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Fibroblasts are stromal cells known to regulate local immune responses important for wound healing and scar formation;
however, the cellular mechanisms driving damage and scarring in patients with cutaneous lupus erythematosus (CLE)
remain poorly understood. Dermal fibroblasts in patients with systemic lupus erythematosus (SLE) experience increased
cytokine signaling in vivo, but the effect of inflammatory mediators on fibroblast responses in nonscarring versus scarring
CLE subtypes is unclear. Here, we examined responses to cytokines in dermal fibroblasts from nonlesional skin of 22
patients with SLE and CLE and 34 individuals acting as healthy controls. Notably, inflammatory cytokine responses were
exaggerated in SLE fibroblasts compared with those from individuals acting as healthy controls. In lesional CLE biopsies,
these same inflammatory profiles were reflected in single-cell RNA-Seq of SFRP2+ and inflammatory fibroblast subsets,
and TGF-β was identified as a critical upstream regulator for inflammatory fibroblasts in scarring discoid lupus lesions. In
vitro cytokine stimulation of nonlesional fibroblasts from patients who scar from CLE identified an upregulation of
collagens, particularly in response to TGF-β, whereas inflammatory pathways were more prominent in nonscarring
patients. Our study revealed that SLE fibroblasts are poised to hyperrespond to inflammation, with differential responses
among patients with scarring versus nonscarring disease, providing a potential skin-specific target for mitigating damage.
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Introduction
Systemic lupus erythematosus (SLE) is an autoimmune disease driven by aberrant activation of  innate 
and adaptive immune pathways that results in organ damage. Cutaneous lupus erythematosus (CLE), a 
dermatologic manifestation of  SLE that also occurs as an isolated skin disease, affects approximately 70% 
of  patients with SLE and can cause patient distress and disfiguration secondary to scar (1). Discoid lupus 
erythematosus (DLE) is the most prevalent CLE subtype, with skin lesions that typically heal with scar-
ring (2). Conversely, subacute CLE (SCLE) is characterized by nonscarring disease (3). The heterogeneity 
accompanying cutaneous and systemic manifestations of  lupus continues to be a challenge. Identifying cel-
lular and molecular differences associated with either DLE or SCLE will likely lead to better interventions 
for managing SLE and scar-forming CLE lesions.

Studies have shown that type I IFNs are central to pathogenesis in SLE and CLE, and the level of  IFNs 
correlates with disease severity, including in the skin (4). Recently, we identified in vivo that fibroblasts in SLE 
nonlesional and lesional skin exhibit evidence of  exposure to inflammatory cytokine stimulation, including 
TNF-α, IL-1β, and type I and type II IFNs (5). Importantly, on the basis of  receptor-ligand predictions, type 
I IFN–exposed fibroblasts are robust communicators with inflammatory cells in SLE skin (5). As fibroblasts 
are important regulators of  the extracellular matrix, including collagen production, and play a role in regula-
tion of  inflammation and wound healing, it is critical to understand their role in SLE and CLE pathogenesis.

In this study, we first compared the inflammatory phenotype in fibroblasts isolated from individuals 
acting as healthy controls and from nonlesional skin of  patients with SLE and CLE to explore differences 
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in vivo, but the effect of inflammatory mediators on fibroblast responses in nonscarring versus 
scarring CLE subtypes is unclear. Here, we examined responses to cytokines in dermal fibroblasts 
from nonlesional skin of 22 patients with SLE and CLE and 34 individuals acting as healthy 
controls. Notably, inflammatory cytokine responses were exaggerated in SLE fibroblasts compared 
with those from individuals acting as healthy controls. In lesional CLE biopsies, these same 
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in gene expression that occur in the disease. After identifying inflammatory profiles upregulated in lupus 
fibroblasts upon stimulation, we examined single-cell RNA-Seq (scRNA-Seq) data from lesional skin from 
patients with SCLE and DLE and looked for upstream regulators driving the differences between scar-
ring and nonscarring disease. We then investigated the differences in gene expression between those with 
scarring cutaneous lupus and those with nonscarring disease in vitro. Finally, our data revealed that SLE 
dermal fibroblasts exhibit exaggerated cytokine responses, with collagen pathways predominating in those 
from patients with scarring skin disease. Thus, dermal fibroblasts in SLE skin are abnormal and exhibit 
differential responses based on the propensity for CLE lesions to heal with a scar.

Results
SLE dermal fibroblasts exhibit hyperinflammatory responses. In order to examine differences in fibroblast func-
tion, fibroblast cultures were grown from punch biopsy samples from healthy control skin and nonlesion-
al lupus skin isolated from upper thigh (non-sun-exposed) biopsies. Patient characteristics are shown in 
Supplemental Table 1 (supplemental material available online with this article; https://doi.org/10.1172/
jci.insight.173437DS1). At passage 2, they were treated with or without IFN-γ, IFN-ɑ, TNF-ɑ, TGF-β, 
or IL-1β followed by harvesting of  RNA at 6 hours. These cytokines were chosen based on important 
upstream regulators of  fibroblast differences in SLE identified by scRNA-Seq (5). The experimental setup 
is outlined in Figure 1A, with a similar protocol used for examining patients who do not scar and patients 
who scar with lesional healing. The number of  differentially expressed genes across conditions is shown 
in Figure 1, B and C. We confirmed that similar fibroblast populations were present in healthy control and 
SLE cultures before and after cytokine stimulation (Supplemental Figure 1, A and B).

As expected, we found differential gene expression after cytokine stimulation for both healthy con-
trols and patients with SLE, with the largest effect size (ES) differences between the 2 patient groups for 
TGF-β, TNF-α, IFN-γ, and IFN-α stimulations (Figure 2A). As fibroblasts are important communicators 
with inflammatory cells in the dermis in SLE (5), we then focused on cytokine-cytokine receptor signaling 
pathway genes in each of  the treatment conditions. As noted in Figure 2B, similar significant upregulation 
of  chemokine (C-X-C motif  ligand) CXCL family, chemokine (C-C motif) ligand family, IL, and TNF 
genes was induced across all treatment conditions, but a larger degree of  upregulation was detected in SLE 
fibroblasts compared with healthy controls (FDR < 1 × 10–5). Intriguingly, the upregulation was exagger-
ated after exposure to TGF-β, with a paired t test for each gene showing a significant increase (P < 0.0001) 
in fold change (FC) between healthy and lupus (Figure 2C). Supplemental Table 2 lists all differentially 
expressed genes for each condition. These results indicate that while exposure to inflammatory cytokines 
upregulates inflammatory pathways in both healthy and SLE fibroblasts, the effect is magnified in SLE.

TGF-β is an upstream regulator of  inflammatory fibroblasts in scarring CLE. To better understand the roles of  
cytokines in the upstream regulation of  CLE disease pathogenesis and validate our findings, we then studied 
another set of  samples using scRNA-Seq data acquired from nonlesional and lesional skin from patients with 
DLE (n = 5) versus SCLE (n = 8) (workflow schematic depicted in Supplemental Figure 2). Bar charts and 
UMAPs of  the fibroblasts shown by disease type and cluster identification are shown in Figure 3A. Of note, 
a large inflammatory fibroblast population was identified that was derived primarily from lesional biopsies 
with smaller contributions from nonlesional skin. To asses how our skewed cytokine production in vitro may 
reflect the in vivo production of  cytokines and chemokines in the skin, we generated modules reflecting the 
cytokine stimulations of  the cultured fibroblasts in Figure 2, using genes that had a cytokine-induced effect 
that skewed higher for SLE samples (when compared with healthy controls) or higher for healthy control 
samples (when compared with SLE) for TGF-β, IFN-α, and TNF-α (Supplemental Table 3). We then over-
laid these SLE-favored or healthy control–favored scores onto scRNA-Seq data from fibroblast subclusters 
in DLE and SCLE lesions, as shown in Figure 3B. Remarkably, the DLE fibroblast subclusters exhibited a 
skewing toward the SLE-like gene changes (Figure 3B), whereas the SCLE fibroblast subclusters exhibited 
a response more in line with genes favored in healthy control responses (Figure 3B). This was most promi-
nent in SFRP2+, APOE+, and inflammatory fibroblasts. This is of  interest as SFRP2+ fibroblasts are known 
to differentiate into myofibroblasts, which are critical for proper wound healing but can also be skewed to 
promote fibrosis and scar formation (6, 7), especially in inflammatory signaling environments (8). Indeed, 
when we performed upstream regulatory analyses using Ingenuity Pathway Analysis to determine the critical 
signals driving changes in SFRP2+ and inflammatory fibroblast subclusters in cells derived from patients with 
DLE compared with those from patients with SCLE, there was significant enrichment for IFN-γ and TNF 
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as upstream regulators for DLE versus SCLE SFRP2+ fibroblasts (Figure 3, C and D) and more significant 
enrichment by TGF-β as an upstream regulator for inflammatory fibroblasts (Figure 3D). Importantly, this 
skewing toward a more robust inflammatory response in DLE was also replicated in bulk RNA-Seq of  lesion-
al skin biopsies (Supplemental Figure 3). These results suggest that TGF-β, TNF-α, and IFN-γ are important 
regulatory cytokines in SLE skin, and their presence may contribute to fibroblast activation, especially in DLE 
lesions. Furthermore, fibroblast interactions were visualized using CellChat (9), and numerous significant 
interactions were noted between SFRP2+ fibroblasts and inflammatory fibroblasts, especially after exposure 
to TGF-β (Supplemental Figure 4). We used pseudotime analysis to study the trajectory and relation between 

Figure 1. Schematic of fibroblast isolation, culture, and differential gene expression analysis workflow. (A) Two parallel studies were performed: one study 
compared nonlesional biopsies from individuals acting as healthy controls and patients with lupus, and another study that subdivided the patients with lupus 
into patients with damaged or scarring skin disease and patients with nondamaged or nonscarring skin disease and examined their fibroblasts from nonle-
sional biopsies. Fibroblasts were subjected to RNA-Seq at baseline (no cytokine stimulation) and stimulated with IFN-γ (IFNG), IFN-α (IFNA), TNF-α (TNFA), 
TGF-β (TGFB), and IL-1β (IL1B). After sequencing, gene expression fold change was determined for the stimulated versus unstimulated state. Effect size (ES) 
is plotted and calculated by taking the difference in fold change across disease groups. Pathway analysis was performed to identify pathways shared across 
cytokine stimulations and unique to individual stimulations. The genes in those pathways were plotted in heatmaps for all conditions. (B and C) The number 
of differentially expressed genes across stimulations in (B) healthy individuals and patients with lupus and (C) nonscarring and scarring patients.
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different fibroblast subtypes. We observed that inflammatory fibroblasts fall on the pseudotime trajectory 
between SRFP2+ and APOE+ populations (Supplemental Figure 5A). Specifically, our results illustrated high-
er expression of  IRF1, STAT1, and IRF7 in inflammatory and SFRP2+ fibroblasts (Supplemental Figure 
5B). All together, these data suggest that inflammatory fibroblast populations are likely derived from SRFP2+ 
fibroblasts by signals that promote activation of  IRF1, STAT1, and IRF7.

Figure 2. Fibroblasts from SLE skin are hyperresponsive to cytokine stimulations. (A) The effect sizes (log2FC in stimulated versus unstimulated conditions) 
under indicated cytokine stimulations of healthy (x axis) and SLE (y axis) fibroblasts. Diagonal lines represent what would be expected if there was no differ-
ence in gene expression between patients with SLE and individuals acting as healthy controls. (B) Heatmap illustrating the relatively higher upregulation of 
cytokine-cytokine receptor pathway genes in SLE fibroblasts (L) compared with those from individuals acting as healthy controls (H). Asterisks indicate signif-
icant log2FC in stimulated versus unstimulated conditions, with Wald’s test adjusted P < 0.05. (C) Quantification of the change in log2FC gene expression for 
each of the genes in the heatmap in B after TGF-β exposure for healthy individuals and patients with lupus using a paired t test for each gene. ****P < 0.0001.
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Figure 3. Cutaneous lupus lesional skin single-cell module scores and upstream regulators of dermal fibroblasts from patients with DLE (scarring dis-
ease) or SCLE (nonscarring disease). (A) Bar plots showing breakdown of samples by sample type (healthy, nonlesional lupus, and lesional lupus) and by 
disease type (SCLE and DLE). UMAP showing fibroblast clusters based on cell origin and disease type, including healthy control skin (H), nonlesional lupus 
skin (NLE), or lesional lupus skin (LLE) and by fibroblast cell subtype. (B) Module scores calculated using inflammatory profiles from control/lupus analysis 
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Dermal fibroblasts in DLE skin exhibit increased cytokine signaling and TGF-β–induced collagen responses. 
Given the differences observed between DLE and SCLE lesional fibroblasts, we then reexamined the 
bulk nonlesional fibroblast data used in Figure 2 to look at the differences in gene expression between 
fibroblasts isolated from patients with scarring and nonscarring CLE. Using the Cutaneous Lupus Ery-
thematosus Disease Area and Severity Index (CLASI), a validated metric for CLE disease activity and 
damage (10), patients with SLE were separated into 2 categories: those that had evidence of  scar from 
their CLE and those that resolved lesions without scarring. Comparisons in cytokine stimulation effect 
between scarring and nonscarring individuals underscored differences in ES (Supplemental Table 3), 
with the most notable difference showing a skewed ES in response to TGF-β stimulation in patients 
with CLE with scar-forming disease (Figure 4A). Comparisons of  differentially regulated chemokines, 
cytokines, and other signaling molecules are shown as a heatmap in Figure 4B, where similar respons-
es were denoted for most cytokines except for a robust difference that was apparent between nonscar-
ring and scarring responses to TGF-β, a known fibrotic factor involved in myofibroblast activation (11). 
In nonscarring disease, TGF-β upregulated inflammatory genes to a greater extent. This suggests that 
upregulation of  inflammatory genes upon TGF-β stimulation actually may induce potential protective 
effects against scarring. This skewing of  response is quantified in Figure 4C using a paired t test for each 
gene in the heatmap by comparing log2FC in fibroblasts from nonscarring versus scarring disease and is 
significant, with P < 0.0001.

Further examination of  the pathways dysregulated in scarring versus nonscarring patients following 
stimulation with our cytokine panel highlighted significant differences in the collagen trimer pathway (12, 
13). In particular, COL17A1, a collagen found at the dermal-epidermal basement membrane zone and 
upregulated in fibrosing disorders (14), was upregulated in patients who scar, especially after stimulation 
with TGF-β (ES = 2.79, FDR = 4.19 × 10–2), TNF-α (ES = 4.01, FDR = 1.52 × 10–4), and IL-1β (ES = 2.62, 
FDR = 1.13 × 10–4) (Figure 4D). Similarly, subtle (nonsignificant) repression of  potentially profibrotic col-
lagens COLQ, COL21A1, and COL4A3 (ES = 2.49, FDR = 9.10 × 10–1, ES = 2.02, FDR = 6.56 × 10–1, ES = 
3.01, FDR = 7.49 × 10–1 respectively, see Supplemental Table 3) (15, 16) was noted in the nonscarring states 
across most inflammatory stimulations. Bulk RNA-Seq analysis of  lesional biopsies supported a skewing of  
collagen upregulation in scarring versus nonscarring lesions (Supplemental Figure 3).

We then sought to confirm differences in collagen expression in lesional skin sections from patients with 
nonscarring SCLE (n = 20) and patients with DLE (n = 9), a phenotype of  CLE associated with postlesion-
al skin scarring using bulk RNA-Seq (Figure 5 and Supplemental Figure 3). Transcriptome comparisons 
revealed 153 significantly differentiated expressed genes (92 up- and 61 downregulated genes in individuals 
with scarring, see Supplemental Table 4). Consistent with our previous data, collagen catabolic processes 
and fibril organization were among the most significant functions enriched among the upregulated genes in 
DLE lesions (P < 1 × 10–5), including MMP3, MMP14, COL5A2, COL1A1, COL5A1, and particularly COLQ 
(FC = 3.27; FDR = 7.44 × 10–2) (Figure 5). Features of  skin collagens were visualized by nonspecific and 
specific histological staining in order to corroborate these transcriptional changes. Indeed, increased colla-
gen deposition, disordered collagen bundles, and inflammatory cell infiltration, indicative of  a coinciding 
inflammatory and profibrotic wound healing process, were observed in DLE but not in SCLE lesions 
or healthy skin via Masson’s trichrome staining (Figure 6A). Specific confirmation and localization of  
COL17A1, COL21A1, and COL4A3 was then performed by immunohistochemistry (Figure 6B). Increased 
staining for COL17A1, COL21A1, and COL4A3 was observed in the dermis of  DLE lesional skin, 
compared with that of  SCLE skin (Figure 6B, Supplemental Figure 6, and Supplemental Figure 7A). 
Of  note, staining of  these collagens was prominent in dermal fibroinflammatory infiltrates associated 
with DLE lesions, while this phenomenon was not observed in SCLE lesions (Figure 6B, inset). Unfor-
tunately, no antibody was found that would reliably stain for COLQ. All together, these data suggest 
that, while dermal SLE fibroblasts exhibit skewed responses to inflammatory cytokines, skin-damaging 
DLE lesions are associated with TGF-β induction of  profibrotic collagen pathways, whereas nonscarring 
SCLE lesions exhibit an inflammatory response.

of dermal fibroblasts. Significance level is denoted by asterisks (*P < 0.05, **P < 0.01, ***P < 0.001, ****P < 0.0001). (C and D) Top 25 upstream regula-
tors plotted with the number of genes represented by dot size and colored by log(P value) for (C) the SFRP2+ fibroblast subtype and (D) the inflammatory 
fibroblast subtype.
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Figure 4. Dermal fibroblasts from patients with SLE with scarring CLE upregulate inflammatory and collagen transcriptional programs in response to 
stimulation. (A) The effect sizes (log2FC) in response to indicated cytokine treatments of fibroblasts from nonlesional skin of patients with SLE with non-
scarring (NS, x axis) or scarring (S, y axis) CLE. Diagonal lines represent what would be expected if there is no difference in gene expression between scarring 
and nonscarring CLE. (B) Heatmaps illustrating the relatively higher upregulation of inflammatory pathway genes. (C) Quantification of differences in log2FC 
of differential gene expression for each gene between the nonscarring and scarring states using a paired t test. ****P < 0.0001. (D) The upregulation of 
collagen trimer pathway genes in scarring compared with nonscarring CLE. Asterisks indicate Wald’s test adjusted P < 0.05.
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Discussion
Chronic skin inflammation is a unifying pathologic feature of  SLE and CLE, yet scarring cutaneous lesions 
occur in only a subset of  patients (17). The basis of  divergent healing outcomes of  CLE lesions is not clear. 
Abnormal proinflammatory interactions between epidermal and dermal cells in healthy-appearing lupus 
skin are critical in shaping the development of  cutaneous lesions (5). While recent studies revealed altered 
production of, and responses to, cytokines and growth factors in SLE skin, the effect of  these changes on 
local fibroblast responses and lupus-specific skin inflammation and damage is unclear.

Our study identifies increased upregulation of inflammatory responses in SLE dermal fibroblasts com-
pared with those from individuals acting as healthy controls, indicating that these cells may be more susceptible 
to pathologic, overexaggerated inflammation. Intriguingly, we observed that dermal fibroblast subpopulations 
received increased inflammatory signals from IFN-γ, TNF-α, and TGF-β in scar-prone DLE skin, when com-
pared with patients with nonscarring SCLE, and exhibited a differential response to TGF-β by upregulating 
collagen transcriptional profiles rather than inflammatory pathways. Increased presence of type XVII, type 
XXI, and type IV collagens was confirmed in the dermis of DLE lesions, with the most prominent staining 
localized to fibroinflammatory infiltrates. These data suggest a role for crosstalk between dermal fibroblasts and 
inflammatory cells, potentially mediated by TGF-β, TNF-α, or IFNs. Indeed, activation of cytotoxic lympho-
cytes in DLE but not SCLE has been reported (18), and our own previous data have also identified an import-
ant role for myeloid activation and fibroblast crosstalk in nonlesional SLE skin (5). These data are congruous 
with that in reports that scarless versus scar-forming healing in the skin in response to injury or damage hinges 
on suppression or activation of inflammatory signals and myeloid recruitment, respectively (19).

Skewed fibrosis is not unique to the skin of  patients with SLE. In the kidney, fibroblast activation drives 
renal scar (20). Intriguingly, the IFN signature that exists in the skin may reflect the fibrosis progression in 
the kidney (21), suggesting that type I IFN exposure may modify fibroblasts in many organs to promote 
impaired wound healing and fibrosis in SLE. While inflammatory signaling is known to be important in 
the initiation of  wound healing responses, the downregulation of  this response and the correct balance 
between subtypes of  TGF-β exposure may be critical for the avoidance of  scar (8). Here, we found that 
patients with DLE have increased inflammatory signatures in their SFRP2+ and inflammatory fibroblasts 
when compared with those from patients with SCLE. In scleroderma, where skin fibrosis is a predomi-
nant feature, activation of  transcription factors driven by IFNs and TGF-β contribute to the transition of  
SFRP2+ fibroblasts to a myofibroblast phenotype (6, 7). In DLE skin, these same cytokine drivers may also 
be skewing the wound healing response to promote excessive matrix deposition and scar formation rather 
than scarless healing, especially after TGF-β exposure. These data suggest that collagen pathway upregula-
tion in dermal fibroblasts could be an important target for mitigating scars resulting from CLE.

A limitation of  our study is that the examination of  fibroblasts using 2-dimensional cell culture may not 
fully reflect the physiologically relevant behaviors of  these stromal cells. For example, in addition to cyto-
kines and other soluble mediators, the skin provides additional substrates and mechanical cues sensed by der-
mal fibroblasts (22). Our experimental conditions also are unable to ascertain the contribution of  additional 
immunologic, epidermal, and stromal cells in the inflammatory skin milieu. In this context, it is reassuring 
that our single-cell data reflect our in vitro findings and that we don’t identify a shift in fibroblast subtype gene 
expression in vitro. However, future studies of  fibroblasts in a 3-dimensional culture system and mapping of  
inflammatory cell interactions are warranted and will be the foci of  further studies.

Together, our data provide important insight into the heterogeneity of  dermal fibroblast responses in 
patients with SLE and identify dermal fibroblasts as a relevant cell population in modulating divergent 
healing outcomes among CLE subtypes.

Methods
Demographic information. In this study, punch biopsies were obtained from University of  Michigan patients 
enrolled in the Taubman Institute Innovative Program PerMIPA cohort with SLE (n = 22), divided into 
patients with scarring skin lesions (n = 8) and nonscarring skin lesions (n = 13), as well as a healthy control 
group (n = 34). Scarring disease status was determined using the damage score of  CLASI, with a damage 
score of  ≥1 indicating scarring disease (10). Male and female patients were part of  the study (Supplemental 
Table 1 and Supplemental Table 5). Sex was not considered as a biological variable.

Isolation and culture of  human dermal fibroblasts. Six mm punch biopsies were obtained from non-sun-
exposed skin in individuals acting as healthy controls and nonlesional skin was obtained from patients 
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with lupus, specifically from the upper thigh in both populations. Fibroblasts were isolated from biopsies 
via digestion of  the dermis in 0.2% collagenase type II for 1 hour at 37°C, cultured in RPMI 1640 medium 
supplemented with 10% FBS until passage 2, and stimulated with various cytokines for 6 hours followed 
by harvest in TriPure for RNA-Seq. Cytokine concentrations were as follows: IFN-γ 5 ng/μL, IFN-ɑ 5 ng/
μL, TNF-ɑ 10 ng/μL, TGF-β 10 ng/μL, and IL-1β 10 ng/μL. Confirmation that all subtypes of  fibroblasts 
were present without skewing toward a particular subtype between healthy and lupus samples after culture 
and before stimulation in the nonlesional bulk RNA-Seq analysis is shown in Supplemental Figure 1A by 
examining the normalized counts for the top 10 cell markers for each fibroblast subtype. Supplemental 
Figure 1B shows that there was also no skewing toward a particular subtype between the control and lupus 
populations after stimulation.

Lesional skin biopsy RNA-Seq. Patients enrolled in the Taubman Institute Innovative Program PerMIPA 
cohort donated lesional skin biopsies that were bisected, and one-half  was placed in RNA later (Thermo 
Fisher Scientific) and stored at –80oC until use. RNA was isolated using Zymo Direct-Zol kits, and RNA-
Seq was performed by the University of  Michigan Advanced Genomics Core on the Novaseq 6000 plat-
form, with an average of  >50 million read pairs per sample.

Masson’s trichrome and immunohistochemical staining. CLE skin biopsies from lesions of  patients with 
SCLE or DLE were collected and fixed in formalin. Formalin-fixed, paraffin-embedded skin biopsy 
sections were evaluated for collagen deposition by Masson’s trichrome staining (Poly Scientific), while spe-
cific collagen protein levels were assayed for by chromogenic immunostaining with anti-COL17A1 (clone 
2C3, Invitrogen), anti-COL21A1 (polyclonal, Invitrogen), and anti-COL4A3 (polyclonal, Invitrogen). Anti-
gen retrieval was achieved by heating sections in sodium citrate buffer (pH 6.0) prior to antibody incubation. 
A minimum of  3 patients per disease status group were assayed, and representative images are shown.

Figure 5. Differentially expressed genes identified via bulk RNA-Seq of lesional skin between scarring (DLE) and 
nonscarring disease (SCLE). Significance marked as a cutoff P value of < 10 × 10–4 and log2FC > 1.5. Highlighted genes 
are involved in collagen catabolic processes and fibril organization.
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scRNA-Seq. Skin biopsies were digested and libraries were prepared using the 10x Genomics platform 
as we have previously reported (5). The R package Seurat (v4.1.1) was used to cluster the cells. Cells with 
fewer than 100 genes or 500 transcripts or more than 50,000 transcripts or 10% of  mitochondrial expression 
were first filtered out as low-quality cells. The NormalizeData function was used to normalize the expression 
level for each cell with default parameters. The FindVariableFeatures function was used to select variable 
genes with default parameters. The ScaleData function was used to scale and center the counts in the data 
set. Principal component analysis was performed on the variable genes. The RunHarmony function from 
the Harmony package was applied to remove potential batch effects among samples processed in different 
batches or from different donors. Uniform Manifold Approximation and Projection (UMAP) dimensional 
reduction was performed using the RunUMAP function. The clusters were obtained using the FindNeigh-
bors and FindClusters functions with the resolution set to 0.5. The cluster marker genes were found using the 
FindAllMarkers function. Differential expression analysis was performed using the FindMarkers function. 
Module scores were calculated using the AddModuleScore function with default parameters.

Figure 6. In situ detection of collagens in SCLE and DLE lesions. Formalin-fixed, paraffin-embedded tissue sections 
from skin were evaluated. (A) Masson’s trichrome staining of healthy skin and SCLE and DLE lesions revealed the in 
situ deposition and organization of collagen (blue) and muscle tissue (red), with inflammatory cell infiltration in DLE 
lesions marked with yellow stars. Scale bar: 100 μm. (B) Immunostaining for COL17A1, COL21A1, and COL4A3 in lesional 
skin from patients with lupus with DLE (scarring disease) or SCLE (nonscarring disease). Scale bar: 200 μm. Represen-
tative images from 3 to 5 patients from each subtype are shown (original magnification, ×200).
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Gene expression analysis. Genes were filtered for an average abundance of  at least 1 read across all sam-
ples. Samples included in each analysis are shown in Supplemental Table 1. DEseq2 was used for expres-
sion normalization and to determine differentially expressed genes with FC of  stimulated versus unstimu-
lated | log2FC | > 0.6 and Benjamini-Hochberg adjusted P value with FDR < 0.05.

Pathway analysis. Pathway analysis was performed by filtering the genes with the largest positive and 
negative ES differences (log2FCCLE – log2FChealthy control) to identify pathways shared across all stimulations 
and unique to individual stimulations. Positive ES differences in genes were either more upregulated in the 
disease group compared with the control group or less downregulated in the disease group compared with 
the control group (Figure 1A). Negative ES differences in genes were either more upregulated in the control 
group than the disease group or more downregulated in the disease group compared with the control group 
(Figure 1A). An ES difference of  magnitude >1.5 was considered of  interest. Using the hypergeometric 
test, we conducted functional enrichment analysis and examined the enrichment for pathways or functions 
compiled from Gene Ontology, Reactome, Biocarta, and KEGG (12, 13, 23–27). Out of  9,166 pathways, 
we investigated the functions that had fewer than 200 annotated genes and at least 3 annotated genes of  
interest expressed in our data set, with an adjusted P < 0.05. We then identified pathways that appeared to 
be significantly enriched across multiple stimulations as well as pathways unique to individual stimulations. 
The log2FC of  stimulated versus unstimulated genes associated with these pathways was then plotted in a 
heatmap across stimulations and conditions.

qPCR of  TGFB1-stimulated dermal fibroblasts. Primary dermal fibroblasts isolated from the nonlesion-
al skin of  patients with nonscarring (SCLE, n = 3) or scarring disease (DLE, n = 4), as well as from 
the skin of  individuals acting as healthy controls (n = 3), was stimulated with 10 ng/mL TGFB1 (R&D 
Systems). RNA was extracted from cells using the Qiagen RNeasy Plus Kit after 24 hours of  TGFB1 
stimulation. cDNA libraries were generated using iScript (Bio-Rad), and real-time PCR was performed 
with SYBR Green Master Mix (Thermo Fisher Scientific) via the QuantStudio 12K Flex Real-Time PCR 
System (Thermo Fisher Scientific). The following primers were used: COL1A1 forward primer, 5′-AGT-
GGTTTGGATGGTGCCAA-3′; COL1A1 reverse primer, 5′-GCACCATCATTTCCACGAGC-3′; β-actin 
forward primer, 5′-CCTCGCCTTTGCCGATCC-3′; β-actin reverse primer, 5′-GCGCGGCGATATCAT-
CATCC-3′. COL1A1 gene expression levels were normalized to β-actin, and FC relative to unstimulated 
healthy controls was calculated using the ΔΔCt method (28). Samples were compared via 1-way ANOVA.

Statistics. Negative binomial was used to model the read count data, and differential gene expression 
analysis was performed with DESeq2 using the Wald’s test (29). Multiple testing correction was conducted 
using the Benjamini-Hochberg method (30) that controls FDR < 0.05. Comparison of  gene expression 
before and after treatment with TGF-β was completed using paired, 2-tailed Student’s t test. All analyses 
were performed in R. P values of  less than 0.05 were considered significant.

Study approval. The studies described in this manuscript were reviewed and approved by the Michi-
gan Medicine IRBMED (HUM00151834). Prior to participation in the study, all patients gave written, 
informed consent and were treated according to the Declaration of  Helsinki.

Data availability. Fibroblast RNA-Seq data have been deposited in GEO (GSE237690). Values for all 
data points in graphs are reported in the Supporting Data Values file.
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