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One Sentence Summary: We mapped chemokine orchestrators of interface dermatitis in lupus 

using spatial approaches on archival tissue and confirmed with fresh tissues. 

Abstract: Chemokines play critical roles in the recruitment and activation of immune cells in 

both homeostatic and pathologic conditions. Here, we examined chemokine ligand-receptor 

pairs to better understand the immunopathogenesis of cutaneous lupus erythematosus (CLE), a 

complex autoimmune connective tissue disorder. We used suction blister biopsies to measure 

cellular infiltrates with spectral flow cytometry in the interface dermatitis reaction, as well as 184 

protein analytes in interstitial skin fluid using Olink targeted proteomics. Flow and Olink data 

concordantly demonstrated significant increases in T cells and antigen presenting cells (APCs). 

We also performed spatial transcriptomics and spatial proteomics of punch biopsies using digital 

spatial profiling (DSP) technology on CLE skin and healthy margin controls to examine discreet 

locations within the tissue. Spatial and Olink data confirmed elevation of interferon (IFN) and 

IFN-inducible CXCR3 chemokine ligands. Comparing involved versus uninvolved keratinocytes 

in CLE samples revealed upregulation of essential inflammatory response genes in areas near 
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interface dermatitis, including AIM2. Our Olink data confirmed upregulation of Caspase 8, IL-18 

which is the final product of AIM2 activation, and induced chemokines including CCL8 and 

CXCL6 in CLE lesional samples. Chemotaxis assays using PBMCs from healthy and CLE 

donors revealed that T cells are equally poised to respond to CXCR3 ligands, whereas 

CD14+CD16+ APC populations are more sensitive to CXCL6 via CXCR1 and CD14+ are more 

sensitive to CCL8 via CCR2. Taken together, our data map a pathway from keratinocyte injury 

to lymphocyte recruitment in CLE via AIM2-Casp8-IL-18-CXCL6/CXCR1 and CCL8/CCR2, and 

IFNG/IFNL1-CXCL9/CXCL11-CXCR3. 
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Main Text: 

INTRODUCTION 

Cutaneous lupus erythematosus (CLE) is a spectrum of clinically diverse autoimmune 

connective tissue disorders with shared histopathological features including interface dermatitis 

and lupus band reaction(1). Chronic cutaneous lupus erythematosus (CCLE, most common 

sub-entity discoid lupus erythematosus (DLE)), subacute cutaneous lupus (SCLE), and acute 

cutaneous lupus erythematosus (ACLE) include the majority of cutaneous lupus clinical 

subtypes, though there are other more rare entities which all have varying degrees of 

association with systemic lupus erythematosus (SLE). In clinical practice, CLE can be refractory 

to SLE treatments(2–4), but successful treatment of cutaneous disease may significantly 

decrease the risk of systemic involvement(5). 

A common feature of CLE is the presence of interface dermatitis, which refers to inflammation 

and/or degenerative changes at the dermal-epidermal junction. The mechanisms by which 

immune cells are recruited to form interface dermatitis in CLE are unknown. Previous studies 

have found that interferon (IFN)-inducible chemokines are highly upregulated in CLE lesions(6, 

7). One recent study characterized the associations of specific chemokine receptors and ligands 

in T cell subsets in cutaneous versus systemic lupus, demonstrating different profiles in SLE, DLE 

and SCLE(8). The cellular sources of chemokine ligands binding to cognate receptors have not 

been fully characterized. 

To date, many CLE studies have focused on transcriptomics including bulk RNA sequencing 

and single cell RNA sequencing(9), but overlooked proteomics approaches and cellular 

analyses. Here, we used a blister biopsy technique(10) to sample interstitial skin fluid and cells 

from the interface dermatitis reaction from CLE patients and compared these to healthy donors. 

Blister fluid does not require enzymatic digestion for analysis, yielding high-quality liquid and 

cellular biopsies. We confirm elevated CXCL9/10/11 in interstitial skin fluid and the cognate 
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receptor CXCR3 on infiltrating immune cells. We also present similarities in antiviral signatures, 

namely IFNL1 and IFNG, that likely drive CXCR3 ligand expression and the shared interface 

dermatitis tissue reaction pattern across CLE clinical subtypes. Further, we demonstrate 

protein-level expression of many other non-redundant chemokine ligands, cytokines, and other 

proteins including Caspase 8, HGF and Flt3L. Importantly, we identify CXCL6 and CCL8 as 

novel chemokine biomarkers that are elevated in lesional skin. The CXCL6 cognate receptor 

CXCR1 is predominantly expressed by CD14+CD16+ myeloid cells, which migrate preferentially 

towards CXCL6. In contrast, the CCL8 cognate receptor CCR2 is predominantly expressed by 

CD14+CD16- myeloid cells that preferentially migrate towards CCL8. We also performed 

matched spatial transcriptomics and proteomics of DLE and SCLE biopsies to identify the 

general cellular sources (keratinocytes vs immune cells) and locations of these chemokines and 

other immune proteins. Importantly, we were also able to identify unique gene and protein 

expression signatures which may underlie differences in the discoid and subacute clinical 

subtypes of CLE, including 475 DEGs in CD3+ ROIs, 397 DEGs in CD45+CD3- ROIs, and 735 

DEGs in the epidermial/keratinocyte ROIs, in addition to unique expression of B7-H3 protein on 

SCLE T cells. 

  

RESULTS 

Integrating spatial and -omics approaches for characterizing the inflammatory infiltrate in 

cutaneous lupus interface dermatitis 

We combined spatial studies of archival tissue with analyses of fresh tissue biopsies to validate 

chemokine and other targets at the protein level (workflow Fig 1A). We used blister biopsies to 

sample interstitial skin fluid and cells from CLE patients and healthy donors (Fig 1B, Table S1). 

We performed Olink targeted proteomics on the interstitial skin fluid (Fig 1C), which confirmed 
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previously reported increased levels of IFNg, CXCL9 and CXCL11 in CLE skin biopsies (6, 8). 

We also identified higher levels of CXCL6 and hepatocyte growth factor (HGF), which can 

increase CXCR3 expression on T cells (11), in CLE fluid compared to healthy controls, 

previously not reported in CLE skin analyses. We used a 19 color flow panel to identify cell 

types of interest by both UMAP and manual gating. Spectral flow cytometry analysis of blister 

fluid cells revealed a predominantly lymphocytic infiltrate, with increases in myeloid populations 

(Fig 1D).  

We also performed spatial transcriptomics and proteomics on archival tissue biopsies using 

NanoString Digital Spatial Profiling (DSP, Fig 1E, Table S2). Spatial proteomics captured 

enrichment of CD8 and CD14 as well as beta-2 microglobulin (B2M) and indoleamine 2,3-

dioxygenase (IDO) (Fig 1F, dataset QC in Fig S1, QC of ROIs in Fig S2). Spatial 

transcriptomics analysis using the Whole Transcriptome Atlas (WTA) of aggregate ROIs 

recapitulated IFN signatures, and also harmonized with protein biomarkers identified in Olink 

and protein DSP (Fig 1G). We also validated our DSP WTA dataset using a Cancer 

Transcriptome Atlas (CTA) dataset (Table S3), as well as a bulk RNA microarray dataset 

previously generated from matched tissue blocks (Fig S3 & 4). We identified many shared 

DEGs, including B2m, Cxcl9, Cxcl10 and other IFN- and immune-related genes. 

Characterization of the immune infiltrate in CLE interface dermatitis 

We sought to characterize which cells comprised the interface dermatitis in CLE using 

multimodal approaches. We performed spectral flow cytometry and Olink proteomics on blister 

biopsy fluid, and spatial transcriptomics and proteomics on FFPE tissues to determine the 

cellular composition of CLE interface dermatitis. Quantification of cellular infiltrates from blister 

biopsies revealed significant increases in HLA-DR+ antigen presenting cell populations 

(p<0.0021 lesional vs nonlesional, p<0.0006 nonlesional vs healthy) as well as CD8+ T cells 
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(p<0.0166 lesional vs healthy, Fig 2A). We queried the Olink proteomics dataset for cell type 

specific proteins and found increased T cell (CD5, CD8A) and APC markers (CD302) in both 

lesional and nonlesional blister fluid (Fig 2B). These surface markers are likely shed due to the 

presence of increased matrix metalloproteinases such as ADAM15 (Fig 2B). Additional 

significant protein biomarkers are presented in Table S4. 

Next, we examined our cell type regions of interest (ROIs) in the spatial datasets. We used 

CD3+CD45+ masks to enrich for T cells, CD45+CD3- masks to enrich for other immune cells, 

geometric autofluorescent ROIs to enrich for keratinocytes and SMA+ ROIs to enrich for 

endothelium (Fig 2C). We were not able to capture many ROIs from endothelium in cross 

section, therefore we focused our analyses on the T cell, immune cell and keratinocyte ROIs. 

NanoString GeoMX software deconvolution of the immune cell ROIs in the WTA dataset 

revealed increases in many immune cell types in the dermis including B cells, T cells, dendritic 

cells and monocytes/macrophages as assessed by cell-type specific genes (Fig 2D). 

Examination of protein-level expression of CD surface markers using the immune cell profiling 

and immune cell typing protein modules confirmed CD20+ B cell, CD14+ and CD68+ 

monocyte/macrophage expression (Fig 2E). Taken together, the predominant cell types 

comprising CLE interface dermatitis are HLADR+ antigen presenting cells and CD8+ T cells. 

Examining T cell phenotypes in discoid and subacute cutaneous lupus erythematosus 

reveals unique immune checkpoint expression 

One of the remaining questions in the field of cutaneous lupus is what immunologic differences 

underlie the pathogenesis of discoid lupus erythematosus (DLE) versus subacute cutaneous 

lupus erythematosus (SCLE). To this end, we separated out the CLE subtypes and performed 

both transcriptomic and proteomic analyses comparing the 2 entities. Spatial transcriptomic 

analysis of DLE vs. SCLE skin detected 475 DEGs in CD3+ ROIs, 397 DEGs in CD45+CD3- 
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ROIs, and 735 DEGs in the epidermis segment (Fig S5). We noted most of the differences 

existed in the T cell ROI (Fig 3A & B). Pathway analysis in the CD3+ ROI revealed terms 

including eukaryotic translation elongation, nonsense mediated decay and peptide chain 

elongation in DLE, versus sensory perception, potassium channels and olfactory signaling 

pathway in SCLE, which may be of interest given neuroimmune connections that have been 

identified in other chronic skin disorders (Fig 3C) (12). Querying the T cell ROIs in the protein 

DSP dataset revealed similar expression patterns in B2M, the memory marker CD45RO, and 

the immune checkpoint molecule VISTA (Fig 3D & E). Most interestingly, the immune inhibitory 

family member B7-H3 was uniquely upregulated in SCLE (Fig 3F). Taken together, these data 

suggest that checkpoint agonism might be a novel treatment approach for CLE, and that these 

checkpoints may differ between DLE and SCLE. 

Keratinocytes at the inflammatory and lesional sites shape chemotactic signals for 

leukocyte recruitment 

We next asked whether we could identify immune signaling pathways in keratinocytes that could 

lead to the initiation of inflammation. Comparing keratinocytes that were above interface 

dermatitis (proximal) versus distal to an infiltrate (Fig 4A) revealed upregulation of key 

chemokines including Cxcl9 and Cxcl10 in keratinocytes proximal to the immune infiltrate (Fig 

4B). We also compared Olink proteomic data in lesional and nonlesional blister fluid, and found 

that CXCL9 and CXCL11 are significantly upregulated in lesional blister fluid (Fig 4C). 

Additionally, we identified increased levels of chemokine ligands CCL8 and CXCL6 in lesional 

versus nonlesional blister fluid (Fig 4C). We re-queried the WTA dataset to analyze potential 

innate immune pathways that could lead to chemokine expression and found increased AIM2 

expression (Fig 4D). We therefore queried specific members of this pathway in our Olink 

dataset and found significant increases in caspase 8 (13) and the IL1 family member IL18 (14) 

in lesional skin relative to both healthy and nonlesional samples (Fig 4E & F). We also 
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examined interferons upstream of CXCL9 and CXCL11 and found significant increases in IFNL1 

and IFNG protein levels in lesional CLE skin (Fig 4G & H). Of note, IL18 induces CXCL6 

expression in murine lung (15), and CCL8 is optimally induced by combinations of IL1, IFNG 

and dsRNA (16). Taken together, these data suggest that keratinocyte injury can induce AIM2-

caspase 8-IL18 pathways and IFN pathways (17) to turn on chemokines including CCL8, 

CXCL6, CXCL9 and CXCL11 for recruitment of immune cells in CLE. 

Combining proteomic analysis of blister fluid with spatial transcriptomics of skin tissue 

reveals cell-specific expression patterns of chemokine ligands in CLE skin 

We (18–20) and others (9, 21, 22) have demonstrated upregulation of chemokine ligands in 

CLE by RNA sequencing and microarray. Using the Olink proteomic platform, we found 

significant increases in many chemokine ligands, including CXCR3 family, CCL8, CCL25 and 

CXCL6 chemokines (Fig 5A). Chemokines were fairly stable over time (Fig S6). Querying the 

WTA dataset revealed cell-specific context expression of these ligands which differed by both 

ROI type and disease state (Fig 5B). Specifically, Ccl8 was expressed highly in the CD45+ ROI 

from DLE biopsies, whereas Ccl25 was expressed in SCLE biopsies, indicating a different 

cellular context of these signals. In contrast, Cxcl6 was expressed by both keratinocytes and 

immune cells. Cxcl9/10/11 were expressed mainly by the immune system, with the highest 

upregulation in DLE, which fits with prior literature describing an IFNG “node” in DLE (9).  

Functional chemotaxis assays recapitulate CXCR3- mediated T cell migration and reveal 

CXCR1-sensitive CD14+CD16+ and CCR2-sensitive CD14+ populations 

To determine the functional consequences of our data, we drew blood from healthy and CLE 

donors and performed chemotaxis assays, focusing on the ligands we identified in the Olink 

dataset (CCL8, CXCL6, CXCL9, CXCL11; Fig 6A & Table S5). We also performed flow 

cytometry on input cells prior to migration (antibody information & chemokine information in 
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Table S6 & Table S7). Cells were gated on live singlets and were identified with major lineage 

markers (e.g. CD3+ T cells, CD19+ B cells, CD56+ NK cells). Both lupus and healthy donor T 

cells expressed CXCR3 (Fig 6B & C) and were able to migrate well towards CXCL9 and 

CXCL11 (Fig 6D & E, additional donors in Fig S7). However, CXCL9 and CXCL11 are off in 

healthy skin, and turned on in lupus skin, exemplifying how T cells are poised to respond to IFN-

inducible chemokines. We next assessed CXCL6 and its cognate receptor CXCR1 (23), which 

has been reported to be expressed on skin NK cells (24) and is important for their recruitment 

into tumors (25). NK cells from both healthy and lupus donors expressed CXCR1 (Fig 6F & G), 

though there was donor variability for migratory capacity towards the CXCL6 ligand (Fig 6H & I). 

Like T cells, NK cells migrated to CXCL9 and CXCL11 (Fig 6H & I). CD16+CD14+ myeloid cells 

were recently identified in nonlesional CLE skin by Billi et al using 10X spatial transcriptomics 

(26). We gated live, single, CD45+CD3-CD19-CD56- cells (i.e. non-T/B/NK) followed by CD14 

and CD16 expression (Fig S8) to confirm these cells are present in CLE blood and skin by flow 

cytometry (Fig S9). We examined chemokine receptor expression in CD14+CD16-, 

CD14+CD16+ and CD14-CD16+ myeloid cells and noted significant increases in CXCR1 

expression on CD14+CD16+ cells (Fig 6J & K). All CD14+ cells, but particularly CD14+CD16+ 

cells, migrated towards CXCL6, providing a possible chemokine receptor:ligand pair that 

mediates their entry into the skin (Fig 6L). In contrast, the CCL8 receptor CCR2 was enriched 

on CD14+CD16- cells (Fig 6M & N), but not the CCR5 receptor (Fig S10). CD14+CD16- cells 

migrated best towards CCL8 (Fig 6O). Taken together, these data exemplify how disease states 

can influence chemokine ligand levels and influence timing and recruitment of specific immune 

cell populations to the tissue, namely through keratinocytes following injury and subsequently 

through recruited immune cell populations. We propose the model that keratinocyte injury 

induces activation of AIM2-related pathways that turn on CXCL6 and CCL8 expression to recruit 

myeloid cells, which in turn potentiate IFN-related signaling pathways to recruit T cells and other 

lymphocytes via CXCR3 ligands (Fig 7). 
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DISCUSSION 

In this study, we sought to analyze chemokine orchestrators of T cell rich interface dermatitis in 

CLE. Chemokines can be released by keratinocytes in response to UV light, infection, or other 

environmental triggers (27). These chemokines can then recruit immune cells to the skin, which 

can lead to inflammation. One of the most highly upregulated chemokine families in CLE lesions 

is the CXCR3 chemokine family(6, 28, 29). CXCR3 binds to its interferon (IFN)-inducible ligands 

CXCL9, CXCL10 and CXCL11 to mediate leukocyte migration and function(30). IFN signaling has 

been postulated to drive the pathogenesis of all subtypes CLE(31). Further, CLE is a 

photosensitive disorder, and UV light induces upregulation of IFN to amplify CXCR3 ligand 

production in keratinocytes(17, 32, 33), linking the environmental insult to the recruitment of 

pathogenic immune cells in the context of CLE. The interaction between CXCR3-expressing T-

cells and its ligands CXCL9, CXCL10 and CXCL11 have been associated with tissue damage in 

several CLE subtypes(8). A recent study described CXCL10 as a biomarker that can distinguish 

CLE patients from systemic lupus patients(34). Based on our data, we would hypothesize that 

CXCL11 may be a superior biomarker to CXCL10 in predicting disease activity in CLE patients 

due to both its expression level and chemotactic potency, though this would need to be validated 

in a larger patient cohort. 

Examining chemokine ligand expression in our Olink dataset and in our ROIs, and chemokine 

receptor expression in our flow cytometry data, confirmed expression of key receptors and also 

identified potential novel mediators of recruitment in CLE. Based on our Olink and flow 

cytometry data, we hypothesize that CXCR1 is a key receptor for CXCL6 on proinflammatory 

CD14+CD16+ APCs, and could be a viable treatment target for CLE, especially given the role of 

CXCL6 in fibrosis which occurs in DLE and other forms of chronic CLE (35) as well as in renal 

interstitial fibrosis (36). CXCL6 is a particularly interesting target immunologically, given that it 

may be upregulated by double stranded RNA or IL1𝝱 (37). This is important, as we know from 
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work by Rodriguez-Pla et al. that IFN priming alone is not sufficient to activate migratory 

programs in lupus monocytes (38), and from work by Billi et al. that CD14+CD16+ 

monocyte/dendritic cell populations are among the first cells recruited to the skin in CLE (26). 

Further studies are needed to understand epigenetic factors that result in increased CXCR1 

expression in CD16+ myeloid cells. 

We also identified CCL8 as a DEP between lesional and nonlesional blister fluid that 

preferentially recruits CD16- populations. CCL8 binds multiple receptors (39), of which we noted 

a trend towards higher expression of CCR2 but not CCR5 in CD14+ classical 

monocyte/dendritic cell populations. Previous studies have reported that CCR2 mediates 

basophil recruitment to the skin in CLE(40), and CCR2 is a predicted target for CLE in silico(41). 

CCR2 deficiency reduces kidney disease and prolongs survival in MRL/lpr mice (42), though it 

has also been reported to exacerbate a murine model of accelerated nephrotoxic nephritis (43). 

Elevated CCL8 was also reported to be expressed in the kidney in MRL/lpr mice, where it 

activated mesenchymal stem cells to produce immunosuppressive factors such as TGF-B1 (44). 

Future studies examining protective versus pathogenic effects of CCL8/CCR2+ 

monocyte/dendritic cell populations in the skin during CLE are warranted. 

Other potential chemokine ligands and receptors were trending towards significance in our 

dataset, some of which have been described in the context of lupus and/or skin 

immunopathogenesis. For example, CCR5 can bind to CCL8 and is upregulated in lupus CD4+ 

T cells (8). CCR3 was reported to decrease relative to CCR5 in CLE CD4+ T cells (45). CCL25 

and its receptor CCR9 have been implicated in Sjogren’s Syndrome pathogenesis (46), and 

CCL25 blockade prolongs skin allograft survival in mice (47), though the role of this chemokine 

axis in CLE has not yet been studied. We noted higher CC25 expression in SCLE CD45+ ROIs, 

compared to more CCL8 expression in DLE CD45+ ROIs, indicating the chemokine context for 

myeloid recruitment in these 2 clinical subtypes may differ. CCL28 is a ligand for CCR10, and 
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SLE plasmablasts have been reported to exhibit enhanced migration towards CCL28 (48). 

CCR10 immunohistochemistry staining is stronger in CLE subtypes compared to healthy skin 

(8), though the functional consequences of the CCL28/CCR10 axis in CLE are unknown. 

Our Olink dataset provides insight into novel protein biomarkers of CLE beyond chemokine 

ligands that have interesting implications in immunopathogenesis, including Flt3L, HGF, CD40 

and CEACAM3. Flt3L is a dendritic cell growth and survival factor, and has been previously 

described in SLE(49). A recent study demonstrated generation of tolerogenic conventional DCs 

in SLE patients undergoing mesenchymal stem cell therapy(50). Thus, it is possible that the 

upregulation of Flt3L in skin is a compensatory mechanism. HGF, which as noted above can 

increase CXCR3 expression on T cells (11), is higher in SLE patients than healthy controls(51) 

and in patients with higher disease activity(52). HGF administration can prevent lupus nephritis 

in mice(53), potentially indicating a compensatory mechanism for HGF in CLE. CD40 

overexpression causes autoimmune skin disease in mice(54), and increased CD40 expression 

has been reported in IHC of CLE lesions(55). Genome wide differential expression analysis 

identified CEACAM3 as a potential gene involved in the pathogenesis of lupus and lupus 

nephritis(56), though its role in skin disease has yet to be elucidated. 

We also found differences in DLE and SCLE that have not previously been appreciated. For 

example, DLE lesional skin T cells express less B7-H3 than SCLE lesional skin as assessed by 

protein DSP. B7-H3, also known as CD276, is an immune checkpoint within the B7 molecular 

family that fine tunes immune responses (57). B7-H3 is abnormally expressed on tumor cells 

(58) and can also be induced on antigen-presenting cells (APCs), including dendritic cells (DCs) 

and macrophages (57). B7-H3 plays a pivotal role in mediating the suppressive effects of DCs 

on T cells and downregulating Th1 responses (59). Therefore, a relative reduction in B7-H3 in 

DLE as compared to SCLE fits with previously described IFNG signaling nodes identified in DLE 

by bulk RNA sequencing (9). Also of interest, recent findings by Sun et al. have shown that the 
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serum concentrations of soluble B7-H3 (sB7-H3) in patients with Systemic Lupus 

Erythematosus (SLE) were notably lower than those in healthy individuals (60). In another study 

by Zheng et al., B7-H3 knockout (KO) mice exhibited significantly higher serum levels of anti-

double-stranded DNA antibodies (anti-dsDNA Abs) when compared to control mice (wild-type 

C57BL/6 mice) (61). This underscores the pivotal role of B7-H3 in lupus and provides a 

biochemical foundation for considering the B7-H3 pathway as a potential and effective therapy 

for SLE and, based on our data, DLE. Further studies are needed to assess the myriad DEGs 

for DLE vs SCLE ROI comparisons that were identified in the WTA dataset. 

While our study provides valuable insights into the immunopathogenesis of CLE and identifies 

novel chemokine ligand-receptor pairs that contribute to disease progression, it is essential to 

acknowledge the study's limitations. First, our research predominantly focuses on a specific 

subset of chemokine ligand-receptor pairs and immune cell interactions that we were able to 

measure with current methodologies. CXCR1 is a classical receptor for neutrophil recruitment to 

inflamed tissues, and ligation of CXCR1 can enhance NET formation(62, 63). We were not able 

to recover neutrophils from blister fluid, and opted to use Ficoll gradients, which remove the bulk 

of granulocytes, to isolate PBMCs for chemotaxis assays. Future investigations should broaden 

the scope to encompass a more comprehensive landscape of potential signaling pathways and 

interactions that may influence CLE pathogenesis, including methodologies to specifically 

assess neutrophils and other granulocytes. Moreover, our study relies on a cross-sectional 

design, which limits our ability to capture the dynamic evolution of CLE over time. A longitudinal 

approach with serial assessments would offer a more subtle understanding of disease 

progression. Finally, our findings in different CLE subtypes and patient populations should be 

examined further with larger patient cohorts: in the future, we plan to expand our study to 

include a broader array of CLE phenotypes and incorporate larger and more diverse cohorts to 

provide a more comprehensive understanding of the disease spectrum. Moreover, in-depth 
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mechanistic studies and the development of targeted interventions based on the identified 

chemokine and other pathways hold promise for improving therapeutic strategies in CLE 

management. 

  

MATERIALS AND METHODS 

Study design & subjects - The main objective of this study was to characterize chemokine 

ligand:receptor pairs in CLE to better understand how they orchestrate the interface dermatitis 

reaction. We set out to answer the question: how are autoreactive T cells recruited to the 

dermal:epidermal junction in CLE? We hypothesized that, in addition to previously published 

literature about the CXCR3 chemokine axis in CLE (see for example (6, 8, 28, 29, 32)), 

additional non-redundant chemokine axes were present in the skin to govern immune cell 

recruitment. As our study progressed, additional literature was published regarding 

CD14+CD16+ cells in nonlesional CLE skin (26), which we queried in our datasets and 

performed functional chemotaxis assays. In using -omics approaches, we also sought to provide 

unbiased analyses that might yield new insights and targets, to perform dataset concordance 

analyses, to provide protein-level expression data in addition to previously published RNA-level 

expression data in the CLE field (see for example (9, 18, 21)), and to answer sub-questions 

including: can we identify DEGs and/or DEPs in the different major clinical subtypes of CLE? 

This study was performed with internal review board (IRB) approved protocols at the UMass 

Chan Medical School (H-14848 and H00021295 for fresh blood and skin tissue; H00020503 for 

archival skin tissue), Yale University Institutional Review Board (Human Investigative 

Committee no. 15010105235 for archival skin tissue), and/or Dartmouth Hitchcock Medical 

Center (STUDY02001542 for PBMCs), and all samples were obtained with written informed 

consent and were de-identified before use in experiments. Inclusion/exclusion criteria were as 

follows: subjects with a diagnosis of cutaneous lupus erythematosus by clinical exam performed 

by a dermatologist were included. Subjects with recent onset of new lesions and objective 

clinical signs of activity, specifically erythema and/or hair loss/alopecia, were recruited to 

represent active disease. Patients on treatment were included in the study, as most lupus 

patients must remain on maintenance therapy.  

Blister biopsies & blood collection - Suction blisters (1 cm in diameter) were induced on the 

skin by using the Negative Pressure Instrument Model NP-4 (Electronic Diversities, Finksburg, 

MD) as previously described(10). Briefly, the suction chambers were applied to the skin with 10-

15 mm Hg of negative pressure and a constant temperature of 40C. After blister formation (30-

60min), the blister fluid was aspirated using a 1 mL insulin syringe. Cells within the blister fluid 

were pelleted at 330 x g for 5-10 minutes for cell staining and the supernatant was collected and 

frozen for future analysis. The cell pellet was resuspended in FACS buffer (1% FBS in PBS; 

Sigma Aldrich) and transferred to a FACS tube for flow staining. Venipuncture was performed 

using heparinized tubes, and peripheral blood mononuclear cells (PBMCs) were isolated 
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following a Ficoll density gradient. Cells were washed once in RPMI (Sigma Millipore) and were 

resuspended in Cell staining buffer (Biolegend) prior to staining and fixation with Fluorofix buffer 

(Biolegend). These patient samples are noted in Table S1 and in the appropriate results 

sections, and data are deposited on FlowRepository. 

Olink proteomics: Blister fluid or plasma isolated from heparinized blood was centrifuged at 

330 x g for 5 min and aliquoted into 96 well qPCR plates. Samples were shipped to Olink 

Proteomics Inc. (Cambridge, MA) for analysis in the inflammation and neuroexploratory panels. 

Blister fluids were analyzed using Olink Inflammation and Neuro Exploratory panels in a high 

throughput proteomics platform with next generation sequencing readouts. Olink data was 

analyzed using NPX software,Olink Insights Stat Analysis online tool 

(https://olinkproteomics.shinyapps.io/OlinkInsightsStatAnalysis/), and OlinkAnalyze package 

using Rstudio Version 1.3. DEPs are provided in Table S4. Data are deposited on GEO 

database under accession #GSE182302. 

Histopathological samples: Archival tissue from Skin biopsies for diagnostic purposes 

submitted to the pathology laboratory of dermatopathologist (AD) was used for these studies 

through an institutional review board (IRB)–approved protocol at UMass Chan (H00020503), and 

clinical features were re-reviewed by a board-certified dermatologist (MR). All samples were de-

identified before use in experiments. Skin biopsies from patients with the diagnosis of ‘skin lupus’ 

including 5 DLE and 4 SCLE obtained between 2005-2013 were chosen. Three control tissues 

from healthy margins of skin cancer excisions were also selected from the biorepository from age 

and sex matched subjects. One DLE and one healthy margin sample were unable to be assessed 

because of being cut-off from the visualization region on the DSP machine, as well as one SCLE 

sample due to poor staining, with final n’s of 4 DLE biopsies, 4 SCLE biopsies from 3 patients, 

and 2 healthy margins. Inclusion criteria for CLE samples included interface dermatitis with 

perivascular lymphocytic infiltrate, increased dermal mucin on histomorphology and clinical 

findings consistent with CLE. These patient samples are noted in Table S2 and in the appropriate 

results sections. 

Validation dataset analysis for DLE keratinocytes and immune cells: A separate DSP project 

was conducted by our collaborators at Yale University School of Medicine. Staining of archived, 

de-identified human formalin-fixed paraffin-embedded (FFPE) tissues was approved by the Yale 

University Institutional Review Board (Human Investigative Committee no. 15010105235). This 

project used the cancer transcriptome atlas (CTA), which includes 1,800+ mRNA probe-based 

gene targets that cover important aspects of immune response, tumor biology and the 

microenvironment. We performed comparative analyses between this dataset, comprised of n=3 

DLE and n=3 healthy control archival skin tissues, and our DLE keratinocyte and CD3 enriched 

ROI datasets as a validation cohort using BioVenn (64) to visualize overlapping DEGs. These 

patient samples are noted in Table S3 and in the appropriate results sections. 

Chemotaxis experiments: The migration of healthy or lupus donor peripheral blood 

mononuclear cells (PBMCs) was measured with a HTS Transwell® 96-well Permeable 

chemotaxis plate (Life science, Coring, Arizona, United states) with 5.0-μm pore filters. In brief, 

PBMCs were obtained from heparinized blood samples using SepMate™ PBMC isolation tubes 
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(STEMCELL Technologies Inc, Massachusetts), according to the manufacturer's instructions, and 

were suspended in endotoxin-free RPMI 1640 containing L-glutamine, 5nM HEPES (Corning, 

Arizona, United States) and 5% Fetal bovine serum (FBS; Sigma Heat Inactivated, US/HI origin). 

PBMCs were cultured overnight in chemotaxis media containing RPMI and 1% ultrapure BSA 

prior to use in assays. 

The bottom wells were loaded with 200μl of chemotaxis media. We used purified CCL8 (50 ng/ml) 

CXCL9 (100 ng/ml), CXCL11 (200 ng/ml; all from Biolegend) or CXCL6 (50 ng/ml, R&D Systems), 

in bottom wells of 5.0-μm plate for chemotaxis of lymphocytes. Chemotaxis medium alone was 

used as a negative control. The top wells were loaded with 70 μl of PBMC with 1 × 105 cells, and 

plates were incubated at 37℃ for 2 h. The migrated cells in the bottom chamber of each well were 

collected and stained with CD3, CD8, CD4, CD14, CD16, CD19, CD56, HLA-DR and Live/dead. 

The number of each type of cells was normalized to count bright beads (Thermo Fisher) and 

assessed with flow cytometry (Cytek Aurora). The experiment was performed in triplicate or 

quadruplicate wells with at least 2 donors per chemokine/condition. In tandem, we performed flow 

cytometry on the input cells using a chemokine receptor staining panel. Blood donors used for 

chemotaxis assays and chemokine receptor staining are noted in Table S5 and in the appropriate 

results sections. Antibody information is provided in Table S6 and chemokine ligand information 

is provided in Table S7. 

Sample Preparation and Digital Spatial Profiling (DSP): The NanoString DSP technology 

provides spatial transcriptomics data using a combination of morphology and 

immunohistochemical staining(65, 66). Tissue sections at 5 µm thickness were placed on 

Superfrost Plus slides. Slides were deparaffinized and rehydrated by incubating for 3 × 5 min in 

CitriSolv, 2 × 5 min in 100% ethanol, 2 × 5 min in 95% ethanol, and 2 × 5 min in deionized water. 

In order to perform antigen retrieval processing, the slides were put in 1X Citrate Buffer (pH 6) 

into a pressure cooker at high temperature and high pressure for 15 min. After washing in five 

times in 1X TBS-T, blocking was performed by putting slides in humidity chambers and covering 

them with Buffer W (NanoString) for 1 h. 

Slides were incubated overnight at 4°C overnight in a humidity chamber with 1.25 ug/ml anti-

SMA, 5 ug/ml anti-CD45, and 1 ug/ml anti-CD3 antibodies. Slides were washed three times in 1X 

TBS-T post-staining and then post-fixed in 4% PFA. After two additional washes in 1X TBS-T to 

remove the fixative, nuclei were stained with 500 nM SYTO83 for 15 min at room temperature 

followed by one wash in 1X TBS-T before loading onto the GeoMx instrument. 

Regions of interest (ROI) using the polygon selection tool were created and cell masking was 

performed using the morphology markers to define cell type as follows: CD45+CD3+ for T cells, 

CD45+CD3- for non-T cell-immune cells, CD45- and morphology for keratinocytes, CD45-SMA+ 

for endothelial cells. 

For Whole Transcriptome Atlas (WTA), photocleaved oligos were then collected for sequencing. 

For protein profiling, we used 62 immune related biomarkers with the following panels: Immune 

Cell Profiling (18 markers), immuno-oncology (IO) Drug Target (10 markers), Immune Activation 
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Status (8 markers), Immune Cell Typing (7 markers), Cell Death (10 markers), and PI3K/AKT 

Signaling (9 markers).  

Library preparation and sequencing for WTA: Oligos from each ROI were collected via 

microcapillary tube inspiration using the DSP platform robotic system and transferred into a 

microwell plate for use in whole transcriptome atlas (WTA) sequencing, which includes 18,000+ 

protein encoding mRNA targets that encompasses the whole human transcriptome. Collected 

oligos were amplified using a forward primer and a reverse primer that serve as Illumina i5/i7 

unique dual indexing sequences to index ROI identity. After purifying the PCR products with 

AMPure XP beads (Beckman Coulter), they were sequenced. Library purity and concentration 

were measured with DNA Bioanalyzer chip (Agilent). Data are deposited on GEO Database under 

accession # GSE182825.  

nCounter Readout for Protein DSP: Protein modules were collected and run in the MAX 

machine at the Comparative Pathobiology and Genomics Shared Resources (“CPGSR”) in 

Cummings School of Veterinary Medicine at Tufts University. 

Data processing and analysis: Reads after sequencing, were trimmed, merged, and aligned to 

retrieve the identity of probes. PCR duplicates and duplicate reads were removed and the reads 

were converted to digital counts. The RNA sequencing saturation was sufficient and above 50%. 

After removing the outlier probes, the mean of the individual probe counts is considered as the 

reported count value. using GeoMX software (NanoString), 75% upper quartile (Q3) of the counts 

per ROI were selected  after removing genes with zero counts. The Q3 normalized counts were 

compared across ROI and disease subtypes using several approaches. Overall differences were 

determined using linear mixed model analysis in GeoMX software. QC of data was performed 

using GeoMX software, and normalized counts were uploaded to ROSALIND software for 

comparison (as in Fig S1, https://rosalind.bio/, (67)). Specific groups of genes of interest, including 

chemokines/chemokine receptors, were analyzed as groups using GraphPad Prism version 9 

with two-way ANOVA and Tukey’s post hoc tests. Median values for groups and ROIs generated 

in GeoMX software were used to visualize large gene sets as heatmaps using GraphPad Prism.  

Reanalysis of GSE112943 dataset: Microarray analysis of bulk RNA was previously performed 

on matched biobanked samples(18). To compare bulk RNA from spatial transcriptomics, we used 

Geo2R to download the toptable of significant genes for CCLE/DLE versus healthy and SCLE 

versus healthy, and compared DEGs with P<0.01 to DEGs from all ROIs pooled from the dataset 

presented in this manuscript using BioVenn (64). 

Statistics - Statistical analyses were performed using Prism software version 9 (GraphPad) for 

flow cytometry, NPX software for Olink, and GeoMX software for spatial datasets. For 

comparisons across disease states and cell types, two-way ANOVAs with main row effects 

comparisons were performed to identify highly significant biomarkers or cell types for further 

analysis. Differences were considered significant at a P value of less than 0.05. DSP statistical 

analyses using Linear Mixed Model (LMM) or unpaired T-tests were performed in GeoMX 

software with the resulting p-values that were adjusted for multiple comparisons with the 

Benjamini-Hochberg procedure (FDR, false discovery rate) and considering the size of ROIs 
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and slide scanning batch effect. Box plots and volcano plots were generated in GraphPad Prism 

version 9. P-value or FDR <0.05 were considered significant, with P<0.01 as highly significant. 

We also used one-way ANOVA or two-way ANOVA for some comparisons in a group of genes 

between healthy and disease ROIs to answer specific hypotheses generated by -omics 

datasets. 

Data visualization tools: Gene Ontology (GO) analysis(68), Gene Set Enrichment Analysis 

(GSEA)(69) were performed using GeoMX software. The CellPhone Database(70) was queried 

for cell-cell communication pathway analyses in different ROI types. Venn diagrams were 

generated with BioVenn software(64), and hierarchical clustering were performed with 

ClustVis(71) and/or Morpheus software (https://software.broadinstitute.org/morpheus). 
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transcriptomics. Flow data has been deposited on FlowRepository under accessions FR-FCM-

Z4PL, FR-FCM-Z4PM, FR-FCM-Z4PN, FR-FCM-Z4PQ, FR-FCM-Z4PX, FR-FCM-Z6UN, FR-

FCM-Z7ZP, FR-FCM-Z7ZQ for blister biopsies and blood immunophenotyping. 
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Figures & Legends: 

 

Fig. 1 Integration of high-resolution immune techniques with spatial approaches for 

studying cutaneous lupus erythematosus. (A) Study overview demonstrating workflow. We 

performed blister biopsies on cutaneous lupus erythematosus patients and healthy donors and 

analyzed the interstitial skin fluid using Olink proteomics and the cell pellets using Aurora spectral 

flow cytometry. We also employed biobanked FFPE skin biopsies from DLE, SCLE and healthy 

margins for NanoString digital spatial profiling for both protein, using 6 modules, and RNA, using 

the whole transcriptome assay (WTA). Created with Biorender.com. (B)  Sample photographs of 

blister biopsies (n=3 healthy and 4 CLE patients). (C) Volcano plot of Olink data from the 

inflammation and neuroexploratory panels of all CLE blisters versus healthy controls (n=7 CLE 

lesional, 7 CLE nonlesional, and 3 healthy blisters). (D) Sample UMAP of immune infiltrates in 

CLE lesional skin. (E) H&E images of the slide set used for spatial transcriptomics and proteomics. 

(n=3 healthy margin controls, 5 SCLE biopsies from 4 patients, and 4 DLE biopsies from 4 

patients). (F) Volcano plot of DSP protein data for all CLE regions of interest (ROIs) versus healthy 

margin ROIs. (G) Volcano plot of DSP RNA WTA data for all CLE ROIs versus healthy margin 

ROIs. Red dots are also differentially expressed proteins (DEPs) in the Olink protein dataset, and 

cyan dots are also DEPs in the DSP protein dataset. (n=41 ROIs assessed from 4 DLE, 3 SCLE, 

and 2 healthy margin control biopsies for WTA DSP; n=95 ROIs assessed from 4 DLE, 4 SCLE 

from 3 donors and 3 healthy margin controls for protein DSP. Discrepancy due to tissue not being 

fully seated in imaging area for WTA run, indicated by *.) 
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Fig. 2. Characterizing immune cell subsets in CLE interface dermatitis reveals significant 

increases in HLA-DR+ cells and CD8+ T cells. (A) Aurora flow cytometry for cell lineage 

markers in CLE lesional and nonlesional skin compared to healthy blisters. Enumeration of 

cellular infiltrates were normalized to 10,000 live singlet cells. One-way ANOVA with Tukey’s post 

hoc tests revealed significant increases in HLA-DR+ cells and CD8+ T cells compared to healthy 

control blisters, with trends towards increased B cells, CD4+ T cells and NK cells. pDCs were 

trending higher in nonlesional blister fluid. (B) Olink targeted proteomics for cell lineage markers 

in blister fluid. T cell markers (CD5, CD8A) and antigen presenting cell markers (CD302) were 

also significantly elevated in CLE blister fluid compared to healthy controls. NK marker CD244 

was not significantly elevated, matching flow cytometry findings. Note that shedding of surface 

CD molecules is likely due to the presence of proteases such as ADAM15. (C) Examples of 

Regions of interest (ROIs) chosen for spatial analysis of FFPE CLE biopsies. We used cell 

masking approaches for CD3+ T cells, CD45+ immune cells, geometric autofluorescent 

keratinocytes/epidermis and SMA+ endothelium. (D) Cell type deconvolution in the CD45+ dermal 

ROIs from the WTA dataset was calculated using NanoString’s prediction module. We noted 

increases in T cells and B cells, as well as neutrophils which were not assessed by flow cytometry 

due to neutrophil death upon extraction from skin. (E) Spatial proteomics was assessed for the 

immune cell profiling and immune cell typing modules to predict the presence of immune cells. 

Housekeeping proteins are depicted in the bottom module. 
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Fig. 3. Examining differential expressed genes in DLE versus SCLE T cells reveals 

biological differences that may underlie pathogenesis and/or susceptibility to systemic 

disease. (A) Example CD3+ ROI and GeoMX image. Created with Biorender.com. (B) Volcano 

plot of the CD3+ ROI in DLE vs SCLE biopsies. (C) Pathway analysis of the CD3+ ROI in DLE vs 

SCLE biopsies as performed in GeoMX software. (D) Protein DSP analysis of the CD3+ ROI in 

healthy vs DLE, (E) healthy vs SCLE and (F) SCLE vs DLE. There are several shared DEGs and 

DEPs including B2M, CD45RO and VISTA. However, the immune checkpoint B7-H3 is unique to 

SCLE and may serve as a novel treatment target. 
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Fig 4. Examining proximal versus distal keratinocytes, and lesional versus nonlesional 

blister fluid, reveals pathways that may be required for initiation of chemokine cascades 

for leukocyte recruitment to form interface dermatitis. (A) Schematic of proximal versus distal 

analysis. Created with Biorender.com. (B) Volcano plot of DSP WTA data for proximal versus 

distal epidermis. (C) Examination of lesional versus nonlesional blister fluid in Olink as performed 

with NPX software. (D) Box plot of AIM2 expression in keratinocytes from distal plus healthy 

margins versus proximal keratinocytes from Q3 normalized counts in the WTA dataset. (E) 

Caspase 8, (F) IL-18, (G) IFNL1 and (H) IFNG were elevated in CLE blisters compared to healthy 

controls in the Olink dataset (Normalized Protein eXpression, NPX). 
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Fig. 5. Combining proteomics and spatial transcriptomics using a cell masking approach 

allows assignment of biomarkers and chemokine ligand-receptor pairs governing 

leukocyte recruitment to the skin during CLE. (A) We queried the Olink dataset for all available 

chemokine measurements. Significant differences were observed in the levels of CCL8, CCL25, 

CCL28, CXCL6, CXCL9, and CXCL11 in the Olink interstitial skin fluid analysis for various 

chemokines (two-way ANOVA with Tukey’s post tests significant as indicated). B) Heatmaps 

illustrate their cellular sources in the WTA DSP analysis for healthy, SCLE, and DLE samples. 
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Fig. 6. Functional chemotaxis assays reveal that both healthy and lupus T cells are poised 

to respond to CXCR3 ligands, whereas CD14+CD16+ myeloid cells are poised to respond 

to CXCL6 via CXCR1 and CD14+CD16- myeloid cells are poised to respond to CCL8 via 

CCR2.  (A) To determine functional output, we performed chemotaxis assays on PBMCs from 

healthy or CLE donors. Created with Biorender.com. (B) Example flow staining and (C) 

quantification of CXCR3 on CD3+ T cells (n=3 healthy and n=6 CLE, t test ns). (D) Representative 

chemotaxis assay for healthy and (E) CLE donor T cells reveals directed migration towards 

CXCL9 and CXCL11, though the ligands are not turned on in healthy skin (**p<0.01 and 

****p<0.0001 by one way ANOVA with Dunnet’s post hoc tests versus media control; donors 

assayed in quadruplicate; wells were excluded if a bubble was present that precluded migration). 

(F) Example flow staining and (G) quantification of CXCR1 on CD56+ natural killer (NK) cells from 

healthy and lupus PBMCs (n=7 healthy and 7 lupus donors, t test ns). (H) Healthy donor and (I) 

lupus donor directed migration reveals NK cells migrate to both CXCR3 ligands, with donor 

variable responses towards CXCL6. (**p<0.01 and ****p<0.0001 by one way ANOVA with 

Dunnet’s post hoc tests versus media control; donors assayed in quadruplicate; wells were 

excluded if a bubble was present that precluded migration). (J) Example flow staining of myeloid 

cells demonstrating CXCR1 expression in CD14+, CD14+CD16+ and CD16+ gates. (K) 

Quantification of CXCR1+ cells demonstrates CD14+CD16+ cells express more CXCR1 than 

their counterparts. (n=4 healthy and 4 lupus donors; p=0.01 and 0.0205 by repeated measures 

one way ANOVA matched by donor, with Tukey’s post hoc tests). (L) Chemotaxis assays 

demonstrate that CD14+ cells migrate towards CXCL6 (n=3 healthy donors denoted by squares 

and n=1 lupus donor denoted by triangles assayed in triplicate or quadruplicate; one way ANOVA 

with Dunnet’s post hoc tests compared to media control was significant p=0.048 for CXCL6 but 

not CCL8. Note that lupus donor chemotactic indices for myeloid cells were lower, but still followed 

the same trends as healthy donors, likely due to their medications). (M) Example flow staining of 

myeloid cells demonstrating CCR2 expression in CD14+, CD14+CD16+ and CD16+ gates. (N) 

Quantification of CXCR1+ cells demonstrates CD14+CD16- cells are trending towards more 

CCR2 expression than their counterparts (n=4 healthy and 4 lupus donors; p=0.0669 by one way 

ANOVA with Tukey’s post hoc tests). (O) Chemotaxis assays demonstrate that CD14+CD16- 

cells migrate towards CCL8. (n=3 healthy donors denoted by squares and n=1 lupus donor 

denoted by triangles assayed in triplicate or quadruplicate; one way ANOVA with Dunnet’s post 

hoc tests compared to media control was significant p=0.0149 for CCL8 but not CXCL6). 
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Fig. 7. Model of chemokine systems governing recruitment of immune cell subsets to form 

interface dermatitis in cutaneous lupus. 1. Integration of WTA DSP, Olink and flow cytometry 

data reveals AIM2 pathway activation in keratinocytes proximal to inflammation. 2. Chemokines 

including CXCL6 and CCL8 can be induced downstream of this pathway. CD14+CD16+ myeloid 

cells express more CXCR1, and migrate best towards CXCL6, whereas CD14+CD16- myeloid 

cells express more CCR2 and migrate best towards CCL8. 3. The CXCR3 ligands CXCL9/10/11 

are expressed by keratinocytes, but more strongly by CD45+ immune cell ROIs and T cells. Thus, 

keratinocyte/myeloid crosstalk can reinforce this system to optimally recruit lymphocytes to form 

interface dermatitis. Created with Biorender.com. 
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