot
characterise tissue niches and the cellular interplay that occurs
within them. Spatial sequencing approaches overcome the lack
of spatial context, but approaches published so far have a mod-
est resolution of around 100 µm and are thus not able to resolve
individual cells [7]. Here, we aimed to overcome these limita-
tions using cyclic in situ hybridisation as a spatial transcriptomic
approach with subcellular resolution of 120 nm.
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METHODS

Patient and public involvement

Patients and/or the public were not involved in the design,
conduct, reporting, or dissemination plans of our study.

Statistics

Data are presented as dot plots with the median ± IQR. Each
dot represents one biological replicate, unless indicated other-
wise in the figure legend. Protein expression levels are shown as
heatmaps representing the mean of the Z score-normalised val-
ues. GraphPad Prism 8 was used to generate dot plots and to per-
form statistical analyses. Heatmaps were generated using the
imcRtools R package [10]. Mann−Whitney U tests were applied
for the comparison between 2 groups, if not indicated otherwise.
Sensitivity analyses of fibroblast population frequencies were
conducted using beta regression models with sex and age
included as covariates using the betareg R package. Statistical
analysis of activity scores was performed by linear mixed model-
ling fitted with donor-specific random intercepts using lmerTest
R package. The comparison between SSc and controls was based
on the estimated marginal means obtained from the linear
mixed model using the emmeans R package.

RESULTS

Study design and identification of major cell types in SSc and
control skin by cISH

We performed cISH from skin samples of SSc patients
enriched for early, diffuse cutaneous involvement, with clini-
cally active disease and sex-matched and age-matched healthy
controls (Fig 1A; Supplementary Tables S1, S2, and Figure S1).
We recovered a total of 20,979 cells (patients with SSc: 9876
cells; healthy individuals: 11,103 cells) (Fig 1A-C). These single
cells included 3764 fibroblasts, identified by their high expres-
sion levels of COL1A1, COL1A2, COL3A1, and DCN (Fig 1B,D).
We further identified other major cell populations from human
skin, including keratinocytes (expressing KRT1, KRT10, KRT14,
and KRT15), immune cells (expressing the panleukocyte gene
PTPRC and specific genes for immune cells from the lymphoid
and myeloid lineages such as CD4, CD68, CD163, and LYZ),
endothelial cells (expressing PECAM1, CDH5, ENG, and VWF),
and vascular smooth muscle cells (expressing TAGLN, ACTA2,
and MYL9) (Fig 1D). These cell types had the expected spatial
distribution in human skin, further validating their identity
(Fig 1E).

Spatially informed phenotyping of fibroblasts in SSc and control
skin identifies new fibroblast subpopulations

Using Building Aggregates with a Neighbourhood Kernel and
Spatial Yardstick (BANKSY) as an algorithm that leverages the
spatial information to perform clustering based not only on the
own gene expression, but also on the average expression and
expression gradients among each cell’s neighbours [11], we
identified 9 subpopulations of fibroblasts and annotated them
based on their differential marker expression and on the spatial
localisation. In accordance with previous studies [6−9], we
identified COL8A1+ FBs, PI16+ FBs, ACKR3+ FBs, GSN+
FBs, and DUSP+ FBs, thus confirming the validity of this
approach (Fig 2).
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In addition, BANKSY-based clustering identified novel subpo-
pulations that were not resolved using nonspatial approaches
(Supplementary Fig S2). Two of the BANKSY-based clusters cor-
responded to the SFRP2+ FBs as defined by nonspatial cluster-
ing (Supplementary Fig S3A-C). In addition, 1 of the 2 SFRP2+
populations was located in spatial proximity to the epidermal
layer and was thus termed SFRP2+ papillary dermis (PapD) FB.
The other SFRP2+ population was located deeper in the dermis
and was thus termed SFRP2+ reticular dermis (RetD) FB (Sup-
plementary Fig S3D). The average expression and expression
gradients of the keratinocyte markers KRT14 and KRT5 were
higher among the neighbouring cells of SFRP2+ FB RetD than
those of the SFRP2+ FB PapD (Supplementary Fig S3F), further
confirming their distinct spatial distribution.

BANKSY-based clustering also identified 2 subpopulations of
the previously described CCL19+ FB cluster as defined by non-
spatial clustering (Supplementary Fig S3A-C). One of the CCL19
+ FB clusters that we termed CCL19+ perivascular (PV) FBs
was located around endothelial cells and consistently had a
higher expression of the endothelial cell marker PECAM1 and
the pericyte marker RGS5 among its neighbours than the CCL19
+ nonperivascular (nonPV) FBs (Supplementary Fig S3E, G).
The latter subpopulation was diffusely distributed in the dermis
without enrichment in a particular dermal compartment (Sup-
plementary Fig S3E).

Of particular note, the SFRP2+ RetD and the CCL19 PV FBs
are not only distinct from the SFRP2+ PapD and the CCL19
nonPV FBs, respectively, with regards to their spatial location,
but also with regards to their own gene expression, demonstrat-
ing functional differences of these newly identified subpopula-
tions. For example, SFRP2+ RetD expressed higher levels of
COL1A1 and COL3A1 than SFRP2+ PapD FBs. CCL19+ nonPV
expressed higher levels of CXCL12 and PTGDS than the CCL19
+ PV FBs (Fig 2D).

In contrast, the other 5 subpopulations of fibroblasts defined
by nonspatial clustering were homogenous not only regarding
their own gene expression, but also to their spatial distribution
(Fig 2D, Supplementary Fig S3A-C).

Integration with 2 scRNA-seq datasets, i.e. GSE138669 [6]
and GSE195452 [8], demonstrated that neither of the label
transfer-based annotations from the scRNA-seq to the cISH data-
set could reliably distinguish between the SFRP2+ PapD and
RetD FBs or between the CCL19+ PapD and RetD FBs, respec-
tively (Supplementary Figs S4, S5). This finding highlights that
the spatially informed BANKSY-based annotation can refine the
fibroblast phenotyping performed with previous methods.

Changes in frequencies of fibroblast subpopulations in SSc skin

SFRP2+ RetD FBs and the COL8A1+ FBs had significantly
higher frequencies in SSc, whereas PI16+ FBs, DUSP+ FBs, and
CCL19+ PV FBs had modestly lower frequencies in SSc (Fig 3).
These changes in the frequencies of COL8A1+ FBs and PI16+
FBs are consistent with those reported by scRNA-seq-based stud-
ies [6−9]. Of note, the populations resolved only by BANKSY
clustering demonstrated distinct changes in SSc. SFRP2+ PapD
FBs were numerically decreased in frequency in SSc, whereas
SFRP2+ RetD FBs were increased. In addition, CCL19+ nonPV
FBs were numerically increased in SSc, whereas CCL19+ PVs
were decreased (Fig 3A,C,E). As cell composition may be influ-
enced by donor sex and age, we performed a sensitivity analysis
including these variables as covariates. This analysis excluded
those variables as major confounders for the frequencies of
fibroblasts in SSc (Supplementary Table S3).



Figure 1. Characterisation of skin tissue organisation in SSc using cISH. A, Schematic overview of the experimental and analytic workflow. The tran-
scriptomic profiles of skin tissue from healthy and SSc donors were analysed with imaging-based spatial transcriptomics using cISH. The cell popula-
tions in the skin were characterised based on the transcriptional profile. Taking advantage of spatial information, we performed cellular interaction
analysis and evaluated whether changes in cell frequencies or spatial relationships might predict progression of skin fibrosis. B, UMAP plot showing
20,979 cells detected in the skin samples. The plot is coloured by the major cell types within the skin tissue. C, UMAP plot showing the cells detected
in the skin samples obtained from healthy donors and SSc patients. D, Dot plot indicating marker gene expression of the major cell populations in the
skin tissue. The size of the dot represents the percentage of the cells that expressed the specified gene. The dots were coloured by levels of the expres-
sion of specified gene. E, Representative images of HE staining and distribution of cISH-detected cells in the skin tissue. This figure was created with
BioRender.com. cISH, cyclic in situ hybridisation; HE, haematoxylin and eosin; SSc, systemic sclerosis; UMAP, uniform manifold approximation and
projection.
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We next performed pseudotime analysis on the spatially
informed fibroblast subsets using Monocle [12]. We defined
PI16+ FBs as the root (starting point) of the pseudotime
because they were previously described as a fibroblast subset
with stem cell properties that can differentiate into specialised
fibroblasts [13,14]. The pseudotime analysis revealed 3 differ-
entiation trajectories: one trajectory going through SFRP2+
PapD FBs and ending with DUSP+ FBs; one trajectory going
1855
through CCL19+ PV FBs, then through CCL19+ nonPV FBs, and
ending with GSN+ FBs; and a third trajectory going through
ACKR3+ FBs, followed by SFRP2+ RetD FBs, and ending with
COL8A1+ FBs (Supplementary Fig S6). The latter differentiation
trajectory started from a fibroblast subset with decreased fre-
quency in SSc and ended with 2 subsets that are highly enriched
in SSc. This suggests that the fibroblast subsets enriched in SSc
are terminally differentiated from precursor fibroblasts (among



Figure 2. Fibroblasts populations identified by spatially informed clustering. A, An illustration showing the workflow for spatially informed cell phe-
notyping using BANKSY-based spatial clustering. In addition to the expression matrix of the cell of interest, the transcriptional profiles of the local
environment, including averaged expression and the expression gradient of neighbouring cells, were computed using BANKSY and subjected to pheno-
typing by clustering. B, UMAP showing fibroblast populations identified by spatially informed clustering using BANKSY. C, UMAP showing the
BANSY-identified populations from healthy and SSc donors. D, Expression heatmap of the marker genes for the BANKSY-identified populations. This
figure was created with BioRender.com. BANKSY, Building Aggregates with a Neighbourhood Kernel and Spatial Yardstick; SSc, systemic sclerosis;
UMAP, uniform manifold approximation and projection.

Y.-N. Li et al. Ann Rheum Dis 84 (2025) 1852−1864
other cell types), in line with previous publications [13−15]. Of
note, while the CCL19+ PV FB and CCL19+ nonPV FB subsets
aligned along one trajectory and are thus likely developmentally
related, the SFRP2+ PapD FB and the SFRP2+ RetD FB subsets
were located along 2 distinct trajectories.

Functional heterogeneity of the spatially informed fibroblast
subsets

We next aimed to further characterise the functional of spa-
tially resolved subpopulations. We first computed an ECM mod-
ule score, as well as scores for different ECM components with
the gene sets curated in the Matrisome project (Fig 4A, Supple-
mentary S7A) [16]. The SFRP2+ RetD FB subpopulation had
the highest ECM score and collagen score of all fibroblast
1856
subpopulations (Fig 4A), while the PI16+ FBs had the highest
glycoproteins and proteoglycans scores (Supplementary Fig
S7A), pointing to specific roles in ECM production for the differ-
ent subsets. Transforming growth factor (TGF) β pathway activ-
ity inferred using Pathway Responsive Genes for Activity
Inference signatures [17] was most enriched in SFRP2+ RetD
FBs (Supplementary Fig S7B). Comparison of fibroblast popula-
tions in SSc and normal skin revealed higher ECM and collagen
scores and TGFβ activity for several fibroblast populations in
SSc skin, including in SFRP2+ PapD FBs and CCL19+ nonPV
FBs (Supplementary Fig S7C).

To validate these findings, we performed 2 complementary
computational approaches. We first applied the algorithm Cyto-
SPACE [18] to map to the cISH dataset 2 publicly available
scRNA-seq datasets of SSc and healthy skin (GSE195452 and



Figure 3. Changes in frequencies of fibroblast subsets identified by spatially informed phenotyping in SSc. A, An overview of the changes in
the abundance of BANKSY-identified fibroblast populations. The abundance was quantified by the proportion of the specified population
within the fibroblast component. Z score-normalised median proportions were plotted on the radar chart. The statistically significant changes
were highlighted in red (increased in SSc) and blue (increased in healthy). B-F, Changes in frequencies of COL8A1+ FB (B), SFRP2+ RetD
FB (C), PI16+ FB (D), CCL19+ PV FB (E), and DUSP+ FB (F) in SSc compared to control skin. G, Representative images of BANKSY-identi-
fied populations in the skin tissue, along with HE stainings of the corresponding regions. The statistical significance was determined by the
Mann−Whitney U test. P values below 0.05 were considered significant. BANKSY, Building Aggregates with a Neighbourhood Kernel and Spa-
tial Yardstick; HE, haematoxylin and eosin; SSc, systemic sclerosis.
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GSE249279 [7,8]). The ECM and collagens scores as well as the
TGFβ pathway activity computed from the enhanced cISH data-
set were enriched in SFRP2+ RetD FBs (Supplementary Fig
S8A), whereas the glycoproteins and proteoglycans scores were
enriched in PI16+ FBs (Supplementary Fig S8B).

We next performed functional enrichment analysis using the
fast gene set enrichment analysis and the univariate linear
model (ULM) methods via decoupleR [19]. Both methods
revealed that the fibroblast subsets have both shared and
1857
distinct biological functions (Fig 4B, Supplementary Fig S9A).
The SFRP2+ RetD FBs are profibrotic, ECM-producing fibro-
blasts. They demonstrated the highest enrichment scores for
pathways related to fibrosis, such as ‘collagen formation’,
‘response to TGFβ’, and ‘positive regulation of WNT signalling
pathway’ (Fig 4B, Supplementary Fig S9A). In contrast,
‘response to mechanical stimulus’ was specifically enriched in
SFRP2+ RetD FBs (Supplementary Fig S9A). SFRP2+ PapD FBs
demonstrated enriched pathways specific for this population, i.



Figure 4. Distinct biological functions of spatially identified fibroblast populations. A, Violin plots showing the ECM module scores of components
obtained from the Matrisome project across fibroblast populations detected in SSc and control skin. Nonfibroblast populations were labelled as ‘other’
in the violin plots. B, UMAP and violin plots illustrating TGFβ activities inferred using PROGENy signatures across fibroblast populations. C, Dot plot
showing the pathway enrichment scores across fibroblasts populations computed by FGSEA for pathways with a P value < .05. The pathway enrich-
ment analysis was performed using decoupleR R package using the pseudo-bulk expression matrix that contained averaged expression for each fibro-
blast subpopulation. Statistical significance was assessed by comparing estimated marginal means from linear mixed models including donor-specific
random intercepts. P values are shown above each comparison. ECM, extracellular matrix; FGSEA, fast gene set enrichment analysis; NES, normalised
enrichment score; PROGENy, Pathway Responsive Genes for Activity Inference; TGFβ, tumour growth factor β; UMAP, uniform manifold approxima-
tion and projection.
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e. ‘signalling by platelet-derived growth factor (PDGF)’, and de-
enriched for ‘immune response’ (Fig 4B and Supplementary Fig
S9A). CCL19+ nonPV FBs are an inflammatory fibroblast popu-
lation. Shared functions of CCL19+ PV and nonPV FBs included
several terms related to cytokine production and immune
responses. Specific functions of CCL19+ PV FB included a high
enrichment score on ‘regulation of monocyte chemotaxis’ and
de-enrichment of ‘immune system process’ compared to the
1858
enrichment of ‘calcium ion homeostasis’ and ‘lipid metabolic
process’ in CCL19+ nonPV FBs (Fig 4B, Supplementary Fig
S9A). These differences highlight that the fibroblasts popula-
tions separated by BANKSY clustering are not only distinct with
regards to their spatial location in their differentiation trajecto-
ries, but also with regards to their function.

The COL8A1+ FBs may have broad spectrum of roles in
modulating fibrotic and inflammatory responses as
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demonstrated enrichment in pathways related to collagen orga-
nisation, but also in pathways such as ‘regulation of lymphocyte
migration’ and ‘regulation of monocyte chemotaxis’ (Fig 4B,
Supplementary Fig S9A). Furthermore, COL8A1+ FBs demon-
strated specific enrichment of ‘negative regulation of apoptotic
signalling pathway’, suggesting resistance to apoptosis. Of note,
we detected stronger activity of terms related to immune and
fibrotic modulation in these fibroblast populations in SSc com-
pared to healthy controls (Fig S7B, Supplementary Fig S9B).

Multicellular spatial domains in SSc skin

Given the profound effects of crosstalk with neighbouring
cells on cellular phenotype and function, we next aimed to char-
acterise the local microenvironment of individual subpopula-
tions of fibroblasts. We first annotated immune subpopulations
by label transfer, using the scRNA-seq dataset GSE195452 as a
reference (Supplementary Fig S10).

Identification of multicellular spatial domains, or cellular
neighbourhoods (CNs), by clustering cells based on the composi-
tion of their neighbouring cells yielded 14 CNs (Supplementary
Fig S11). We annotated the CNs according to their composition,
i.e. to the cell population with the highest relative frequency
inside each CN. Some of these CNs recovered histologically
defined domains of the skin, e.g. the epithelium in the epithelial
CN or the vascular region in the endothelial CN (Supplementary
Fig S11). Most of the other CNs were mainly defined by the pre-
dominant fibroblast population, e.g. CCL19 nonPV CN, COL8
CN, SFRP2 CN, PI16 CN or CCL19 PV CN. SFRP2+ PapD FBs
but not SFRP2+ RetD FBs were enriched in the subepithelial
CN, whereas the CCL19+ PV FBs but not the CCL19+ nonPV
FBs were enriched in the endothelial CN, confirming the spatial
segregation of these populations with a distinct method (Supple-
mentary Fig S11).

The composition of several CNs were remarkably different in
SSc compared to normal skin, with an enrichment of immune
cell subsets in the CCL19 nonPV CN, COL8 CN, and SFRP2 CN
and with a de-enrichment of immune cells in the PI16 CN and
CCL19 PV CN (Fig 5A). Furthermore, PI16+ FB were enriched
in COL8 CN and SFRP2 CN in SSc and thus in spatial proximity
to SFRP2+ RetD and COL8A1+ FBs. This indirectly supports
the hypothesis that PI16+ FBs can differentiate to profibrotic
fibroblast subsets in SSc (Fig 5A).

We reasoned that the changes in the composition of CNs in
SSc can lead to functional changes within the local niches.
Indeed, functional enrichment analysis demonstrated that fibro-
blast-enriched CNs, such as CCL19 nonPV CN, CCL19 PV CN,
SFRP2 CN, PI16 CN, or COL8 CN, are functionally distinct in SSc
compared to normal skin with changes in disease-relevant path-
way enrichment scores (Fig 5B). Changes in SSc included the
enhanced antiapoptotic and antigen processing activities in the
CCL19 nonPV CN and COL8 CN in SSc. Activation of lympho-
cyte-mediated killing, including CD8 TCR signalling and apopto-
sis, was detected in CCL19+ PV CN in SSc. The SFRP2 CN was
present exclusively in SSc skin and exhibited the highest scores
in pathways related to ECM remodelling among the fibroblast-
enriched CNs. These findings support the concept that the CNs
identified are functional units within the skin that undergo path-
ologic changes in SSc.

Cell−cell interaction and communication networks in SSc skin

We next aimed to unravel changes in cell−cell interaction
networks. Pairwise interaction analysis revealed distinct cellular
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interaction networks in SSc skin (Fig 5C, Supplementary Fig
S12). CCL19+ nonPV FBs demonstrated increased interactions
with several immune cell subsets, whereas CCL19 PV FBs
showed decreased interactions with mast cells, B cells, and
plasma cells in SSc compared to normal skin (Fig 5C). COL8A1
+ FBs transitioned from an immune-inert state, as shown by the
lack of interactions or even avoidance of immune cells, to an
immune-engaging state, interacting with macrophages, den-
dritic cells, natural killer (NK) cells, and plasma cells in SSc
(Fig 5C). In SSc skin, SFRP2+ PapD FBs interacted with T cells,
and SFRP2+ RetD FBs interacted with mast cells and NK cells.
These interactions were not observed in normal skin (Supple-
mentary Fig S12).

We further performed spatially informed cell−cell communi-
cation analysis using CellChat [20]. This analysis revealed pro-
found changes in the patterns of ligand-receptor (L−R)
interactions in SSc compared to control skin (Fig 6, Supplemen-
tary Figs S13, S14). SFRP2+ RetD FBs demonstrated L−R inter-
actions with several other fibroblast subsets and with mast cells,
NK cells, or dendritic cells in SSc, whereas in control skin they
were only communicating with other SFRP2+ RetD FBs
(Fig 6A). In contrast, the SFRP2+ PapD FBs lost communication
with multiple cell types in SSc (Fig 6A). Of note, CellChat analy-
sis without spatial distance constraints, which did not account
for spatial information, did not resolve these differences
between SSc and normal skin and showed comparable L−R
interactions for both SFRP2+ FB subsets (Supplementary Fig
S13A).

At the signalling level, SFRP2+ RetD FB in SSc demonstrated
an increased relative strength for outgoing, but a decreased
strength for incoming signals for collagen and fibronectin1 com-
pared to normal skin, which may point towards a reduced capac-
ity for ECM sensing in SSc (Fig 6B, Supplementary Fig S13B).
Indeed, further analysis indicated decreased ECM signals
received by CD44, a receptor with well-characterised roles in
ECM sensing [21], on SFRP2+ RetD FBs compared to other
fibroblast populations in SSc (Supplementary Fig S14A). Fur-
thermore, the CCL19+ nonPV FBs demonstrated an increased
relative strength for outgoing signals for CXCL12 in SSc, suggest-
ing a higher chemotactic capacity (Fig 5C, Supplementary Fig
S14B). PDGF signalling also demonstrate subpopulation-specific
differences in SSc skin:fibroblast subsets with increased fre-
quency in SSc. For example, SFRP2+ RetD and COL8A1+ FBs
started to receive PDGF signals in SSc. In contrast, in control
skin, only fibroblast subsets with lower frequencies in SSc, such
as SFRP2+ PapD and CCL19+ PV FBs, received PDGF signals,
indicating a switch from homeostatic to pro-fibrotic roles of
PDGF signalling in SSc (Supplementary Fig S13C). Furthermore,
PDGF signals were sent by endothelial cells in SSc and by mono-
cytes/macrophages in control skin.

These spatially resolved analyses demonstrate major changes
in signalling between distinct fibroblast subsets and other cells
in SSc skin that could not be resolved in nonspatial datasets.

Predictors of progression of skin fibrosis in SSc

We investigated whether the frequencies of fibroblast subpo-
pulations−either on their own or stratified by their interaction
partners−at the time of biopsy could predict the progression of
skin fibrosis at follow-up. Patients with progression of skin fibro-
sis at follow-up had a higher frequency of COL8A1+ FBs than
those with stable skin fibrosis (Fig 7A). Other fibroblast popula-
tions were not significantly different between the 2 groups (Sup-
plementary Fig S15). Furthermore, COL8A1+ FBs in close



Figure 5. Changes in the cellular neighbourhoods in SSc skin. A, Heatmaps highlighting the shift in the cellular composition within the fibroblast CNs
in healthy and SSc skin. The number of cells were normalised for each cell type across all CNs. SFRP2 CN was not detected in healthy samples and is
shown in grey in the heatmap. B, Dot plot showing the activation of immuno- and matrix remodelling pathways within fibroblast CNs in SSc compared
to healthy controls. The activation of the pathways was analysed by pseudo-bulk FGSEA. The size of the dot represents the NES, and the colour repre-
sents the P value. C, Network visualisation showing the immune interaction of indicated fibroblast populations in healthy and SSc skin by pairwise
interaction analysis based on the cellular distribution in the tissue. Cellular attraction (red) and avoidance (blue) are indicated in the plots. The width
of the lines represents the proportion of samples exhibiting statistically significant interaction. B-C, The statistical significance was determined by
FGSEA (B) or using the permutation test (C). Results that did not reach statistical significance (P < .05) were excluded from the visualisations for clar-
ity. CN, cellular neighbourhood; FGSEA, fast gene set enrichment analysis; NES, normalised enrichment score; SSc, systemic sclerosis.
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spatial proximity to macrophages/monocytes, mast cells, or B
cells had significantly higher frequencies in patients with pro-
gression of skin fibrosis, whereas COL8A1+ FBs with spatial
proximity to other immune cell populations demonstrated only
milder differences between the 2 groups (Fig 7B-D, Supplemen-
tary Fig S16A-D).

We further generated 2 least absolute shrinkage and selection
operator predictive regression models with progression of skin
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fibrosis at follow-up as outcome. The first model that included
the frequencies of the fibroblast subsets with shifts in frequen-
cies in SSc skin as predictors for progression of skin fibrosis per-
formed with a moderate accuracy and with an area under the
curve (AUC) of 81% (Supplementary Fig S17). In a second
model, we included the frequencies of COL8A1+ FBs with spa-
tial proximity to macrophages/monocytes, mast cells, or B cells
instead of the frequencies of all COL8A1+ FBs, while keeping



Figure 6. Distinct cell−cell communication in SSc identified by spatially informed ligand−receptor analysis. A, Representative circle plots showing
the interaction of SFRP2-expressing fibroblasts in healthy and SSc skin by spatial ligand−receptor analysis using CellChat. The distance constraints
were set to 250 µm for secreted signalling and 20 µm for contact-dependent signalling. Interaction routes are represented by lines, with line width
indicating interaction strength as computed using CellChat. B, Chord diagrams showing the collagen signalling from the SFRP2-expressing fibroblasts.
C, Chord diagrams showing the CXCL12 signalling received by immune cells and their source. In chord diagrams (B and C), the thinner inner bars rep-
resent the signalling strength received by the indicated targets. L−R, ligand−receptor analysis; SSc, systemic sclerosis.
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the other predictors unchanged. This model demonstrated
improved prediction accuracy, allowing a better separation
between the predicted progressors and predicted stable patients,
with an AUC of 95% (Fig 7E-H). The frequency of COL8A1+ in
proximity to monocytes/macrophages was the most important
feature of the second model, and increases in their frequency
were predictors of progression. The frequency of PI16+ fibro-
blasts was the second most important feature, and increases in
their frequency were associated with stable skin fibrosis (Fig 7E,
F). This finding suggests an active differentiation through the
1861
trajectory starting from PI16+ FBs and ending at COL8A1+
FBs during the early stages of progression of skin fibrosis. These
findings highlight that incorporation of spatial information can
improve the prediction of skin fibrosis compared to analysing
changes in cell frequencies alone.

DISCUSSION

We present herein a novel approach for identification and
functional characterisation of cell populations based on



Figure 7. Predictors of progression of skin fibro-
sis in SSc. A-D, Frequencies of all COL8A1+ FBs
(A) and of COL8A1+ FBs in spatial proximity to
monocytes/macrophages (B), mast cells (C) or B
cells (D) among all dermal cells. E, Top highly
ranked features predictive of progression of skin
fibrosis after bootstrapping with LASSO regres-
sion, starting from the frequencies of COL8A1+
FBs in spatial proximity to monocytes/macro-
phages, mast cells, or B cells, along with the fre-
quencies of SFRP2+ RetD FBs, PI16+ FBs,
DUSP+ FBs, and CCL19+ PV FBs as predictors.
(F) Increased frequencies of COL8A1+ fibro-
blasts in close spatial proximity to monocytes/
macrophages were associated with a higher like-
lihood of progressive skin fibrosis, whereas ele-
vated frequencies of PI16+ FBs and DUSP+ FBs
were linked to a decreased likelihood of fibrosis
progression. (G) Model prediction results for
each donor. (H) ROC curve and its AUC for eval-
uation of model performance. AUC, area under
the curve; FB, fibroblasts; LASSO, least absolute
shrinkage and selection operator; RetD, reticular
dermis; ROC, receiver operating characteristic.
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transcriptional profiles as well as on spatial localisation using
cISH as an emerging technique, in conjunction with novel bioin-
formatical pipelines. We demonstrate the validity of this
approach by confirming deregulation of previously identified
subpopulations of fibroblasts [6,7,9]. Moreover, we complement
the cISH-based approach with analysis of a spatial transcriptom-
ics dataset from a second cohort of SSc patients and controls and
with integration with publicly available scRNA-seq datasets
from further SSc cohorts to combine the strengths of these differ-
ent approaches.

Analyses of our cISH data using the BANKSY algorithm,
which considers expression levels as well as spatial information,
enabled us to identify 9 different fibroblast subpopulations in
SSc and control skin. Our spatial phenotyping approach segre-
gated SFRP2+ FBs and CCL19+ FBs into 4 distinct populations.
We validated the distinct spatial localisation of these
1862
populations using 2 complementary methods, i.e. by spot decon-
volution of the Visium dataset and by the neighbourhood analy-
sis.

Of note, these spatially separated fibroblast populations do
not only show differences in spatial localisation but are also
functionally distinct. First, the spatially resolved fibroblast pop-
ulations show differences in the expression levels of fibrosis-rel-
evant genes and enrichment of distinct functional terms. For
example, in SFRP2+ PapD FBs, the regulation of haemostasis
was specifically enriched. However, in SFRP2+ RetD FBs, the
response to mechanical stimulus was specifically enriched, and
TGFβ signalling was stronger than that noted in SFRP2+ PapD
FBs. The 2 populations of CCL19+ FBs also showed profound
differences in the enrichment of functional terms relevant to
fibrotic remodelling. Second, these pairs of fibroblasts segre-
gated by spatially informed phenotyping differed with regards
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to cellular interactions. SFRP2+ RetD FBs interacted with a
wide range of immune cells. On the other hand, only a small pro-
portion of dendritic cells were found in the surroundings of
SFRP2+ PapD FBs. Third, these populations also displayed clear
differences in ligand−receptor interactions. For example, ECM
sensing by CD44 was specifically decreased in SFRP2+ RetD in
SSc; furthermore, only CCL19+ nonPV FBs, but not CCL19+
PV FBs, signalled to NK cells via CXCL12−ACKR3. Fourth, the
developmental trajectory differs for SFRP2+ PapD FBs and
SFRP2+ RetD FBs, as these populations were located on 2 dis-
tinct trajectories. Fifth, these populations also show specific
alterations in SSc skin. Together, these findings highlight that
the novel, spatially defined populations of SFRP2+ RetD and
SFRP2+ PapD FBs as well as CCL19+ PV and CCL19+ nonPV
FBs are functionally clearly distinct with unique roles in the
pathogenesis of SSc.

Our study also provides clear evidence that the profibrotic
phenotype of fibroblasts in SSc is the result of the combined
effects of different processes: (1) Our study demonstrates
changes in the frequencies of fibroblast populations with
increased frequencies in profibrotic populations. These changes
include the elevated abundance of SFRP2+ RetD FB, which had
demonstrated the highest collagen expression in our dataset.
Shift towards profibrotic subsets have also been reported in non-
spatially resolved scRNA-seq studies in SSc [6−9,22]. The
changes in frequencies might be partially caused by a shift in
the differentiation trajectory of precursor fibroblasts, particu-
larly PI16+ FB, towards profibrotic subsets. (2) In addition, sev-
eral individual populations are further biased towards a more
profibrotic phenotype in SSc skin with upregulation of profi-
brotic genes and pathways, including TGFβ, Wingless/Int-1
(WNT), and ECM-modulating pathways. (3) The local neigh-
bourhoods change drastically in SSc, thereby providing a micro-
environment that fosters development of profibrotic fibroblasts.
We detected upregulation of immune cell subsets with potential
profibrotic roles such as monocytes/macrophages, mast cells, or
plasma cells in the CCL19+ nonPV, COL8, and SFRP2 CNs in
SSc. These changes in the interactions with immune cells are not
a simple reflection of increased leukocyte counts in SSc skin, as
the mentioned interactions are specific for certain leukocyte
subsets and occur only with certain fibroblast populations. In
contrast, other fibroblast subsets such as CCL19+ PV FBs dem-
onstrate decreased interactions with immune cells in SSc.

We also provide first evidence that the frequencies of 2 fibro-
blast populations and their interactions with immune cells may
help to predict the future course of skin fibrosis. The frequen-
cies of COL8A1+ FBs were associated with future progression
of skin fibrosis, whereas PI16+ FBs were associated with stable
disease. This correlates well with the functional role of these 2
fibroblast subpopulations and their developmental trajectory.
COL8A1+ FBs demonstrate enrichment in numerous pathways
related to both fibrosis and inflammation. COL8A1+ FBs are
also the end stage of differentiation of PI16+ FBs through a tra-
jectory that involved SFRP2+ RetD FBs, another population
with altered frequencies in SSc. This suggests that the active dif-
ferentiation of PI16+ FBs towards COL8A1+ FBs, with poten-
tial recruitment of immune cells by COL8A1+ FBs, might drive
progression of skin fibrosis. In line with this, the frequency of
COL8A1+ FBs interacting with monocytes/macrophages pro-
vided an improved predictive power compared to the frequen-
cies of all COL8A1+ FBs alone. Thus, by providing spatial
information, our approach could provide an improved risk
stratification than that based on evaluation of cell frequencies
alone.
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Our study has limitations. Although the SSc and control sam-
ples were matched for sex and age, the SSc biopsies were taken
from the forearm, whereas the control samples were in part
obtained from other locations such as the trunk and the lower
extremities. Although our study provides extensive in silico vali-
dation of our findings, further experimental validation remains
to be performed in follow-up studies. These might, for example,
aim at confirming our findings at protein level by integration of
our data with spatially resolved multiplexed protein data in SSc
skin [23,24] or further functional studies on isolated subpopula-
tions in vitro. The clinical relevance of our findings should be
confirmed by performing cISH-based phenotyping on a higher
number of SSc samples stratified by progression of skin fibrosis.

In summary, we used cISH in conjunction with novel bioin-
formatical pipelines that consider spatial context to identify 4
novel fibroblast subpopulations and to study the microenviron-
ment and cellular interactions of fibroblasts in SSc and normal
skin. We characterise SFRP2+ RetD FBs as s prototypical profi-
brotic, ECM-producing population that resides within a specific
inflammatory niche, CCL19+ nonPV FBs as a proinflammatory
population that attracts and activates immune cells, and
COL8A1+ FBs as a population with roles in both ECM remodel-
ling as well as immune cell recruitment that is associated with
progression of skin fibrosis. These results may provide a ratio-
nale for specific therapeutic targeting of SFRP2+ RetD-, CCL19
+ nonPV-, and COL8A1+ fibroblasts as disease-promoting
fibroblast subsets and may stimulate follow-up studies to con-
firm the potential of COL8A1+ FB counts as a marker for fibro-
sis progression.
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