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BRIEF REPORT

Disturbed Spatial WNT Activation—A Potential Driver of the
Reticularized Skin Phenotype in Systemic Sclerosis

Sara Chenguiti Fakhouri," 2 Honglin Zhu,? ©* Yi-Nan Li,® 2 Moritz Ronicke,* Aleix Rius Rigau,® Clara Dees,®
Laura Konstantinidis,” Ralf Schmid,® Alexandru-Emil Matei,® ) Markus Eckstein,'® Carol Geppert,'’

Ingo Ludolph,' Alexander Kreuter,'® Michael Sticherling,'* Carola Berking,'> Raymund E. Horch,'®

Georg Schett,'” ( J6rg H. W. Distler,"® and Christina Bergmann'®

Objective. Little is known on the mechanisms necessary to maintain the physiologic adult human skin integrity.
This study aims to quantitatively describe anatomic changes in systemic sclerosis (SSc)-skin compared with controls
and investigate the underlying mechanisms.

Methods. Skin morphology was histologically assessed in 23 patients with SSc, 18 controls, and 15 patients with
hypertrophic scars. Spatial WNT/B-catenin-activation was analyzed by RNAscope and immunofluorescence staining.
Enrichment of reticular marker genes in predefined fibroblast subpopulations was done using Gene Ontology (GO)
enrichment and gene set enrichment analysis.

Results. SSc skin showed a decrease in number (P < 0.0001/P = 0.0004), area (P < 0.0001), and height (P < 0.0001)
of papillae compared with controls and hypertrophic scars, respectively. The expression of papillary/reticular marker
genes shifted toward a reticular expression profile in SSc. On the level of previously defined fibroblast populations,
the increase of reticular marker genes was particularly pronounced in the PI16+ and SFRP4+ populations (P <
0.0001, respectively). Mechanistically, the expression of the WNT/B-catenin target AXIN2 and the number of fibroblasts
with nuclear B-catenin-staining-pattern increased in the papillary compared with the reticular dermis in healthy skin.
This polarization was lost in SSc with a two-fold increase in B-catenin-positive fibroblasts and AXIN2-expressing fibro-
blasts throughout the dermis (P = 0.0095). Enrichment of genes related to WNT/B-catenin-regulation was found in the
PI16+ population that also relocates from the reticular to the papillary dermis in SSc.

Conclusion. We demonstrate an association of the “reticularized” skin phenotype in SSc with a profound loss of
physiologic spatial WNT/B-catenin-activation. Rescuing the spatial WNT/B-catenin-activation might help restore the

physiologic skin organization in future therapeutic approaches of fibrosing disorders.

INTRODUCTION

Systemic sclerosis (SSc) is a chronic connective tissue disor-
der that results in progressive fibrotic tissue changes of the skin
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and inner organs. The skin is affected in aimost all patients starting
from the distal extremities (sclerodactyly) expanding to the proxi-
mal parts of the body during the course of the disease.” Skin
fibrosis is a major cause of daily life impairment,? and the extent
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of skin involvement is recognized as risk factor for the progression
of organ fibrosis.®

Healthy human skin forms the interface between the body
and the environment and is characterized by a polarized, layered
structure including the epidermis, the papillary and reticular der-
mis and the subcutaneous fat tissue.* The papillary dermis is
composed of loose collagen bundles surrounding blood vessels
and nerve endings, whereas the reticular dermis is characterized
by coarse collagen bundles.® This physiologic skin structure is
disrupted in SSc: the deregulation of fibroblasts and increased
differentiation into myofibroblasts results in the exaggerated
deposition of collagen-rich extracellular matrix throughout the
dermis along with morphologic changes such as flattening of
the rete ridges and loss of functional intradermal structures and
skin appendices.®” Previous studies have described a correlation
between histologic changes such as the hyalinized collagen score
and the extent of local skin involvement as assessed by the mod-
ified Rodan skin score.”®

The mechanisms that are required to maintain the physio-
logic layered organization of healthy skin are largely unknown. Evi-
dence from rodent models of skin morphogenesis suggests that
spatial activation of WNT/B-catenin signaling at the cellular and
tissue level plays a central role in three-dimensional skin pattern-
ing.® WNT/B-catenin signaling has been characterized as central
profibrotic regulator in fibrosing disorders by several groups.'®~'°
—15 Activation occurs by overexpression of certain WNT proteins
and by reduced expression of the endogenous WNT antagonist
DKK1 in the skin."® However, the spatial resolution of WNT activa-
tors and antagonists in adult human skin has not been described.
Moreover, the mechanisms that maintain the polarized structure
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of the skin in adults have barely been elucidated. Here we aimed
to characterize the histopathologic changes in SSc skin, investi-
gate the spatial regulation of WNT/B-catenin signaling in normal
human skin compared with SSc skin, and correlate changes in
spatial WNT/B-catenin signaling with histopathological character-
istics in SSc.

PATIENTS AND METHODS

Patients. Skin biopsies from 23 patients with SSc and
18 healthy volunteers were used. All patients with SSc fulfilled
the 2013 American College of Rheumatology/EULAR criteria for
SSc. Twenty-two patients had limited cutaneous SSc and
41 were classified as diffuse cutaneous SSc according to the
LeRoy classification.'® Skin biopsies from patients with SSc were
taken from involved skin on the forearm. In 18 patients with SSc,
skin biopsies were additionally taken from a clinically noninvolved
skin area at the back. Eighteen patients were female, and five
were male. The median age of patients with SSc was 55 years
(range 41-69 years), and the median disease duration was 5 years
(range 1-12 years). Control skin samples from 18 healthy individ-
uals who underwent either orthopedic or plastic surgery were
included. In addition, 15 samples of patients with hypertrophic
scars were analyzed. The diagnosis of hypertrophic scars was
based on the clinical judgment of two experienced dermatologists
in conjunction with the histopathologic findings. The collection of
biology samples and their analysis in context with clinical informa-
tion were approved by the ethics committee of the Medical Fac-
ulty of the University of Erlangen-Nuremberg. All patients and
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Figure 1. Visualization of papillary measurements.

control individuals signed an informed consent form approved by
the local review board.

Histologic analyses. For visualization and quantification of
dermal papillae, trichrome staining of the skin sections was used
as described previously.”'® Pictures were taken at 200-fold
magnification with a Nanozoomer S60v2MD slide scanner
(Hamamatsu Photonics). Papillae numbers per mm, papillae
heights (defined as the distance between the base and the top
of the papillae as demonstrated in Figure 1) and papillae areas
were quantified at five different sites in one skin section from each
patient in a blinded manner using the NDPView2 software
(Hamamatsu Photonics).

Collagen fiber alignment (from 0° to 180°) and alignment
coefficients were measured using Curvealign V4.0 Beta
(MATLAB). Three regions of interest of 0.02 mm? were selected
in the reticular dermis of each trichrome-stained skin section.
The coefficient of alignment was calculated for all the collagen
fibers within each region of interest using the Computed
Tomography-Fiber analysis method according to the developer’s
manual (https://eliceirilab.org/software/curvealign/). The align-
ment coefficient was calculated from zero (low parallelism
between collagen fibers) to one (high parallelism between colla-
gen fibers).

Immunofluorescence. Paraffin-embedded skin sections
were fixed with 4% paraformaldehyde.® Epitope retrieval was
performed using a heat-induced method; sections were incu-
bated with preheated citrate buffer (10 mM sodium citrate, pH
6.0) and Tris-EDTA buffer (10 mM Tris, 1 mM EDTA, 0.05%
Tween 20, pH 9.0). Sections were then blocked with phosphate
buffered saline (PBS) supplemented with 2% Bovine serum albu-
min (BSA) and 5% horse serum. Primary antibodies were incu-
bated overnight at 4°C. After washing, secondary antibodies

were incubated for an hour at room temperature. Next, the sec-
tions were counterstained with 4',6-diamidino-2-phenylindole
(DAPI) (1:800, #sc-3598 Santa Cruz Biotechnology). Primary anti-
bodies used were directed against B-catenin (1:250, #ab2365;
abcam), prolyl-4-hydroxylase B (P4HB) (1:200, #ab2792; abcam),
platelet derived growth factor a (PDGFRa) (1:200, #AF1062; R&D
Systems), PI16 (1/200, #HPA043763; Atlas Antibodies), secreted
frizzeled related protein 4 (SFRP4, 1:20, 15328-1-AP, Protein-
tech), Dickkopf-1 (1:100, #AF1096; R&D Systems), vimentin
(1:1000, NBP1-97515; Novus Biologicals), Fibroblast activation
protein a (FAP) (1:200, #AF3715; R&D Systems), CD90/Thy1
(1:250, #ab133350; abcam). Conjugated secondary antibodies
(1:200, Alexa Fluor, Thermo Fisher Scientific) were used. Nuclei
were stained with DAPI (1:800, #sc-3598, Santa Cruz Biotechnol-
ogy). The staining was analyzed using a Nikon Eclipse 80i micro-
scope (Nikon) and a BZ-X800 microscope (Keyence). Pictures
were taken at 200-fold magnification. Borders of the papillary
and reticular dermis were defined anatomically; we considered
the superficial vascular plexus to be the limit between the papillary
and reticular dermis.?" Thus, the papillary dermis was defined by
the dermal-epidermal junction and the superficial vascular plexus.
The reticular dermis was defined by the superficial vascular plexus
and the beginning of the subcutis. Semiquantitative quantification
of B-catenin-, FAP-, CD90-, PI16-, and SFRP4-positive cells in the
papillary and reticular dermis was performed at three different
sites of one skin section from each patient or control individual,
in a blinded manner, using the Nikon NIS-Element software plat-
form (Nikon). The B-catenin fluorescence intensity in the papillary
and reticular dermis was quantified at seven different sites in one
skin section from each patient or control using the Imaged soft-
ware (NIH, version 1.46).

RNAscope assay. Spatial transcriptional activation of the
WNT/B-catenin pathway was assessed through in situ
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hybridization detection of AXIN2 using an RNAscope Multiplex
Fluorescent Kit V2 (Advanced Cell Diagnostics) combined with
TSA Vivid Fluorophores (Bio-Techne) on paraffin-embedded,
formalin-fixed skin sections according to the manufacturer’s
instructions. Briefly, formalin-fixed, paraffin-embedded skin sec-
tions are permeabilized to allow probe access to the target RNA.
Probes are then hybridized to target RNA and labeled with fluoro-
phores. Finally, the hybridization signal is amplified by sequentially
binding amplifiers and labeled probes and nuclei were stained
with DAPI. Quantification of AXIN2-positive cells in the papillary
and reticular dermis was performed at three different sites of one
skin section from each patient or control, in a blinded manner,
using the Nikon NIS-Element software platform (Nikon). The
AXINZ fluorescence intensity in the papillary and reticular dermis
was quantified at four to seven different sites in one skin
section from each patient or control using the Imaged software
(NIH, version 1.46).

Confocal microscopy and analysis. Confocal images of
skin sections were acquired using a Leica Stellaris 8 confocal
microscope (Leica Microsystems) at the Optical Imaging Center
Erlangen. Pictures were taken at 630-fold magnification with a
glycerol immersion lens and a resolution of 1024 x 1024 pixels.
Stacks of images were acquired at 1 um interval throughout the
cells, in the papillary and the reticular dermis. The fluorescence
intensity of the cytoplasmic and nuclear B-catenin was measured
by creating a mask based on the fluorescent signal of the pan-
filoroblast marker P4HB antibody (1:200, #ab2792; abcam) and
DAPI (1:800, #sc-3598 Santa Cruz Biotechnology), respectively.
To this end, the channel containing the DAPI nuclear marker was
converted to a mask, which was applied to the B-catenin signal,
and the fluorescence intensity analysis was performed by thresh-
olding using the Morpholibd plugin on the ImageJ software (NIH,
version 1.46). The same procedure was conducted for cytoplas-
mic B-catenin with the pan-fibroblast marker P4HRB signal.

Imaging mass cytometry staining and
measurements. Imaging mass cytometry (IMC) was performed
as described.?’ The antibodies were acquired preconjugated
(Standard Biotools) or in purified preparations. All the purified anti-
bodies were first validated by standard immunofluorescence
staining. Purified antibodies were consequently conjugated to
lanthanide metals using the Maxpar X8 antibody labeling kit
(Standard Biotools) following the manufacturer’s instructions.
The full panel was revalidated in IMC, and all antibodies were
titrated in IMC. Paraffin-embedded skin sections (5 um)
were deparaffinized with xylene for 30 minutes and rehydrated in
a graded series of alcohol (ethanol:deionized water 100:0,
100:0, 90:10, and 80:20 for 5 minutes each). For epitope retrieval,
the slides were incubated for 30 minutes in preheated Tris-EDTA
buffer (10 mM Tris base, 1 mM EDTA, and 0.05% Tween 20, pH
9). After the slides were cooled, they were blocked with 2% BSA

in PBS for one hour at room temperature. Samples were incu-
bated overnight at 4°C with the antibody mix (in 0.5% BSA). Tis-
sue samples were washed once in PBS-T (PBS and 0.2%
Tween 20) and twice in PBS for five minutes each wash. DNA
staining was performed with Iridium-Intercalator (125 uM)
(Standard Biotools) 1/400 for five minutes at room temperature.
Afterward, the samples were washed three times in PBS and
once in deionized water for five minutes each. Finally, the tissue
sections were dried and stored at room temperature.

The area to be ablated was chosen with a hematoxylin-eosin
staining of a consecutive cut. The samples were acquired with the
Hyperion Imaging System (Standard Biotools) coupled to a Helios
mass cytometer (Standard Biotools) after daily calibration, tuning,
and quality control. The laser ablation was done at a resolution of
1 um? and a frequency of 200 Hz. All IMC data were stored as
MCD and txt files.

IMC data analysis. First, the quality of the staining was
checked with the software MCD viewer (Standard Biotools). The
MCD files were converted to TIFF format and segmented into sin-
gle cells using a publicly available analysis pipeline (https://
zenodo.org/record/3841961). The single-cell data (mean expres-
sion of all pixels being the same cell and the spatial coordinates)
were extracted as fcs and csv files, arcsinh normalized (cofactor
1), and rescaled between 0 and 1 with the R package Spectre.?’
The populations of interest were selected by manual gating and
spatial reference using the FlowJo software (fibroblasts were
defined as Ecadherin-CD45-CD31-; afterward skin fibroblast
subsets were selected: fibroblast FAP+CD90+, FAP+CD90-,
FAP-CD90+.). The spatial representation of the different cell
populations was done with the R package Cytomapper.?>23

Gene set enrichment analyses. Gene set enrichment
analyses (GSEA) were performed using the R packages cluster-
Profiler (3.18.0) and GSVA (V1.38.0). Reticular and papillary gene
signature®* scores in the Prospective Registry for Early Systemic
Sclerosis (PRESS) cohort?® (GSE130955) and the Genes versus
Environment in Scleroderma Outcome Study (GENISOS) cohort
(GSE58095)%° were obtained through single-sample gene set
enrichment analysis using gene lists from Solé-Boldo et al.?*
GSEA was used to analyze WNT3A-regulated gene signatures in
relation to reticular and papillary marker genes,24 the enrichment
of reticular and papillary marker genes®* in predefined fibroblast
subsets,?”?® and the enrichment of WNT3A-regulated genes in
the PI16+/— fibroblast population.

Statistical analysis. All data are presented as median with
interquartile range with individual datapoints displayed as dots.
Comparisons between experimental groups were analyzed with
nonparametric Mann-Whitney-U-test using GraphPad Prism
8.3.0. In analysis including multiple tests, the P value of each test
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Figure 2. Morphology of the dermal papillae in SSc compared with nondiseased skin and hypertrophic scars. (A) Trichrome staining of skin sec-
tions of nondiseased control individuals (n = 18), involved (forearm) and noninvolved (back) skin of patients with SSc (n = 23), patients with hyper-
trophic scars (n = 15), and corresponding histograms representing collagen fiber orientation in angle frequency of individual collagen fibers.
Representative images are shown at 200-, 400-, and 1,200-fold magnification. (B) Quantification of papillae/mm, papillary area/high-power field,
papillary height/high-power field and collagen fiber alignment coefficient of skin sections of control individuals (n = 18), patients with SSc (n =
23), and patients with hypertrophic scars (n = 15) quantified from trichrome staining images. (C) Papillary and reticular gene scores in Prospective
Registry for Early Systemic Sclerosis cohort (GSE130955) (Gene set list from Solé-Boldo et a®). Data are presented as median + interquartile
range. Statistical significance for each comparison was determined by Mann-Whitney U-test. P < 0.0125 was considered significant after Bonfer-
roni correction. hypertr., hypertrophic; p, papillary; r, reticular; SSc, systemic sclerosis. Color figure can be viewed in the online issue, which is avail-
able at http://onlinelibrary.wiley.com/doi/10.1002/art.43094/abstract.
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() was adjusted using the Bonferroni correction (pi = p/n, n =
number of tests, p = overall significance level).

RESULTS

Assessment of structural changes in fibrotic skin in
SSc compared with nondiseased control skin and
hypertrophic scars. Quantitative assessments of changes in
the papillary dermis in SSc have not been described so far. Here,
we analyzed the number of papillae per millimeter, papillae length,
and area in trichrome-stained skin sections of healthy individuals,
involved skin of patients with SSc (forearm), clinically noninvolved
skin of patients with SSc (back), and of patients with hypertrophic
scars as a second type of fibrosing skin disorder. In SSc-involved
skin, dermal papillae were markedly decreased in number, area,
and height compared with controls (Figure 2A and B).

Noninvolved SSc skin showed higher papillary content
(papillae per mm, papillae length and papillae area) compared
with clinically involved skin in SSc (Figure 2A and B), albeit below

the level of nondiseased controls. In contrast, number, area, and
height of papillae in hypertrophic scars did not significantly differ
from healthy controls, suggesting that papillary loss is a phenom-
enon specific to SSc rather than a general feature of fibrosing der-
mal disorders (Figure 2A and B). The papillae measurements
including papillae number per mm, height, and area did not signif-
icantly differ between patients with limited cutaneous SSc (IcSSc)
compared with diffuse cutaneous SSc (dcSSc) (Supplementary
Figure 1).

As additional readout, we analyzed the orientation of colla-
gen fibers using trichrome staining in skin sections of healthy
donors, involved skin of patients with SSc, noninvolved skin of
SSc, and hypertrophic scars. SSc skin and hypertrophic scar
sections showed a higher alignment coefficient than healthy con-
trols in the reticular dermis and a measurable alignment coefficient
in the papillary dermis, consistent with the increased extracellular
matrix deposition and the “reticularization” of the papillary dermis
(Figure 2A and B). In healthy skin, the loose structure of the extra-
cellular matrix in the papillary layer did not allow for a specific
detection of individual collagen fibers and an alignment coefficient
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could not be calculated. When comparing IcSSc and dcSSc skin
sections, we measured similar levels of collagen alignment
between the two subtypes, confirming a shared structural remod-
eling (Supplementary Figure 1).

To confirm these histologic observations with another
approach, we compared published datasets of papillary and
reticular marker genes®® with differentially regulated genes in
SSc compared with healthy controls described in the PRESS
cohort.?® Consistent with the morphologic changes, we observed
that the expression of papillary versus reticular marker genes is
shifted toward a reticular gene expression profile in SSc skin sam-
ples (Figure 2C). This is also reflected by the reduction of the ratio
of mean papillary gene expression/mean reticular papillary gene
expression in SSc compared with controls. Because the PRESS
cohort mainly includes patients with early diffused disease and
to confirm our results in another cohort dataset, we next analyzed
the enrichment of papillary and reticular marker sets in a published
dataset of the GENISOS cohort.?® The GENISOS cohort includes
patients with both 1cSSc and dcSSc and with variable disease
duration ranging from 0.5 to 20 years since the first onset of first
non-Raynaud symptom. Analyzing the whole cohort, we
observed a tendency of reduction of the papillary/reticular gene
ratio, which was not significant (Supplementary Figure 2). Next,
we analyzed patients with relatively low disease duration (<4 years)
and compared them with patients with a longer disease duration
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(>4 years). Similar to our results obtained in the PRESS cohort,
we observed a significant reduction of papillary/reticular marker
genes in patients with less than or equal to four years disease
duration. The majority of patients in this subgroup suffered from
dcSSc, and no significant difference was observed between
IcSSc and dcSSc. Reduction of the papillary/reticular score was
less pronounced in patients with longer disease duration
(>4 years) and was not statistically significant (Supplementary Fig-
ure 2).

Altered spatial activation of WNT signaling in SSc
compared with healthy controls. A tightly regulated spatial
activation of WNT/B-catenin signaling has recently been
described as a core requirement for physiologic skin morphogen-
esis in mice.?® Moreover, WNT/B-catenin signaling has been
described as a central profibrotic mediator.'%2° We thus analyzed
whether a spatial WNT/B-catenin activation is observed in adult
healthy skin and might be perturbed in SSc. First, we analyzed
whether WNT/B-catenin-dependent target genes (GSE120106)
are enriched in the papillary and in the reticular part of healthy
skin.2* We observed an enrichment of WNT3A-regulated genes
in papillary healthy skin, and a tendency toward negative enrich-
ment in reticular gene sets (Supplementary Figure 3A). In contrast
to WNT3A-regulated genes, WNT5A-regulated gene signatures
as markers of noncanonical WNT signaling did not show
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Figure 3. Spatial activation of WNT/B-catenin signaling in healthy and SSc skin. (A) RNAscope in situ hybridization images of COL1AT (orange)
and AXIN2 (green) on skin sections of healthy individuals and patients with SSc. Representative images are shown at 200- and 400-fold magnifi-
cation. Quantification is shown as bar graph. (B) Immunofluorescence staining and confocal immunofluorescence microscopy for B-catenin (green)
and the pan-fibroblast marker P4HB (magenta) of papillary and reticular fibroblasts from nondiseased control individuals (n = 4) and patients with
SSc (n = 6). Representative images are shown at 200- and 630-fold magnification. Data presented as median =+ interquartile range. Statistical sig-
nificance was determined by Mann-Whitney U-test. P < 0.05 was considered significant. SSc, systemic sclerosis. Color figure can be viewed in the
online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43094/abstract.
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enrichment with neither papillary nor reticular marker gene lists
(Supplementary Figure 3B), demonstrating that this enrichment
is specific for WNT/B-catenin signaling. To confirm the spatial
transcriptional activity of WNT/B-catenin signaling in human skin
samples, we investigated the spatial expression of the WNT/B-
catenin target gene AXIN2 using the RNAscope in situ hybridiza-
tion technique (Figure 3A). As in previous studies,?® COL1AT
was used to identify dermal fibroblasts. Consistent with the bioin-
formatic analyses aforementioned, we observed significantly
increased numbers of AXIN2, COL1AT-expressing cells in the
papillary dermis compared with the reticular dermis in healthy
skin. In contrast, in SSc skin, almost all COL71A7-expressing
cells also expressed AXIN2, and a difference in the number of
AXIN2, COL1A17 positive cells between reticular and papillary
cells was no longer detectable. The intensity of the AXIN2 sig-
nal also demonstrated a loss of spatial expression gradients
of AXIN2 in SSc skin (Figure 3A). These results were confirmed
on the protein level using immunofluorescence staining of
AXIN2 in combination with the pan-fibroblast marker P4HB,
which showed a predominance of AXIN2-positive fibroblasts
in the papillary dermis of control skin. This distribution was
altered in SSc skin, and comparable levels of AXIN2-positive
fibroblasts were measured in both the papillary and the reticu-
lar layer of the dermis, along with a general upregulation of
AXIN2 in SSc (Supplementary Figure 4).

To confirm these observations, we expanded the investiga-
tion of WNT/B-catenin-regulated genes using cyclic in situ hybrid-
ization by COSMx as an additional more comprehensive spatial
transcriptomic approach. This analysis revealed that the papil-
lary to reticular ratio of several WNT-related genes, including
CTNNB1, FZD1, FZD5, FZD7, FZD8, VEGFC, WIF1, WNT11,
WNT7B, and FGF18,%'7%% was found to be reduced in SSc skin
fibroblasts compared with controls (Supplementary Figure 5).
We also observed a tendency toward a decrease of the papil-
lary to reticular ratio of noncanonical WNT-related genes in
SSc skin, although this reduction was less pronounced com-
pared with that seen with canonical WNT-related genes (Sup-
plementary Figure 6).

Additionally, a distance profile analysis demonstrated that in
healthy controls, fibroblasts expressing the WNT signature were
located closer to the epidermis and predominantly in the papillary
layer. In contrast, SSc skin showed that the WNT signature-
expressing fibroblasts were more evenly distributed throughout
the dermis, with similar cell densities observed in both the papil-
lary and the reticular layer (Supplementary Figure 7). To a lesser
extent, a similar distribution pattern was observed for noncanoni-
cal WNT-related genes, although the variation in localization was
less pronounced (Supplementary Figure 8).

To analyze the spatial WNT activation by a complementary
approach, we analyzed the spatial distribution of B-catenin
expression in the skin by coimmunofluorescence staining for B-
catenin and the pan-fioroblast marker P4HB (Figure 3B). In

healthy skin, fibroblasts with nuclear g-catenin expression were
enriched in the papillary dermis by two-fold compared with the
reticular dermis. In SSc skin, we observed an increase of B-cate-
nin-positive fibroblasts throughout the dermis and a particular
enrichment in the papillary layer was no longer detectable
(Figure 2B), showing a general overexpression of B-catenin in
SSc skin fibroblasts. In noninvolved SSc skin, the distribution of
B-catenin-positive fibroblasts was similar to healthy skin (Supple-
mentary Figure 9), confirming that the disruption of the spatial dis-
tribution is inherent to fibrotic skin changes. The distribution of B-
catenin-positive fibroblasts was comparable between IcSSc and
dcSSc skin sections, indicating a similar pattern of spatial alter-
ation of WNT/B-catenin signaling in both disease subtypes in
involved skin (Supplementary Figure 10).

The physiologic regulation of WNT signaling relies
on a controlled balance of several WNT agonists and
antagonists.® 2143235 |n fact, in addition to an upregulation of
WNT agonists, WNT inhibitors have been shown to be reduced
in SSc skin.'*%® We therefore analyzed the spatial distribution of
the WNT antagonist DKK1 through coimmunofluorescence with
the pan-fibroblast marker PAHB. Healthy control skin showed a
predominance of DKK-positive fibroblasts in the reticular dermis.
In SSc skin, we observed a significant downregulation of DKK
throughout the dermis, with no differences of expression between
the papillary and the reticular layer (Supplementary Figure 11).

Spatial distribution of fibroblast populations in SSc
skin compared with controls. A previous study in healthy
skin identified enrichment of FAP™; CD90™ fibroblasts in the papil-
lary dermis, whereas FAP~; CD90" fibroblasts were enriched in
the reticular dermis.®” Thus, we next analyzed whether the distri-
bution of these two fibroblast populations in the papillary versus
reticular dermis is perturbed in SSc. We observed an increase of
both fibroblast populations in SSc compared with healthy con-
trols. As analyzed by IMC and immunofluorescence, both FAP™;
CD90™ fibroblasts and FAP~; CDO0* fibroblasts were increased
throughout the dermis, and particular enrichment of the FAP™;
CD90™ fibroblasts in the papillary dermis and FAP~; CDO™ fibro-
blasts in the reticular dermis was not detectable (Supplementary
Figure 12).

On the transcriptomic level, fibroblast subpopulations have
recently been identified based on single-cell RNA sequencing
data.?”?® We analyzed whether an enrichment of reticular marker
genes is found in these populations on the transcriptomic level
(Figure 4A). We observed the most pronounced enrichment of
reticular genes in the PI16+ and the SFRP4+ fibroblast subsets
in SSc fibroblasts compared with control fibroblasts. Next, we
analyzed whether the enrichment of reticular marker genes on
the transcriptomic level is also associated with the spatial redistri-
bution of these fibroblast populations in the dermis. As analyzed
by immunofluorescence staining for PI16 and SFRP4 together
with the pan-fibroblast marker PAHB, we observed an increased
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Figure 4. Analysis of fibroblast populations in relation to the papillary and reticular dermis in SSc compared with controls. (A) Mean expression of reticular
marker genes in fibroblast populations defined based on small conditional RNA in SSc compared with control. Adjusted P values using the Bonferroni cor-
rection are shown. (B) Immunofluorescence staining for PI16 (magenta) and the pan-fibroblast marker P4Hp3 (green) of nondiseased control individuals (n =
5) and patients with SSc (n = 4). Representative pictures are shown at 200-fold magnification. Data presented as median + interquartile range. Statistical
significance was determined by Mann-Whitney U-test. P < 0.05 was considered significant. (C) NES of gene sets in a Pl16-positive fioroblast cluster. ctrl,
control; GSEA, gene set enrichment analysis; NES, normalized enrichment score; SSc, systemic sclerosis; UMAP, uniform manifold approximation and
projection. Color figure can be viewed in the online issue, which is available at http://onlinelibrary.wiley.com/doi/10.1002/art.43094/abstract.

ratio of papillary versus reticular PI16+ fibroblasts in SSc skin
compared with controls (Figure 4B). In noninvolved SSc skin, the
distribution of Pl16-positive fibroblasts was comparable with
healthy skin (Supplementary Figure 13), indicating that these
changes in spatial distribution are specific to fibrotic skin alter-
ations. The ratio of SFRP4+ fibroblasts in the papillary versus
reticular dermis did not differ in SSc samples compared with
healthy controls (Supplementary Figure 14).

Having demonstrated that PI16+ fibroblasts are character-
ized by the enrichment of reticular marker genes on the transcrip-
tomic level and anatomically relocate to the papillary dermis in
SSc, we next analyzed whether PI16+ fibroblasts also show an
increased activation of WNT/B-catenin signaling. Using GSEA,
we observed that gene sets associated with the regulation of
WNT/B-catenin signaling are enriched in the transcriptomic profile
of the PI16+ fibroblast population (Figure 4C). Similar results were
obtained using Gene Ontology term analysis (Supplementary Fig-
ure 15). Consistently, coimmunofluorescence staining of B-
catenin and PI16 revealed an increase of B-catenin and PI16 colo-
calization levels in SSc skin compared with controls (Supplemen-
tary Figure 16). In summary, these results suggest that the PI16+
fibroblasts show a particular relocation to the papillary dermis in
SSc and are associated with increased WNT/B-catenin signaling.

DISCUSSION

Here we show for the first time that the physiologic gradient of
WNT/B-catenin signaling is perturbed in SSc skin along with ana-
tomic changes of the papilary and reticular dermis and
with changes in the spatial distribution of specific fibroblast subsets.

In human adult healthy skin, the activation of WNT/B-catenin
signaling is spatially distinct with increased activation of
WNT/B-catenin signaling in the papillary dermis compared with
the reticular dermis. In contrast to healthy skin, the activation of
WNT/B-catenin signaling is exaggerated throughout the dermis
in involved skin of patients with SSc, and the gradient of WNT/B-
catenin activation between the papillary and the reticular dermis
is lost. This is paralleled by a reticular skin phenotype in SSc with
reduced number, size, and height of dermal papillae and the pre-
dominance of a reticular gene expression profile. Of note, PI16+
fibroblasts show a particular enrichment for both reticular marker
genes and genes related to the regulation of WNT/B-catenin sig-
naling and they are spatially enriched in the papillary dermis in
SSc. These results suggest that PI16+ fibroblasts might contrib-
ute to the disruption of the skin layers in SSc.

Our findings could have potential implications for future
therapeutic approaches. Dermal papillae contain sensitive skin
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structures including vessels, nerve endings, mechanosensory
corpuscles, hair bulbs, and skin adnexa. In addition, dermal papil-
lae increase the skin surface and have a function in mechano-
transduction themselves. Loss of the dermal papillae during fibrotic
skin remodeling in SSc is thus not only associated with disrupted
skin anatomy but also skin malfunction. Current state-of-the-art
medications used to treat skin fibrosis mostly aim at reduction of pro-
gression of the fibrotic disease burden. Beyond that, future therapeu-
tic approaches could aim at restoration of the normal skin structure in
patients with SSc. This is further supported by a short-term clinical
trial that showed that a topical WNT/B-catenin inhibitor could pro-
mote fat tissue regeneration in SSc skin,®® suggesting that local tar-
geting of WNT/B-catenin signaling may help to recover aspects of
the physiologic tissue structure. The identification of dysregulated
fioroblast populations that could specifically be targeted, whereas
physiologic populations that remain unaffected might contribute to
this approach. Based on our results, targeting PI16+ positive fibro-
blasts could be an interesting target; however, further functional
experiments to better characterize this population would need to be
performed as discussed in the following paragraph. Moreover, our
results underline that the delicate balance of spatially distinct pathway
modulation might be considered for restoring skin integrity in fibrosis
disorders.

Our study has limitations. The human papillary skin structure
is not sufficiently reflected in rodent skin models and advanced
in vitro models showing a papillary dermis structure are not avail-
able at the time of the submission. Thus, functional experiments
are limited and further studies to model the adult human dermal
structure are needed to substantiate our findings.
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