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Cutaneous lupus erythematosus (CLE) is a chronic inflammatory skin disease characterized by a diverse cadre of clinical presentations. CLE commonly occurs in patients with systemic lupus erythematosus (SLE), and CLE can also develop in the absence of systemic disease. Although CLE is a complex and heterogeneous disease, several studies have identified common signaling pathways, including those of type I interferons (IFNs), that play a key role in driving cutaneous inflammation across all CLE subsets. However, discriminating factors that drive different phenotypes of skin lesions remain to be determined. Thus, we sought to understand the skin-associated cellular and transcriptional differences in CLE subsets and how the different types of cutaneous inflammation relate to the presence of systemic lupus disease. In this study, we utilized two distinct cohorts comprising a total of 150 CLE lesional biopsies to compare discoid lupus erythematosus (DLE), subacute cutaneous lupus erythematosus (SCLE), and acute cutaneous lupus erythematosus (ACLE) in patients with and without associated SLE. Using an unbiased approach, we demonstrated a CLE subtype-dependent gradient of B cell enrichment in the skin, with DLE lesions harboring a more dominant skin B cell transcriptional signature and enrichment of B cells on immunostaining compared to ACLE and SCLE. Additionally, we observed a significant increase in B cell signatures in the lesional skin from patients with isolated CLE compared with similar lesions from patients with systemic lupus. This trend was driven primarily by differences in the DLE subgroup. Our work thus shows that skin-associated B cell responses distinguish CLE subtypes in patients with and without associated SLE, suggesting that B cell function in skin may be an important link between cutaneous lupus and systemic disease activity.
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Introduction

Systemic lupus erythematosus (SLE) is complex, chronic, autoimmune disease characterized by hyperreactive B cells and the production of pathogenic autoantibodies (1). SLE involves multiple organ systems, including the skin, where the distinct type of inflammation is termed cutaneous lupus erythematosus (CLE). CLE can occur in isolation or as a skin manifestation associated with underlying systemic lupus erythematosus (SLE) (2). CLE is relatively understudied compared to SLE, which contributes to a lack of understanding of disease heterogeneity in CLE pathogenesis. CLE is a rubric which encompasses clinically and histologically distinct subtypes of CLE: acute cutaneous lupus erythematosus (ACLE), subacute cutaneous lupus erythematosus (SCLE), or chronic lupus erythematosus (CCLE), with discoid lupus erythematosus (DLE) being the most common subtype (3–5). While there are consistently observed cellular and molecular features in patients with CLE and/or SLE, such as a type I interferon (IFN) gene signature in the blood and skin (6–10) and peripheral B cell dysfunction (11, 12), the shared and unique molecular and cellular features of ACLE, SCLE, and CCLE remain poorly understood. Indeed, basic transcriptional comparisons have not identified robust distinguishing molecular signatures between subtypes (13, 14). Further, DLE is more likely to occur without underlying SLE compared to ACLE or SCLE (2, 15), yet it is not clear if the presence or absence of systemic disease is related to the differences observed in cutaneous manifestations of lupus (16).

In this study, we sought to investigate cellular and transcriptional differences in lesional skin biopsies across CLE subtypes, including DLE, ACLE, and SCLE, and explore how cutaneous lesional immunophenotypes relates to systemic lupus disease. Using novel analyses, we found that DLE lesions harbor a unique immunoglobulin signature and an enrichment of skin B cells compared to ACLE or SCLE lesions. Intriguingly, this B cell signature was highest in patients with CLE without concomitant SLE, including within the entire cohort of DLE patients (2). Our results demonstrate that a B cell gene signature in the skin distinguishes DLE from ACLE and SCLE and that increased B cells in the skin of DLE patients is indicative of a lower rate of accompanying systemic disease. These data suggest that B cell transcriptional programs are more activated in DLE lesions relative to ACLE or SCLE lesions and may play a role in immunopathogenesis divergence across CLE subtypes. This work supports future exploration of utilizing a skin B cell score as a clinical marker of SLE risk, especially in DLE patients.



Materials and Methods


Study Design

We applied a tissue transcriptome-driven sequential analysis strategy. Gene expression profiles from 90 cases of CLE that include DLE (n=47) and SCLE (n=43), as well as 13 healthy control skin biopsies were used as a discovery cohort (13). Subsequent profiles of 60 skin biopsies that include DLE (n=20), SCLE (n=20) and ACLE (n=20) served as a validation cohort along with 4 additional healthy control skin biopsies. The details of the discovery cohort and sample collection protocol are previously described (13). In brief, skin biopsies were identified via a SNOMED search of the University of Michigan Pathology Database using the search terms “lupus” and “cutaneous lupus”. Patients who met both clinical and histologic criteria for DLE or SCLE or ACLE were included in the study. Patients with drug-induced CLE were excluded from this study. The average time from diagnosis to skin biopsy ranged from two to four years for patients in the discovery cohort. Gender-, age- and race-matched healthy controls were identified and utilized for studies that compared CLE to normal healthy control skin (n=13 in the discovery cohort, n=4 in the validation cohort). Clinical data information can be found in Supplementary Table 1. Systemic disease was defined by ACR criteria ≥4 (17).



Gene Expression Analysis

For both discovery and validation cohorts, transcriptome analysis was performed on skin biopsies using Affymetrix ST2.1 GeneChips as previously published (13). Data processing details for the discovery cohort can be found in Berthier et al. (13). In brief, normalized expression data were log2-transformed and batch-corrected. FDR was applied to account for multiple testing. The CEL-files and processed data are available at Gene Expression Omnibus (https://www.ncbi.nlm.nih.gov/geo/) under the reference number GSE81071 (discovery cohort) and GSE184989 (validation cohort).

For the validation cohort, samples were processed and normalized using the RMA approach (18), and average expression was taken if more than one probesets mapping to a gene. We then estimated and controlled the latent confounding variables (19) for the limma-based differential expression analysis (20, 21).



IFN Score Calculation

For both discovery and validation cohorts, IFN score was calculated from the gene expression data as previously described (13).



Weighted Gene Co-Expression Network Analysis

Weighted gene co-expression network analysis (WGCNA) (22) was performed on the 20,410 genes of the discovery cohort. Briefly, WGCNA was used to aggregate genes into co-expression modules representing gene expression patterns across all patient samples. Co-expression modules were named and represented by a unique color. A module eigenene value (the first principal component of each module gene set) was generated in each sample used as representation of the module. Each module eigengene value was associated with available clinical variables: Cutaneous Lupus Erythematosus Disease Area and Severity Index (CLASI), Systemic Lupus Erythematosus Disease Activity Index (SLEDAI), systemic versus non-systemic disease status, DLE versus SCLE status, and IFN score.



Heatmap Generation, Cell Type Enrichment and Literature-Based Pathway Analyses

Heatmaps of gene expression datasets were generated using the Morpheus software (https://software.broadinstitute.org/morpheus). Cell type enrichment analysis was performed as previously reported (13) on the normalized datasets of 20,410 genes (discovery cohort) and of 29,405 genes (validation cohort) using the xCell webtool (http://xcell.ucsf.edu/) (23). Canonical pathways were identified using Ingenuity Pathway Analysis software (IPA) (www.ingenuity.com).



Tissue CyTOF

Formalin-fixed, paraffin-embedded (FFPE) skin biopsy tissue sections from lesional skin of patients with ACLE, SCLE, or DLE were analyzed using the Hyperion imaging CyTOF system (Fluidigm) as previously described (24) with modifications of the antibody panel. Specifically, metal-tagged antibodies including pan-keratin (C11, Biolegend), BDCA2 (Polyclonal, R&D Systems), CD56 (123C3, ThermoFisher Scientific), HLA-DR (LN3, Biolegend), CD11c (EP1347Y, Abcam), and CD4 (EPR6855, Fluidigm) were added in this study.



Immunohistochemistry

CLE skin biopsies from lesions of patients with ACLE, SCLE, or DLE as well as healthy controls were collected and fixed in formalin. Formalin-fixed, paraffin-embedded skin biopsy sections were assayed by chromogenic immunostaining for pan-leukocytes (anti-CD45, HI30, eBioscience), B cells (anti-CD20, L26, Abcam) and memory B cells (anti-CD27, polyclonal, R&D Systems). Antigen 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.



Statistical Analyses

Statistical analysis of clinical data and gene score comparisons were generated using an unpaired parametric t-test with GraphPad Prism software version 8.0.0; p-values<0.05 were considered statistically significant and reported in all Figures. All comparisons across all groups were performed; for clarity, only the most relevant were reported if statistically significant.




Results


DLE Lesions Harbor a Unique Skin Immunoglobulin Gene Signature Compared to SCLE Lesions

To identify unique features amongst CLE subtypes, weighted gene correlation network analysis (WGCNA) was performed on an initial discovery skin cohort to identify modules of genes correlating with available patient clinical variables: CLASI, SLEDAI, systemic versus non-systemic disease status, DLE versus SCLE status, and IFN score. The resulting modules were categorized by color and correlations of each module eigengene with clinical variables depicted in the module-trait relationship heatmap (Figure 1A). This analysis identified that the cyan module was one of the modules with the strongest correlation with clinical variables and was significantly higher in DLE compared to SCLE status (Figure 1B). This cyan module was775353 composed of 32 genes, 26 of which were immunoglobulin genes (Figure 1B). This result was confirmed in a separate validation cohort that also included patients with ACLE (Supplementary Figure 1A). Further probing by Ingenuity pathway analysis also revealed significant enrichment for several B cell-related pathways (Supplementary Table 2) including B cell receptor signaling (p=6.31x10-33), B cell signaling pathway (p=1.58x10-31), B cell activating factor signaling (p=4.79x10-02), and B cell development (p=4.79x10-02). The yellow module from the WGCNA analysis, represented by 746 genes (Supplementary Table 3), was significantly correlated with the increased IFN score in both the CLE discovery cohort (Figure 1C, r2 = 0.722, p=3x10-28) and validation cohort (Supplementary Figure 1B, r2 = 0.832, p<0.0001). These data demonstrate that a stronger immunoglobulin gene signature was observed in lesional skin from patients with DLE when compared to lesions from those with SCLE, and that a high skin IFN score was correlated with active CLE lesions, regardless of cutaneous disease subtype.




Figure 1 | Weighted gene correlation network analysis identifies an immunoglobulin signature associated with DLE skin lesion status, independent of IFN score. (A) Module-trait relationship heatmap. Each module eigengene was correlated with the indicated clinical parameter. For categorical parameters, non-systemic/systemic disease and DLE/SCLE, numerical values were assigned to each categorical group. The scale bar on the right represents the correlation coefficient with green for negative correlation and red for positive correlation, p-values for each correlation are presented on the heatmap. The yellow module was the module with the strongest positive correlation with IFN score and the cyan module was the module that had the strongest negative correlation with the DLE versus SCLE lesion status. (B) The cyan module eigengene from the SCLE and DLE lesions encompasses a 32-gene, primarily immunoglobulin signature. (C) The yellow module eigengene was significantly correlated with IFN score (r = 0.85, p = 3E-28). The data in each panel represent 47 DLE patients and 43 SCLE patients.





DLE Lesions Are Associated With a Higher Skin B Cell Signature Compared to ACLE or SCLE

To explore whether the skewed cutaneous immunoglobulin gene signature detected in DLE lesions coincided with an increase in skin B cell subsets compared to other CLE subtypes, we utilized the xCell algorithm which performs cell type enrichment analysis from tissue gene expression profiles (23). The heterogeneous cellular landscape of tissue expression profiles can be evaluated with the xCell enrichment scores generated for each cell type. We performed this analysis on both the discovery and the validation cohorts which included normalized gene expression from the skin of healthy controls or lesions from patients with DLE, SCLE, or ACLE. (Supplementary Figure 2 and Supplementary Table 4).

The cell type enrichment analysis showed enrichment for B cell subsets in patients with DLE compared to SCLE or ACLE skin lesions (Figure 2A). Specifically, cell type enrichment analysis from both the discovery and validation cohorts revealed significantly higher gene expression signatures for B cells (p=0.0001 and p<0.0001, respectively), naïve B cells (p=0.0011 and p<0.0001, respectively) and memory B cells (p<0.0001 and p=0.0001, respectively) in skin lesions from patients with DLE compared to SCLE (Figure 2B). Furthermore, B cell enrichment scores of B cells, naïve B cells, and memory B cells were all significantly lower in ACLE lesions compared to DLE (Figure 2B, p=0.0025, p=0.0007, p=0.0070, respectively). No significant difference in the enrichment of B cell subsets between lesions from patients with SCLE and ACLE was detected by cell type enrichment analysis (Figure 2B). These results show that when CLE is examined according to cutaneous disease subtype, a significant enrichment in overall and subsets of skin B cell gene expression programs is detected in DLE lesions compared to SCLE or ACLE lesions.




Figure 2 | Cell type enrichment analysis using xCell tool reveals a B cell signature higher in DLE lesional skin compared to SCLE and ACLE lesions. (A) Heatmap of the B cell subtypes representing average xCell score for each skin lesion type compared to normal healthy controls (N). *p-value < 0.05 in SCLE versus DLE. (B) xCell enrichment score for B cells, naïve B cells and memory B cells in lesional skin from patients with DLE, ACLE, SCLE as well as normal healthy controls (N) in both the discovery and the validation cohort. Comparisons were made via unpaired Students’ t-test.





Skin B Cell Enrichment in CLE Is Associated With Non-Systemic Lupus and Discoid Lesions

We then sought to determine if the B cell signature detected in CLE lesions was associated with systemic disease status, including within a particular CLE subtype. For this, we first grouped all CLE lesions together and analyzed them based on whether the patient had systemic SLE or CLE without systemic disease. Intriguingly, we identified a significant difference in lesional B cell subsets vs. healthy control only in patients with CLE without associated SLE (p=0.0003). No increase in B cell subsets were noted when lesions from SLE patients were compared with healthy controls (Figure 3A). This trend was less when B cells were subsetted into naïve and memory, but in all instances, CLE lesions taken from patients without SLE exhibited significantly more B cell-associated gene expression. (Figure 3A). Because we observed differences in the lesional skin B cell enrichment score in patients with CLE based on SLE status, we further explored the impact of CLE subtype on this finding. There were significantly higher total B cell enrichment scores in lesions from patients with isolated DLE compared to DLE with underlying SLE (p=0.0008). A similar trend was seen for SCLE but this did not reach significance (p=0.077) (Figure 3B). This B cell enrichment was also specific to non-systemic DLE versus non-systemic SCLE when total B cells (p=0.0001), naïve B cells (p=0.0489), and memory B cells (p=0.0183) were compared (Figure 3). Thus, lack of associated SLE is associated with increased B cell signatures in CLE lesions, and this holds true even within the DLE subtype when patients with and without associated SLE are compared.




Figure 3 | B cell subset enrichment score in lesional skin from CLE patients with and without systemic lupus. (A) Heatmap of the B cell subtypes representing the xCell enrichment score for each patient from the discovery cohort. (B) xCell enrichment score for B cell subtypes in normal healthy controls (N) (n = 13) and all CLE patients with and without systemic lupus (n = 46 and n = 44, respectively). (C) xCell enrichment score for B cell subtypes in DLE patients with and without systemic lupus (n = 22 and n = 25, respectively) and SCLE patients with and without systemic lupus (n = 24 and n = 19, respectively). Comparisons were made via unpaired Students’ t-test.





Peripheral Autoantibody Status Is Related to the Degree of B Cell Enrichment in Cutaneous Lupus Lesions

Given that our data show that a prominent skin B cell gene signature is most pronounced in DLE lesions with a lack of underlying SLE, we sought to explore whether there is a relationship between skin B cell enrichment in lesional skin and the presence of peripheral lupus autoantibodies. We thus examined the lesional skin xCell B cell enrichment scores of DLE or SCLE patients subsetted by the presence of absence of key diagnostic lupus autoantibodies at the time of skin biopsy (Figure 4). As expected, DLE or SCLE patients with systemic disease were overall more likely to test positive for lupus antibodies than patients without systemic disease (Figure 4). Surprisingly, however, anti-nuclear antibody (ANA) negative DLE patients still demonstrated elevations in their cutaneous B cell signatures when compared to ANA+ DLE patients (Figure 4A). This was also true when the comparisons were made between anti-dsDNA- versus anti-dsDNA+ patients (Figure 4A). No differences were noted between ANA or anti-dsDNA positivity and B cell signatures in SCLE biopsies (Figure 4A). Interestingly, there was no difference between B cell enrichment score in DLE lesional skin for anti-Smith, anti-Ro, and anti-phospholipid antibodies (Figures 4B, C). In SCLE patients, only those positive for anti-Smith antibodies had significantly lower lesional skin B cell enrichment scores (Figure 4B, p=0.0235). Furthermore, we observed that skin B cell enrichment scores remained significantly higher in DLE lesions compared to SCLE lesions among patients who tested negative for ANA (p=0.0010) or anti-dsDNA (p=0.0009) (Figure 4A), anti-Smith (p=0.0059) or anti-Ro (p=0.0131) (Figure 4B), or anti-phospholipid antibodies (p=0.0066) (Figure 4C). Taken together, these data show that patients with DLE have elevated cutaneous B cell signatures without a concurrent subsequent rise in peripheral autoantibodies. This suggests that the function of B cells in CLE lesions may go beyond generation of antibody secreting cells or that cutaneously-produced antibodies either do not reach circulation or are against antigens that are not tested for on routine clinical testing.




Figure 4 | The relationship between skin B cell enrichment and the presence of circulating SLE autoantibodies in patients with DLE or SCLE. Patients with active DLE or SCLE skin lesions were stratified by the presence (positive) or absence (negative) of SLE autoantibodies at the time of biopsy. The patients in which the status of a particular autoantibody was not known at the time of biopsy were classified as “unknown”. (A) ANA and anti-dsDNA. (B) Anti-Smith and anti-Ro. (C) Anti-phospholipid. Comparisons were made via unpaired Students’ t-test.





DLE Lesions Exhibit Higher Skin B Cell Numbers Compared to SCLE or ACLE

To validate the transcriptional data and to expand our investigation to ACLE, immune cell populations were enumerated in lesional skin biopsies from patients with DLE, SCLE, or ACLE lesions by tissue CyTOF using a 16-antibody panel. While most immune cell populations, except for natural killer (NK) cells, neutrophils, and plasmablasts, were detectible in CLE lesions (Supplementary Figure 3), increased B cell numbers were only seen in DLE and ACLE lesions but not in SCLE (Figure 5A). This coincides with the skewing of certain B cell related genes in DLE>ACLE>SCLE lesions (Figures 5B, C).




Figure 5 | B cell quantification by tissue CyTOF and gene expression in lesional skin from ACLE, SCLE, and DLE patients. (A) The number of B cells numbers per millimeter of skin were quantified in SCLE (n = 8), ACLE (n = 8), and DLE (n = 8) lesions. Normalized gene expression of (B) CD20, and (C) Bank1 from SCLE (n = 20), ACLE (n = 20), and DLE (n = 20) lesional skin and normal healthy control skin (N) (n = 4).



We then sought to confirm the distinct differences of a skin B cell signature across CLE subtypes via immunohistochemistry. Skin sections from ACLE, SCLE, and DLE lesions were probed with a pan-leukocyte marker (CD45), a broad B cell marker (CD20), and a marker for mature B cells (CD27) by immunohistochemistry (Figure 6). While an increase in CD45+ immune cells was observed in the skin of patents with CLE, we observed the highest infiltration of CD20+ B cells and CD27+ mature B cells in DLE lesional skin, followed by ACLE lesions, and SCLE lesional skin harbored the lowest infiltration of these immune cells among these CLE subtypes (Figure 6 and Supplementary Figure 4). Taken together, these data reveal a gradient of B cell numbers and associated B cell marker gene expression with the highest in DLE and the lowest in SCLE.




Figure 6 | Immunohistochemistry staining for total immune cells and B cell subsets in lesional skin from healthy controls or patients with DLE, ACLE, or SCLE. Formalin-fixed paraffin embedded tissue sections from skin were stained for CD45+ total leukocytes, CD20+ B cells, and CD27+ mature B cells. Representative images from 3-5 patients of each subtype are shown at 100X magnification with a scale bar of 200 μm.






Discussion

The cellular and molecular basis of disease heterogeneity in CLE and the variability in which systemic lupus erythematosus (SLE) occurs in patients with different CLE subtypes remain important research objectives to understand lupus pathogenesis and develop precision therapies. To that end, we explored the transcriptional and cellular phenotypes of skin biopsies from patients with ACLE, SCLE, and DLE. As expected, we observed that interferon (IFN) genes were globally upregulated in both DLE and SCLE and therefore did not discriminate between these subtypes of disease. However, we subsequently identified a B cell gene signature in CLE skin that did indeed distinguish DLE from ACLE and SCLE, and this CLE-associated gene signature was highest in DLE lesions without associated systemic disease. These data indicate that while type I IFNs are known to contribute to the recruitment and activation of B cells in autoimmune disease (25–27), they may not be critical drivers in the differential recruitment of B cells observed in DLE skin.

Autoimmune responses and the contribution of B cells in SLE pathogenesis are well described, yet a role for skin-associated B cells in CLE is less apparent. There is considerable interest in the development of murine models to explore the contribution of B cells and other immune cell populations in the skin to cutaneous lupus pathogenesis (28, 29) and studies in the role of B cells in CLE patients are emerging. Indeed, our data suggest that while DLE is more likely to occur without underlying SLE compared to ACLE or SCLE (2, 5, 15), we detected a higher B cell signature in DLE lesions in patients without SLE that does not reflect peripheral autoantibody status. Our data mirror a previous study by Magro et al. that reported robust CD20 staining in 14/18 DLE lesions and only moderate CD20 staining in 9 SLE lesional biopsies (classification of biopsy subtype was not provided for SLE patients) (30). A more recent study that explored peripheral B cells in CCLE patients found that patients that lack systemic disease share peripheral B cell abnormalities with SLE patients (11). However, tissue-specific B cell responses in the skin of patients were not examined.

Thus, our data suggest that understanding tissue-specific B cell responses may be important for disease phenotype and possibly for predicting medication responses. Indeed, some small studies have suggested that SLE patients with refractory DLE respond better than SLE patients with SCLE to B cell depleting therapy (31). Another large study reported on 82 patients with SLE all of whom were treated with Rituximab (32). Importantly, no CLE without SLE patients were in this study. In this analysis, no DLE+SLE patients responded to Rituximab, yet of the ACLE patients that responded, negative anti-RNP and negative anti-Ro antibodies were associated with better response (32). Thus, we would propose that based on our data, DLE patients without SLE, especially those without a positive ANA, may be an important patient group to study for the effects of B cell depletion. Further clinical studies should address the benefit of B cell targeted therapy in isolated, refractory DLE.

Our study has several limitations. First, our study was performed retrospectively on archived patient samples. While this allows us to analyze a larger number of samples, we are limited in the clinical data and long-term follow-up that we were able to collect. Secondly, our discovery cohort did not include ACLE patients secondary to the design of that initial work. Future work should explore changes in skin B cell signatures over time in longitudinally collected patient samples and should include additional phenotyping studies to understand the role of B cells in the skin, whether they are contributing to antibody secretion, and whether their depletion can be a viable therapy in the right subset of patients.

In summary, we have identified a transcriptional B cell signature that is highest in DLE>ACLE>SCLE patients and that is most prominent when the CLE lesions occur without associated SLE. This was validated by immunostaining for both naïve and memory B cell populations in lesional skin. Interestingly, patients with skin lesions and positive autoantibodies tend to have a lower B cell enrichment score in the skin. This data has important implications for trial design for patients with isolated CLE, as treatment options for refractory CLE without SLE are limited. Further study into the role of B cells, the recruitment and differentiation in lesional skin, and the types of antibody secreting cells present will further enhance our ability to diagnose and treat CLE.
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Supplementary Figure 1 | Weighted correlation network analysis of DLE versus SCLE status and associated cyan and the IFN-score associated yellow modules in the validation cohort. (A) A total of 27 of the 32 Cyan module associated genes from the discovery cohort were also significantly higher in DLE compared to SCLE and ACLE, confirming the association of the cyan module with the DLE versus SCLE status (n = 20 per CLE subtype). (B) A total of 559 from the 746 yellow module associated genes from the discovery cohort also significantly correlated with the IFN score in the validation cohort (p-value < 0.0001).

  
Supplementary Figure 2 | Cell type enrichment analysis using xCell tool, on both the discovery and the validation cohorts. Heatmap of relevant cell types representing average xCell score for each CLE disease compared to controls. Comparisons were made via unpaired Students’ t-test. Detailed summary statistics are presented in Supplementary Table 4. The asterisks represent the statistically significant changes in DLE compared to SCLE or ACLE compared to SCLE (p-value < 0.05).

  
Supplementary Figure 3 | Immune cell quantification by tissue CyTOF and gene expression in lesional skin from ACLE, SCLE, and DLE patients. Immune cell populations in the skin were quantified in SCLE, ACLE, and DLE lesions.

Supplementary Figure 4 | Immunohistochemistry staining for B cell subsets in lesional skin from additional patients with DLE, ACLE, or SCLE. Formalin-fixed paraffin embedded tissue sections from skin were stained for CD20+ B cells and CD27+ mature B cells (n = 3 patients per CLE subtype). Representative images are shown at 100X magnification with a scale bar of 200 μm.

Supplementary Table 2 | Ingenuity pathway analysis from the 32 WGCNA cyan module genes: regulated canonical pathways. B cell-related pathways are highlighted in bold.
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