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ABSTRACT 57 

Hidradenitis suppurativa (HS) is a chronic inflammatory disease characterized by abscesses, 58 

nodules, dissecting/draining tunnels, and extensive fibrosis. Here, we integrate single-cell RNA 59 

sequencing, spatial transcriptomics, and immunostaining to provide an unprecedented view of 60 

the pathogenesis of chronic HS, characterizing the main cellular players, and defining their 61 

interactions. We found a striking layering of the chronic HS infiltrate and identified the 62 

contribution of two fibroblast subtypes (SFRP4+ and CXCL13+) in orchestrating this 63 

compartmentalized immune response. We further demonstrated the central role of the Hippo 64 

pathway in promoting extensive fibrosis in HS and provided pre-clinical evidence that the pro-65 

fibrotic fibroblast response in HS can be modulated through inhibition of this pathway. These 66 

data provide insights into key aspects of HS pathogenesis with broad therapeutic implications. 67 
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INTRODUCTION 68 

Hidradenitis suppurativa (HS) is a chronic inflammatory disease of the skin that affects 1% of 69 

the general population (1). The disease is characterized by acute, recurrent inflammatory nodules 70 

and painful abscesses originating from the hair follicles, typically arising in the axillae and groin 71 

(2, 3). Later stages of HS are marked by chronic, persistent inflammation accompanied by 72 

dermal tunnel (sinus tract) formation and extensive fibrosis (2, 3). 73 

While the exact pathogenesis of HS remains unknown, genetic predisposition and 74 

environmental factors such as cigarette smoking and obesity may contribute to the disease (2, 4–75 

6). The primary pathogenic event is thought to be infundibular hyperplasia arising from an 76 

intrinsic keratinocyte defect (2, 7). Subsequent cyst formation and rupture induce acute 77 

inflammation, characterized by a mixed immune infiltrate of neutrophils, macrophages, dendritic 78 

cells, and T and B cells and increased expression of a battery of pro-inflammatory cytokines 79 

including IL-1β, IL-17, and TNF-α (2, 8). Chronic lesions are thought to develop upon repeated 80 

rupture or failure to clear the inflammatory follicle contents. These lesions show a shift in 81 

immune cell composition marked by a more prominent B cell and plasma cell components (9). 82 

Dermal tunnels are a hallmark of these chronic lesions, yet the processes leading to their 83 

development remain unknown. Fibrosis is a prominent clinical feature of long-standing 84 

hidradenitis suppurativa (2). The relationship of fibrosis to the HS inflammatory response and the 85 

mechanisms involved have not been characterized but are of high importance, as fibrosis may 86 

interfere with drug penetration and impact overall treatment response (2). 87 

 Treatment options for this debilitating disease remain limited, with the only FDA-88 

approved therapy (adalimumab) achieving clinical response in only 40-60% of patients (10). 89 

Response rates among newer, repurposed, biological therapies in large clinical trials have so far 90 
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failed to exceed this (10, 11). A major barrier to the identification of treatment targets and 91 

successful clinical translation is our lack of understanding of the interplay between the different 92 

cell types – both immune and stromal – in the HS microenvironment. The contribution of stromal 93 

cells, while clearly implicated by clinical symptoms of tissue destruction and fibrosis, has only 94 

been explored to a limited extent (12, 13). 95 

In this paper, we use single-cell RNA sequencing (scRNAseq) and spatial transcriptomics 96 

to define the cellular composition and spatial architecture of the infiltrate in chronic HS lesions. 97 

Our results provide an unprecedented view of HS pathology, demonstrating how stromal-98 

immune cell interactions contribute to the inflammatory network at the site of disease and 99 

identifying a pathway implicated in HS fibrosis that may serve as a potential target for future 100 

therapeutic interventions. 101 

 102 

 103 

RESULTS  104 

Chronic HS lesions show altered cell composition and complex layered architecture 105 

To understand the cell composition of healthy and chronic HS lesional skin, we performed 106 

single-cell RNA sequencing (scRNAseq) on cells isolated from chronic lesional skin of five HS 107 

patients and eight healthy donors (normal skin, NS). We collected 31,716 cells and identified 21 108 

clusters that we annotated as 11 distinct primary cell types: keratinocytes (KCs), melanocytes, 109 

eccrine gland cells, endothelial cells, fibroblasts (FBs), smooth muscle cells, T cells, myeloid 110 

cells, mast cells, B cells, and plasma cells (Figure 1A, Supplemental Figure 1A). Interestingly, 111 

for all major stromal cell types, including keratinocytes and fibroblasts, the UMAP showed 112 

distinct separation between HS and NS cells, suggesting fundamental transcriptomic changes in 113 
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the HS-associated cell types (Figure 1A-B). Analysis of the disease composition for each cell 114 

type revealed an increased proportion of KCs and immune cells, particularly T cells, B cells, 115 

plasma cells, and myeloid cells in HS (Figure 1C). This high number of KCs and massive 116 

immune cell infiltration, obtained from biopsies in chronic inflammatory lesions, resulted in a 117 

relative decreased proportion of eccrine gland cells, FBs, and smooth muscle cells. Figure 1D 118 

shows the expression of relevant marker genes for each cell type. These results indicate that 119 

chronic HS is characterized by both the accumulation of an abnormal immune infiltrate and a 120 

marked transcriptomic shift in all major stromal cell types. 121 

 We performed spatial transcriptomics on 4 samples to elucidate the spatial organization 122 

of the identified cell types within chronic HS lesional skin. Subsequently, we deconvoluted the 123 

RNA expression in each spot with the scRNAseq gene expression of the major cell types to 124 

identify the cell type composition in each capture spot (Supplemental Figure 1B). As expected, 125 

KCs were primarily detected in the epidermis. Interestingly, a layered architecture was seen in 126 

chronic HS lesions. Myeloid cells were localized primarily within a large focus of dense 127 

inflammation, where T cells are dispersed throughout the infiltrate (Fig 1E-F and Supplemental 128 

Figure 1C). B cells were found in clusters at the edge of the infiltrate. (Figure 1E-F). The 129 

inflammatory infiltrate was demarcated by a layer of FBs, with plasma cells found primarily 130 

outside of the fibroblast zone (Figure 1F). Figure 1G demonstrates the localization of COL1A1, 131 

PTPRC (CD45), KRT1, and CDH5 (vascular endothelial cadherin). Immunohistochemistry 132 

(IHC) corroborated this layered arrangement of infiltrating immune cells and stromal cells 133 

centering around a ruptured tunnel or abscess (Figure 1H). 134 

To analyze the differences in cell-cell communication between HS and healthy skin, we 135 

performed ligand-receptor analysis using CellPhoneDB and analyzed the ligand-receptor pairs 136 
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with higher interaction scores in HS than NS. This identified myeloid cells, KCs, FBs, 137 

endothelial cells, smooth muscle cells, and to lesser extent T cells, as the major putative cell 138 

interactors in lesional HS skin (Figure 2A). Growth factor and cytokine interactions between 139 

myeloid cells, KCs, FBs, endothelial cells, and smooth muscle cells are plotted in Figure 2B-E 140 

(Supplemental Figure 2 for the smooth muscle cells). Myeloid cells showed expression of several 141 

growth factors (VEGFA, VEGFB, PDGFB, and PDGFA), which link to their respective receptors 142 

on KCs, FBs, endothelial cells, and smooth muscle cells, potentially stimulating the proliferation 143 

of these cells (Figure 2B). KCs expressed several chemokines (CXCL9, CXCL10, CXCL11) and 144 

cytokines (IL1, IL15) capable of interacting with their respective receptors on myeloid cells and 145 

fibroblasts (Figure 2C). FBs expressed a plethora of chemokines (e.g., CCL19, CCL20, CXCL2, 146 

CXCL12) that bind to receptors on myeloid cells, suggesting an important role for FBs in 147 

recruiting immune cells to the HS infiltrate (Figure 2D). Both endothelial cells and smooth 148 

muscle cells produced diverse chemokines and growth factors interacting with their respective 149 

receptors on KCs, FBs, and myeloid cells (Figure 2E and Supplemental Figure 2). Moreover, 150 

multiple chemokines produced by these  cell types were predicted to be scavenged from the 151 

micro-environment by KCs and FBs through interaction with atypical chemokine receptors 152 

ACKR2, ACKR3, and ACKR4 (14, 15).  153 

 154 

cDC2B cells and macrophages can promote neutrophil activation and degranulation in HS 155 

skin. 156 

To examine the heterogeneity in myeloid cells, we subclustered the myeloid cells and annotated 157 

six subpopulations: Langerhans cells (LC), classical type 1 dendritic cells (cDC1), classical type 158 

2 dendritic cell subset A (cDC2A), classical type 2 dendritic cell subset B (cDC2B), 159 
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plasmacytoid dendritic cells (pDC), and macrophages (Mac) (Figure 3A). Analysis of the disease 160 

composition revealed that pDCs and cDC2B cells were mainly derived from HS lesional skin, 161 

which also showed a relative decrease in LCs compared with healthy skin (Figure 3B-C). 162 

Characteristic marker genes for all subpopulations are shown in Figure 3D. IHC revealed distinct 163 

spatial localization for many of the myeloid cell subtypes within the layered architecture of 164 

chronic HS lesional skin. As expected, LCs were found primarily within the epidermis (Figure 165 

3E). Classical type 1 dendritic cells were found predominantly at the centre and edges of the 166 

infiltrate, whereas cDC2A were found in small clusters within the infiltrate, and the cDC2B, 167 

pDCs, and macrophages were dispersed throughout the infiltrate (Figure 3E). While our single 168 

cell skin digestion protocol precludes capture of neutrophils, analysis of the enriched biological 169 

processes of the cDC2B and macrophage subtypes revealed their extensive involvement in 170 

neutrophil activation and degranulation (Figure 3F-G). pDCs were found to be highly 171 

transcriptionally active and show upregulation of general protein translation pathways (Figure 172 

3H). 173 

 174 

IL17+ T cells contribute to the production of both IL17A and IL17F in HS lesional skin  175 

To assess for dysregulation of T cell subsets in HS, we aimed to characterize the T cell subtypes 176 

found in our data. We identified six T/NK cell subtypes in HS lesional and healthy skin: CD4+ 177 

central memory T cells (CD4Tcm), regulatory T cells (Treg), T follicular helper cells (Tfh), 178 

IL17+ T cells (T17), CD8+ effector memory T cells (CD8Tem), and natural killer cells (NK) 179 

(Figure 3I). Analysis of the disease composition revealed an increased proportion of Tfh, T17, 180 

and NK cells in HS (Figure 3J-K). Similar to previously published data we found no difference 181 

in the proportion of CD8Tem cells in HS lesional skin compared with healthy skin (16, 17). 182 
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Marker genes for the identified T cell subtypes are shown in Figure 3L. To identify the nature of 183 

the IL17+ T cells we generated correlation plots between IL17A, CD4, and CD8A, revealing that 184 

CD4+ T cells and CD8+ T cells are likely both a source of IL17A in HS lesional skin (Figure 3M-185 

N). Moreover, these cells were found to express both IL17A and IL17F (Figure 3O).  186 

 As B cells are a prominent component of chronic HS lesions and the formation of tertiary 187 

lymphoid structures has been described, the presence of Tfh cells in our HS samples was 188 

intriguing (8, 9). T follicular helper cells are known for their interaction with B cells within 189 

lymphoid organs rather than in inflamed peripheral tissue, where this role is normally executed 190 

by T peripheral helper cells (Tph) (18). Thus, we assessed the expression of several shared and 191 

unique markers of Tfh and Tph lineages to uncover clues to the role of these two cell subtypes in 192 

HS lesions (Supplemental Figure 3). The clear absence of CCR2 and CCR5 expression in this 193 

cell cluster supported the annotation of these cells as Tfh rather than Tph cells (Supplemental 194 

Figure 3). The expression of CXCR5 and Tfh-defining transcription factor BCL6 in at least a 195 

subset of these cells suggests the presence of mature Tfh cells in HS lesional skin (Supplemental 196 

Figure 3). These data substantiate a role for this CXCL13 expressing T cell population in the 197 

previously identified formation of tertiary lymphoid structures in chronic HS lesional skin 198 

(Supplemental Figure 3) (8). 199 

 200 

Distinct epidermal KC maturation states in HS reflect different cytokine responses  201 

The clear separation of HS and NS epidermal KCs in Figure 1A-B indicates transcriptomic 202 

changes in HS KCs suggestive of altered cell function. To further characterize these differences, 203 

we subclustered the KC population and annotated basal, spinous, and supraspinous KCs based on 204 

marker gene expression (Figure 4A- 4C). Next, we performed differential gene expression 205 
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analysis between HS and NS KCs within each maturation subtype to identify the top 206 

distinguishing transcripts (Figure 4D). Across all epidermal layers, HS KCs showed markedly 207 

increased expression of antimicrobial/antifungal S100 genes (S100A7, S100A8, and S100A9) and 208 

proliferation genes (KRT6A and KRT16). HS spinous and supraspinous KCs showed a loss of 209 

expression of desmosomal cadherins DSG1 and DSC1, as well as KRT2 (Figure 4D). 210 

 We next sought to identify the inflammatory drivers of these subtypes by interrogating 211 

cells of each maturation subtype for genes known to be induced in cultured KCs by certain 212 

cytokines such as TNF, IL-17A, IL-36γ, and type I IFN (IFNα). HS KCs showed heightened 213 

scores for TNF, IL-17A, IL-36γ, IFNγ, and type I IFN responses in all three maturation subtypes 214 

compared with NS skin (Figure 4E). HS KCs showed a striking increase in TNF, IL-1β, and IL-215 

17A response scores from spinous and supraspinous KCs, whereas NS KCs showed a minimal 216 

increase. A prominent increase from spinous to supraspinous KCs was also observed for IL-36γ 217 

and IFNγ responses in both HS and NS KCs, albeit on average higher for HS KCs. 218 

To address the distinct separation of the NS and HS KCs, particularly the spinous and 219 

supraspinous KCs, we performed pseudotime analyses using Monocle to examine the NS and HS 220 

KC maturation pathways separately. This arranged both HS KCs (Figure 4F-G) and NS KCs 221 

(Supplemental Figure 4A-B) into linear trajectories in the expected direction of basal-spinous-222 

supraspinous maturation. Next, to identify potential cytokines that drive maturation of HS and 223 

NS KCs, variable genes along either the NS or HS pseudotime were divided into five expression 224 

patterns (clusters, HS KCs in Supplemental Figure 4C and NS KCs in Supplemental Figure 4D). 225 

We then inferred the upstream regulators for the genes in each cluster using Ingenuity Pathway 226 

Analysis (IPA). For each upstream regulator, we calculated a module score using all target genes 227 

across the five expression patterns/clusters and the correlation between the module scores for 228 
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each upstream regulator and the pseudotime defined by the Monocle analysis (Figure 4H). These 229 

analyses showed that module scores for IL-17A, IL-22, IL-1α, IL-1β, and IL-6 were positively 230 

correlated with HS KC pseudotime, whereas IL-4 and PF4 correlated with NS KC pseudotime 231 

(Figure 4I). Subsequently, to validate the cytokines driving HS keratinocyte maturation, we 232 

calculated module scores using genes induced in cultured KCs stimulated by individual 233 

cytokines; IL-17A, IL-22, IL-1α, IL-1β and IL-6. The module scores for these five cytokines 234 

were highly correlated with the HS but not NS KC pseudotime, consistent with the results 235 

obtained in the IPA analysis (Figure 4I and Supplemental Figure 4E).  236 

Taken together these results suggest that the altered KC maturation seen in chronic HS 237 

lesions is driven by local cytokines, particularly IL-17A, IL-22, IL-1α, -1β, and IL-6. Their 238 

activation and subsequent functional responses are mainly driven by TNF, IL-17A, IL-36γ, IFNγ, 239 

and type I IFNs. 240 

 241 

Proliferative blood vessels can promote immune cell infiltration in HS chronic lesional skin 242 

Chronic HS is characterized both by a massive influx of immune cells as well as clinically 243 

prominent angiogenesis. As expected, IHC and IF staining for CD31 (endothelial cells) and 244 

ACTA2 (vascular mural cells) showed prominent vascularization of HS chronic skin lesions 245 

(Supplemental Figure 5A-B). Subclustering the endothelial cells identified five vascular 246 

endothelial clusters (EC0, 1, 2, 4, and 5) and one lymphatic endothelial cluster (EC3) 247 

(Supplemental Figure 5C). Both EC4 and EC5 were nearly completely derived from HS lesional 248 

skin (Supplemental Figure 5D-E). These HS-associated subclusters showed an immunologically 249 

active phenotype, with the expression of immune-activated genes e.g., ICAM1, SELE, IL6, and 250 

CCL14. The HS-associated subclusters showed expression of  HLA-DRB5 and HLA-DRA, which 251 
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could allow them to orient the HS T cell response towards a Th17 pro-inflammatory response 252 

(19) (Supplemental Figure 5F-G). Moreover, EC5 subcluster markers COL4A1, COL4A2, and 253 

SPARC are associated with vascular remodeling and angiogenesis (Supplemental Figure 5F). 254 

Interrogating the enriched biological processes of the EC4 and EC5 subclusters demonstrated the 255 

EC4 to be particularly immunologically active (Supplemental Figure 5H). The EC5 subcluster is 256 

highly transcriptionally active showing upregulation of several protein translation processes 257 

(Supplemental Figure 5I).  258 

As smooth muscle cells integrate with endothelial cells to form the vasculature, we next 259 

examined this cell subset. We identified six smooth muscle subclusters with two subclusters, 260 

SMC0 and SMC6, almost exclusively derived from HS lesional skin (Supplemental Figure 6A-261 

C). These two subclusters both showed expression of IGFBP4, IGFBP2, COL4A1, and TIMP1, 262 

genes associated with vascular smooth muscle cell proliferation and migration (Supplemental 263 

Figure 6D). In addition, SMC6 showed a proinflammatory phenotype with increased expression 264 

of CCL2, CXCL2, and CXCL3 (Supplemental Figure 6D). Analysis of the enriched biological 265 

processes showed both SMC subclusters to be highly transcriptionally active, with SMC6 266 

demonstrating prominent activation via local cytokine stimuli (Supplemental Figure 6E-F).  267 

 In summary, these results support the clinical signs of active vascular proliferation seen 268 

in chronic HS lesions and demonstrate the role of immunologically active endothelial cells in the 269 

massive infiltration of immune cells in chronic HS lesions. 270 

 271 

Functionally diverse FB subtypes likely drive HS inflammation and fibrosis  272 

While extensive fibrosis is a hallmark of chronic HS, as demonstrated by trichrome staining 273 

(Figure 5A), FBs have not been studied in detail (2, 12, 13). Therefore, we aimed to further 274 
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characterize the differences between HS and NS FBs. We identified 11 clusters which we 275 

annotated into six FB subtypes according to previously published marker genes: SFRP2+, LSP1+, 276 

COL11A+, RAMP1+, SFRP4+, and CXCL13+ FBs (Figure 5B) (20).  Two of these subtypes, 277 

SFRP4+ and CXCL13+ FBs, were derived nearly exclusively from HS samples (Figure 5C). The 278 

top three marker genes for all FB subtypes are shown in Figure 5D. The SFRP4+ and CXCL13+ 279 

FBs were not only specifically derived from HS samples but were also found in a profoundly 280 

increased proportion compared to the other FB subtypes in these samples (Figure 5E). 281 

Quantitative PCR corroborated increased expression of specific marker genes of these 282 

populations in primary FBs derived from lesional HS versus NS skin (Supplemental Figure 7A). 283 

Co-staining of CXCL13 and either vimentin (FB marker) or CD3 (T cell) by 284 

immunofluorescence demonstrated more prominent protein expression of CXCL13 among FBs 285 

than T cells in HS lesional skin (Figure 5F). IHC further confirmed the presence of the identified 286 

FB subtypes in HS lesional skin (Figure 5G). Both the CXCL13+ and the SFRP4+ FBs were 287 

found to demarcate the edges of the inflammatory infiltrate (Figure 5G and Figure 1F). Dot, 288 

violin and feature plots of expression levels of the most prominently expressed collagen genes 289 

revealed the strongest expression among the SFRP4+ FBs (Figure 5H, Supplemental Figure 8 A-290 

B). Taken together with a high ECM module score (Figure 5I) and high expression of ACTA2 291 

(actin alpha 2, smooth muscle,Figure 5J), SFRP4+ FBs were identified as myofibroblasts.  292 

To further characterize the functions of these HS-associated CXCL13+ and SFRP4+ FBs, 293 

we performed analysis of upregulated canonical pathways and enriched gene ontology biological 294 

processes. As expected, the SFRP4+ subtype showed functions associated with fibrosis and 295 

extracellular matrix formation (Supplemental Figure 8C-D). Additionally, this subtype 296 

demonstrated immunological functions enriched for neutrophil activation. Canonical pathway 297 
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analysis of the CXCL13+ FBs identified numerous upregulated signaling pathways, most 298 

prominently Oncostatin M (OSM) and IL-17A/F associated pathways (Supplemental Figure 8E). 299 

Upregulated biological processes showed these cells to be highly transcriptionally active, with 300 

immunological functions aimed at attracting and activating neutrophils and lymphocytes 301 

(Supplemental Figure 8F). Ligand-receptor analysis for chemokines and cytokines expressed by 302 

the SFRP4+ and CXCL13+ FBs revealed that both subtypes are engaged in extensive 303 

communication networks with different immune cells within the HS infiltrate 304 

(SupplementalFigure 5K), although the expression of these cytokines and chemokines is highest 305 

in the CXCL13+ FBs (Supplemental Figure 6L). Furthermore, the SFRP4+ and CXCL13+ FBs 306 

contribute to a complex interplay among different MMPs, collagens, and laminins derived from 307 

the distinct HS-associated cell subtypes to promote extracellular matrix deposition and 308 

remodeling (Supplemental Figure 8M-N). Taken together, these data support a prominent 309 

proinflammatory and remodeling role for the CXCL13+ FBs and implicate SFRP4+ FBs as 310 

myofibroblasts, with a prominent expression of COL1A1 and ACTA2, driving fibrosis in chronic 311 

HS. 312 

Recent clinical and pre-clinical studies have implicated the contribution of Hippo 313 

signaling pathway components in fibrotic diseases in many organs including the lung, heart, and 314 

skin (21–23). To investigate the role of Hippo pathway signaling in HS fibrosis we assessed the 315 

expression of Hippo pathway signaling factors in our fibroblast subsets. This revealed increased 316 

expression of both Hippo pathway transcriptional coactivators and transcription factors (YAP1, 317 

WWTR1, and TEAD1-4 (Figure 6A) as well as known target genes (CTGF, CYR61, and 318 

COL8A1) (Figure 6B) primarily among the SFRP4+ population. Protein expression of YAP, 319 
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WWTR1/TAZ, TEAD1, TEAD2, and TEAD4 was confirmed in HS lesional skin FBs by IHC 320 

(Figure 6C). 321 

To further support the hypothesis that Hippo pathway signaling is involved in the 322 

activation of HS myofibroblasts we performed upstream regulator analysis. Indeed, in addition to 323 

well-known pro-fibrotic markers such as TGF- and angiotensinogen (AGT, which has 324 

previously been identified as a critical component in cardiac and pulmonary fibrosis (20, 24)), 325 

we identified several factors belonging to the Hippo pathway (YAP1, WWTR1, and TEAD2), 326 

particularly among the SFRP4+ myofibroblasts (Figure 6D and Supplemental Figure 9A).  In 327 

addition, the key HS-associated cytokines TNF, IL-1, IFN, and IL-6 were found to be highly 328 

activated upstream regulators for both the CXCL13+ and SFRP4+ subtypes (Supplemental Figure 329 

9B). 330 

Next, we performed pseudotime analysis to identify if Hippo pathway transcription 331 

factors were associated with the activation and development of the SFRP4+ and CXCL13+ FB 332 

phenotypes, using the underlying identified clusters (Figure 6E). These clusters were arranged 333 

into a linear trajectory in the direction from the SFRP2+ to SFRP4+, with a less clearly defined 334 

CXCL13+ endpoint (Figure 6F-G). Not only TGFB, TNF, IFNG, and IL1B (Figure 6H) but also 335 

the Hippo pathway transcriptional regulator YAP, its coactivator WWTR1, and transcription 336 

factors TEAD1-4 were found to be highly correlated with the FB pseudotime (Figure 6I). 337 

Interrogating ataq seq data demonstrated increased chromatin accessibility in the WWTR1, 338 

TEAD1 and COL8A1 regions of lesional HS fibroblasts compared with and non-lesional and 339 

healthy skin fibroblasts (Supplemental Figure 10) further supporting the activation of the Hippo 340 

pathway in HS lesional fibroblasts. 341 
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To uncover the functional role of Hippo signaling (Figure 7A) in HS fibrosis, we 342 

performed ex vivo experiments using primary dermal FBs obtained from chronic HS lesions. FBs 343 

were stimulated with either TRULI (which blocks YAP phosphorylation, thereby activating 344 

YAP-mediated transcriptional coactivation (25)) and verteporfin (which disrupts YAP-TEAD 345 

interaction, resulting in YAP target inhibition (26)). Verteporfin significantly reduced both 346 

protein and RNA expression of collagen I and, to a lesser extent, smooth muscle actin 347 

(SMA/ACTA2) in HS FBs (Figure 7B-C). Verteporfin stimulation also significantly inhibited HS 348 

FB contractility in the gel contraction assays (Figure 7D) and resulted in a significant dose-349 

dependent reduction of both proliferation and migration of HS FBs (Figure 7E-F). In contrast, 350 

stimulation of YAP transcriptional activity with TRULI resulted in a non-significant increased 351 

RNA expression of smooth muscle actin (ACTA2) and collagen I (COL1A1) (Figure 7B). TRULI 352 

treatment did significantly induce CTGF expression (Figure 7B). Treatment with TRULI also 353 

significantly increased proliferation but failed to further increase either migration or gel 354 

contraction (Figure 7D-F). Performing the same experiments with healthy control fibroblasts 355 

showed similar results upon TRULI or verteporfin stimulation as HS fibroblasts but to a lesser 356 

extent (Supplemental Figure 11). In particular, upregulation of this pathway by TRULI seemed 357 

to result in a more limited upregulation of collagen 1 or smooth muscle actin RNA and protein 358 

compared with HS FBs (Figure 7B and Supplemental Figure 11A-B). Moreover, TRULI was 359 

unable to induce further proliferation of healthy fibroblasts, which was already significantly 360 

lower than that of HS FBs. 361 

To assess the relevance of the Hippo pathway to pro-inflammatory characteristics of HS 362 

FBs, we examined the expression of several cytokines and chemokines after TRULI and 363 

verteporfin stimulation alone or in combination with single cytokine stimulations. Overall, 364 
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neither TRULI nor verteporfin significantly affected the expression of CCL2, CCL5, CXCL1, 365 

CXCL8, or IL6 in HS FBs in response to stimulation with the previously identified upstream 366 

regulators IL-1β, TNF, or IFNγ (Figure 7G). These experiments indicate that the Hippo pathway 367 

is involved in HS myofibroblast differentiation but dispensable for the HS-specific CXCL13+ FB 368 

phenotype. 369 

Taken together, these data support a role for the Hippo pathway in promoting the 370 

extensive fibrosis of HS and demonstrate that inhibition of this pathway can modulate the pro-371 

fibrotic characteristics of HS FBs, independent of their pro-inflammatory characteristics. 372 

 373 

Ligand-receptor analysis reveals cell subtype specific networks in HS lesional skin.  374 

Given the marked shifts in cell subtype composition in chronic HS lesional skin, we analyzed the 375 

cell-cell communication between cell subtypes in HS skin. Intriguingly, the greatest number of 376 

ligand-receptor pairs were found for SFRP4+ FB subtype, particularly in connection with the 377 

EC4 and EC5 endothelial cell subsets (Figure 8A-B). Plotting the expression of their ligands and 378 

receptors demonstrates how SFRP4+ FBs express VEGFD, FGF7, IGF1 providing strong 379 

angiogenic stimuli to both the immunologically active EC4 and transcriptionally active EC5 380 

subtypes (Figure 8C). In line with its pro-inflammatory phenotype, the CXCL13+ FB subtype 381 

was found to express a multitude of angiogenic chemokines CCL3, CCL5, CXCL1, CXCL5, 382 

CXCL8 (27, 28). In turn, EC4 and EC5 use distinct signaling molecules to communicate with the 383 

FB subtypes. EC5 expresses SEMA4A and PDGFB, promoting proliferation and pro-fibrotic 384 

characteristics in FBs (29, 30). In contrast, the EC4 subcluster expresses CXCL11 and IL15, 385 

which have been demonstrated to have antifibrotic properties in several animal models of fibrotic 386 

disease (27, 31). Additionally, the EC subclusters also express either CCL14 or CXCL12, which 387 
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bind to their respective receptors CCR1 and CXCR4 on cDC2B cells, facilitating their trans-388 

endothelial migration and aiding survival (32). These cDC2B cells in turn communicate with 389 

both endothelial cell clusters through CXCL8, IL1B, and CCL3 to promote angiogenesis and 390 

increase vascular permeability (33). Interestingly, cDC2B cells also express DLL1, which binds 391 

to NOTCH receptors present on all endothelial and FB subtypes to promote angiogenesis and 392 

collagen release, respectively (34).  393 

In summary, HS lesional skin hosts complex cellular crosstalk in which cDC2B cells 394 

stimulate endothelial cells and FBs which in turn attract and activate cDC2B cells, ultimately 395 

resulting in a dense immune infiltrate accompanied by extensive fibrosis and angiogenesis. 396 

 397 

 398 

DISCUSSION  399 

Here, through a combination of single-cell RNA sequencing, spatial transcriptomics, and 400 

immunostaining, we provided several critical insights into the pathogenesis of HS. We reveal a 401 

highly structured and compartmentalized inflammatory response in chronic HS, and we 402 

demonstrate how this compartmentalization is orchestrated through cellular crosstalk between 403 

immune cells and stromal cells. We further establish that two stromal subtypes enriched in HS 404 

lesional skin, CXCL13+ and SFRP4+ FBs, play a major role in shaping and perpetuating the 405 

inflammatory response in HS through secretion of chemokines that recruit B cells and myeloid 406 

cells, as well as driving the extensive fibrosis that is characteristic of longstanding HS.     407 

 Our data characterize the cellular crosstalk likely responsible for immune 408 

compartmentalization in HS skin. At the center of HS lesions, including abscesses and sinus 409 

tracts, neutrophils are found in close proximity around ruptured tunnel fragments (Figure 1F,H) 410 

(2). Here, they likely represent the first line of defense in response to damage-associated 411 
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molecular patterns (DAMPs), pathogen-associated molecular patterns (PAMPs), and 412 

complement factors (2, 35). Their primary antimicrobial functions of phagocytosis, 413 

degranulation, and the release of neutrophil extracellular traps (NETs) result in the characteristic 414 

purulent drainage from abscesses and tunnels (36). We found other immune cell populations 415 

such as cDC2B, pDCs, macrophages, and T cells near the neutrophil infiltration (Figure 1F, H 416 

and Figure 3E). Both cDC1 and cDC2 subtypes contribute to the respective induction of Th1 and 417 

Th17 subtypes (37), the latter of which was enriched in HS in our data (Fig 3K), consistent with 418 

previous observations. In contrast, B cells were found primarily at the edges of the infiltrate near 419 

the demarcating layer primarily consisting of CXCL13+ and SFRP4+ FBs (Figure 1F, H and 420 

Figure 5G). In addition, CXCL13+ fibroblasts expressed multiple other chemokines (i.e., 421 

CXCL12, CCL19) which likely further contribute to the spatial localization of the B cell 422 

population at the periphery of actively inflamed abscesses and sinus tracts. This cross-talk is 423 

likely bi-directional, with our previous study demonstrating the expression of e.g. TGFB1 by B 424 

and plasma cells in chronic lesional skin (9). Moreover, B cells have also been shown to be able 425 

to directly induce fibrosis in patients with IgG4-related disease (38). SFRP4+ myofibroblasts 426 

were found at the edge of the lesions, close to B cell populations, contributing to the fibrotic 427 

zone surrounding the actively inflamed areas in the skin. Within this zone, clusters of B cells, T 428 

cells, and plasma cells were found (Figure 1F, H), suggestive of tertiary lymphoid-like 429 

structures. 430 

These tertiary lymphoid-like structures (TLS) have previously been described in chronic 431 

HS lesions, and our current data suggests that their formation might be in part driven by 432 

CXCL13+ FBs (8). TLS formation involves recruitment and homing of T cells through CCL19 433 

and CCL21, and chemoattraction and maintenance of B cells through CXCL13-CXCR5 434 
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interactions (39, 40). Our data support such a mechanism in HS, with both CCL19 and CXCL13 435 

being expressed by the HS-enriched CXCL13+ FB subtype (Supplemental Figure 8E-F). 436 

Differentiation of TLS-associated fibroblasts is a known phenomenon in response to 437 

inflammatory triggers such as TNF, IL-17, and IL-23 (41, 42). These cytokines play a prominent 438 

role in the pathogenesis of HS (2), and both TNF and, to a lesser extent, IL-17 were identified as 439 

upstream regulators of CXCL13+ activation in our data. Remarkably, a large proportion of 440 

CXCL13+ FBs showed higher expression of CXCL13 than Tfh cells, likely reflecting the 441 

importance of the CXCL13+ FB subtype to the migration of B cells, and their spatial localization 442 

at the periphery of the actively inflamed areas of chronic HS lesions, potentially as TLSs. In 443 

addition, the expression of CXCL12 and IL7 by CXCL13+ FBs (Supplemental Figure 8E-F) may 444 

contribute to chemotaxis and survival of both B and T cells in HS lesions. TLSs actively regulate 445 

local immune responses, influence disease progression, and likely contribute to the large number 446 

of B and plasma cells present in chronic HS lesions (9, 43), potentially making them a 447 

therapeutic target in HS. Furthermore, CXCL13+ fibroblasts may further promote inflammatory 448 

responses through the expression of a wide range of cytokines and chemokines, including the 449 

neutrophil chemokines CXCL1, CXCL2, and CXCL8 (Supplemental Figure 8E-F), which in turn 450 

may promote NETosis, a prominent feature of HS inflammation (36, 44). In addition, this 451 

population demonstrated the most prominent expression of multiple MMPs, likely contributing 452 

to tissue destruction through proteolysis of epithelial cell junction proteins and regulation of cell-453 

matrix interactions. Moreover, MMPs may play a role in the immune response in HS through 454 

regulating cytokine and chemokine activity and gradient formation (45). This broad 455 

inflammatory contribution of CXCL13+ fibroblast to HS pathogenesis identifies this subtype as a 456 

potential target to alter the chronic inflammatory response in HS.  457 



21 

 

In addition to prominent immune cell infiltration, fibrosis is a hallmark of longstanding 458 

HS. Our study implicates another HS-associated FB subtype in this process; the SFRP4+ 459 

myofibroblasts, whose primary function, the production of extracellular matrix (ECM) 460 

components, was found to be driven by Hippo pathway signaling, a pro-fibrotic pathway in HS 461 

pathogenesis. The Hippo pathway is a highly conserved pathway that has been shown to play a 462 

central role in regulating cell proliferation and tissue regeneration (46). Increased activation of 463 

this pathway has been shown to play a pivotal role in fibrotic diseases such as idiopathic 464 

pulmonary fibrosis (21), and our data further implicate this pathway in HS fibrosis (Figure 7). 465 

Central to Hippo signaling is a kinase cascade, wherein MST1/2 and SAV1 form a complex to 466 

phosphorylate and activate LATS1/2 (Figure 7A) (47). LATS1/2 kinases in turn phosphorylate 467 

the transcriptional co-activators YAP and TAZ, resulting in sequestration of the YAP/TAZ 468 

complex in the cytoplasm and subsequent degradation. When dephosphorylated, however, the 469 

YAP/TAZ complex translocates into the nucleus where it interacts with the transcriptional 470 

factors, TEAD1-4, to promote the expression of multiple genes associated with cell proliferation, 471 

myofibroblast development, and collagen deposition (47). In HS FBs, treatment with verteporfin, 472 

which inhibits transcriptional activity of the Hippo pathway through disruption of the interaction 473 

between YAP/TAZ and TEAD1-4, reduced both the myofibroblast phenotype and collagen 474 

production, whereas the opposite response was seen with TRULI, which promotes translocation 475 

of YAP into the nucleus promoting binding with TEAD transcriptional factors (Figure 7B-F). 476 

Notably, however, Hippo pathway modulation had minimal effect on pro-inflammatory 477 

responses of HS fibroblasts, suggesting that fibrosis can be uncoupled from the inflammatory 478 

response in HS (Figure 7G).  479 
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Currently, compounds are in development targeting the Hippo pathway for both the 480 

treatment of cancer (though inhibition of YAP/TAZ) and for wound healing and tissue 481 

regeneration (through activation of YAP/TAZ) (22). A recent mouse study showed how 482 

activation of Gα-coupled dopamine receptor D1 inhibits YAP/TAZ function in mesenchymal 483 

cells, reversing in vitro ECM stiffening and in vivo lung and liver fibrosis (48). This 484 

demonstrates that these compounds can potentially be leveraged for use in fibrotic diseases, 485 

potentially providing future treatment options for extensive and debilitating HS-associated 486 

fibrosis. Ultimately, treatment of HS is likely to be a combination of compounds with anti-487 

inflammatory and potentially anti-fibrotic effects. 488 

Our study does have several limitations. First, due to the scRNAseq protocol used, we 489 

were unable to efficiently capture neutrophils in our scRNA-seq analysis. Neutrophils are known 490 

to play an important role in the pathogenesis of HS, which was supported by the expression of a 491 

wide range of neutrophil-attracting and activating molecules by several different cell types. In 492 

line with this, to generate single-cell data, tissue is removed from its micro-environment and 493 

subjected to several lysis steps and mechanical stress, potentially altering the gene expression of 494 

the cells. This highlights the importance of substantiating scRNAseq findings by in situ methods 495 

such as spatial transcriptomics and IHC. Finally, the samples used and therefore the results found 496 

in this study are representative of only a subset of patients with HS: those with moderate-to-497 

severe disease characterized by chronic inflammation, tissue destruction, and fibrosis. Future 498 

studies including samples from both acute and chronic lesions could help elucidate the pathways 499 

involved in disease onset and progression and identify valuable new therapeutic targets across 500 

the HS disease timeline. 501 



23 

 

Taken together, the data presented here provides an unprecedented view of the 502 

pathogenesis of chronic HS, characterizes the main cellular players, and defines their 503 

interactions. It describes a striking layering of the chronic HS infiltrate and identifies the 504 

contribution of FB subtypes in orchestrating this compartmentalized immune response. It further 505 

demonstrates the central role of the Hippo pathway in promoting the extensive fibrosis 506 

characteristic of HS and provides pre-clinical evidence that the pro-fibrotic FB response in HS 507 

can be modulated through inhibition of this pathway. These data provide insights into key 508 

aspects of HS pathogenesis with broad therapeutic implications. 509 
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METHODS 510 

Human skin samples for single cell analyses 511 

Five patients with chronic HS and eight healthy controls were recruited for single cell analysis at 512 

the University of Michigan, Ann Arbor, MI, USA. HS patients had a disease duration of at least 513 

1 year prior to sampling and Hurley stage II or III disease. Patients did not use biologics or IV 514 

treatment and were off any other systemic treatment and off any topical agents for at least 2 515 

weeks prior to inclusion. 6-mm punch biopsies were taken from lesional skin in case of HS 516 

patients and healthy control skin from the hip/buttock for healthy controls.  517 

 518 

Single-cell RNA sequencing library preparation, sequencing, and alignment 519 

Generation of single-cell suspensions for single-cell RNA-sequencing (scRNA-seq) was 520 

performed on 6-mm biopsies obtained from HS and healthy donors. Samples were incubated 521 

overnight in 0.4% dispase (Life Technologies) in Hank’s Balanced Saline Solution (Gibco) at 522 

4°C. Epidermis and dermis were separated. Epidermis was digested in 0.25% Trypsin-EDTA 523 

(Gibco) with 10U/mL DNase I (Thermo Scientific) for 1 hour at 37°C, quenched with FBS 524 

(Atlanta Biologicals), and strained through a 70μM mesh. Dermis was minced, digested in 0.2% 525 

Collagenase II (Life Technologies) and 0.2% Collagenase V (Sigma) in plain medium for 1.5 526 

hours at 37°C, and subsequently strained through a 70μM mesh. Epidermal and dermal cells 527 

were combined in 1:1 ratio and libraries were constructed by the University of Michigan 528 

Advanced Genomics Core on the 10X Chromium system with chemistry v2 and v3. Libraries 529 

were then sequenced on the Illumina NovaSeq 6000 sequencer to generate 150bp paired-end 530 

reads. Data processing including quality control, read alignment (hg38), and gene quantification 531 

was conducted using the 10X Cell Ranger software. The samples were then merged into a single 532 
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expression matrix using the cellranger aggr pipeline. See Supplemental methods for information 533 

on cell clustering, cell-type annotation, ligand-receptor analysis, pseudotime-trajectory 534 

construction, and spatial transcriptomic analyses. 535 

 536 

Isolation of primary dermal fibroblasts 537 

HS fibroblasts were cultured from routinely excised chronic lesional skin at the Erasmus 538 

University Medical Center, Rotterdam, the Netherlands (Supplemental Table 1). Fibroblasts 539 

were obtained by dissecting and mincing the dermis from excised skin. Minced tissue was placed 540 

in DMEM (Lonza BioWhittaker®) containing 20% FBS (Gibco, V/V), L-Glutamine (mM), and 541 

Penicillin/Streptomycin (Lonza BioWhittaker®, 10.000U) and incubated in 5% CO2 at 37°C 542 

until fibroblast colony formation was observed. At 75-80% confluency, the fibroblasts were 543 

trypsinized with a Trypsin/EDTA solution (Cat No. CC-5012; Lonza), incubated at 37°C for 5–544 

10 minutes. Trypsin was blocked with DMEM containing 10% FBS and centrifuged at xxx for 545 

10 minutes at RT for subsequent subculture or cryopreservation. Cryopreserved HS FBs with 546 

passage numbers ≤3 were shipped to the University of Michigan and used for functional 547 

experiments. In addition, healthy donors were recruited from the Department of Dermatology of 548 

the University of Michigan and dermal fibroblasts were isolated from punch biopsies from the 549 

hip/buttock. Healthy controls were age and gender matched to the HS patients. Gene expression 550 

changes between healthy donor and HS fibroblasts were analyzed by quantitative PCR after total 551 

RNA was extracted using the RNA plus easy mini kit (QIAGEN) and cDNA was synthesized 552 

with the Applied Biosystems™ High-Capacity cDNA Reverse Transcription Kit. Quantitative 553 

PCR was performed in a 7900HT Fast Real-Time PCR System. 554 
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Fibroblast treatment and functional experiments 555 

Dermal fibroblasts from HS patients were treated with 10 µM of LATS kinase inhibitor 556 

TRULI/Lats-IN-1 (MedChenExpress HY-138489) or YAP/TEAD inhibitor verteporfin (Cayman 557 

Chemical 17334) 0.1- 10 µM for 48 to 72 hours. Additional 6-hour cytokine stimulations were 558 

performed using IL-1β (10ng/ml, 201-LB-005) and TNFα (10ng/ml, 210-TA-005). Gene 559 

expression changes in cells were performed by qPCR after total RNA was extracted using 560 

Direct-zol™ RNA MiniPrep Kit (Zymo Research R2052). Quantitative PCR was performed in a 561 

ViiA™ 7 Real-Time PCR System. Protein expression changes was monitored using Western 562 

blotting. After blocking, the blots were probed with antibodies against collagen I (COL1, 563 

ab6308) or αSMA (ab5694). For loading control, the blots were immunoblotted with antibodies 564 

against GAPDH (Cell Signaling #2118). Band quantification was performed using ImageJ (49). 565 

The IncuCyte® Live-Cell Imaging System was used to monitor cell proliferation or migration. 566 

After adding different treatments cells were monitored by IncuCyte®. Cell counts were analyzed 567 

by the IncuCyte® S3 Analysis software. Gel contraction assays was performed using the cell 568 

contraction kit from Cell Biolabs (CBA-201). 569 

 570 

Statistical analysis in vitro experiments 571 

For the in vitro experiments, normality was assessed using the Shapiro-Wilks test. To determine 572 

the differences between groups one-way ANOVA (post hoc Dunnett’s test) or Kruskal–Wallis 573 

tests (post hoc Dunn’s test) were performed For time curve experiments a repeated measures 574 

two-way ANOVA (with post hoc two-stage step-up method of Benjamini, Krieger and Yekutieli 575 

(50) to control the false discovery rate) were performed. All analyses were performed using 576 
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GraphPad Prism version 8 (GraphPad Software, Inc). Tests were two-sided and p-values of less 577 

than 0.05 were considered statistically significant.  578 

 

Study approval 579 

The study was approved by the University of Michigan institutional review board 580 

(HUM00174864), and all patients provided written, informed consent. 581 

 582 

Data availability 583 

The scRNAseq data discussed in this publication have been deposited in NCBI's Gene 584 

Expression Omnibus (GEO) and are accessible through GEO Series accession numbers  585 

GSE154775 and GSE173706 586 

(https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE154775; 587 

https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE173706). Data from other experiments 588 

and analyses used to generate the figures can be found in the “Supporting data values” XLS file. 589 
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Figure 1. Cell types observed in hidradenitis suppurativa lesional skin and their spatial locations.  717 

(A) UMAP plot showing 31,746 cells colored by cell types. (B) UMAP plot showing the cells colored by 718 

disease conditions. HS: hidradenitis suppurativa; NS: normal skin from healthy controls. (C) Bar chart 719 

showing the cell types as percentage component of disease. (D) Dot plot showing five representative 720 

marker genes for each cell type. The color scale represents the scaled expression average of each gene. 721 

The size of the dot represents the percentage of cells expressing each gene. (E) H & E staining of the 722 

biopsy used for spatial transcriptomics. (F) Spatial plot showing localization of keratinocytes, neutrophils, 723 

myeloid cells, fibroblasts, B cells, plasma cells, and endothelial cells superimposed on H&E slide. (G) 724 
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Spatial plot showing detection of COL1A1 (encoding Collagen 1A1), PTPRC (CD45), KRT1 (Keratin 1) 725 

and CDH5 (Cadherin 5) within HS lesional skin. (H) Immunohistochemistry showing the localization of 726 

proliferative keratinocytes (KRT16), neutrophils (NE; neutrophil elastase) T-cells (CD3), B cells (CD20), 727 

plasma cells (CD138), dendritic cells (CD11c), and endothelial cells (CD31) in HS lesional skin (patient 728 

HS1).  729 

 730 
Figure 2. Ligand-receptor interactions between cell types.  731 

(A) Heatmap showing the number of ligand-receptor pairs with a higher score in HS compared to NS among 732 

the cell types. Row, cell type expressing ligand; column, cell type expressing receptor. ML, myeloid cells; 733 

FB, fibroblasts; EC, endothelial cells; KC, keratinocytes; SMC, smooth muscle cells; MLNC, melanocytes; 734 

TC, T cells; Mast, mast cells; PLC, plasma cells; BC, B cells. (B-E) Circos plots showing cytokine and 735 
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growth factor ligand-receptor interactions with higher scores in HS compared with NS in which ligands are 736 

expressed by (B) myeloid cells, (C) keratinocytes, (D) fibroblasts, and (E) endothelial cellswith receptors 737 

expressed by other cell types. 738 

 739 

  740 
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 741 

Figure 3. Identification of myeloid cells and T cells subsets in HS lesional skin.  742 

(A) UMAP showing 689 myeloid cells colored by subtypes. (B) UMAP showing the cells colored by 743 

disease conditions. (C) Bar chart showing the subtypes as percentage component of disease. (D) Dot plot 744 

showing representative marker genes for each subtype. Color represents scaled expression; size of the dot 745 

represents the percentage of cells expressing the gene. (E) Immunohistochemistry showing myeloid cell 746 

subtype localization in HS lesional skin (patient HS1). (F) Bar chart showing enriched Gene Ontology 747 

Biological Processes in HS cDC2B cells, macrophages (G), and pDC (H); green, immune associated; blue, 748 

transcription related and other BPs. (I) UMAP showing 3985 T cells colored by subtypes. (J) UMAP 749 

showing T cells colored by disease conditions. (K) Bar chart showing the T cell subtypes as percentage 750 

component of disease. (L) Dot plot showing representative marker genes for T cell subtypes. Color 751 

represents scaled expression; size of the dot represents the percentage of cells expressing the gene. (M, N) 752 

Scatter plot showing the correlation between the level of expression of IL-17A (x-axis) and CD4 (M, 753 

ρ=0.03) or CD8A (N, ρ=0.01). (O) Scatter plot showing the correlation between the level of expression of 754 

IL-17A and IL-17F,  ρ=0.44, among T cells. 755 
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Figure 4. Activation and differentiation pathways of HS keratinocytes are driven by local cytokines. 

(A) UMAP plot showing 16,986 keratinocyte cells colored by maturation state. B; basal keratinocytes, S; 756 

spinous keratinocytes, SS; supraspinous keratinocytes (B) UMAP plot showing the keratinocytes colored 757 

by disease conditions. (C) Heatmap showing marker genes with the highest fold change for each subtype. 758 

HS; hidradenitis suppurativa, NS; healthy control. (D) Dot plot showing the top 15 differentially expressed 759 

genes comparing HS to NS in the basal (left), spinous (middle) and supraspinous (right) layer. The color 760 

scale represents the scaled expression, and the size of the dot represents the percentage of keratinocytes 761 

expressing of each gene. (E) Violin plot showing the cytokine module scores in the keratinocyte subtypes, 762 

split for HS (red) and NS (green). (F) Pseudotime trajectory colored by the subtype identity of HS 763 

keratinocytes. (G) Pseudotime trajectory colored by the pseudotime of the HS keratinocytes. Dark blue 764 

represents early, light blue represents late. (H) Scatter plot showing the correlation between upstream 765 

regulators for HS and NS keratinocytes. (I) Scatter plot showing the correlation between HS-derived 766 

keratinocyte pseudotimes and module scores for IL17A, IL22, IL1A, IL6 calculated using genes induced 767 

in cultured keratinocytes stimulated by individual cytokines. The color represents the pseudotime subtype 768 

identity of the cell. 769 
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 770 
 771 

Figure 5. Identification of HS-associated fibroblast subsets.  772 

(A) Trichrome staining of HS lesional skin (patient HS1); blue, collagen. (B) UMAP plot showing 4,459 773 

fibroblasts colored by subtypes: Secreted Frizzled Related Protein 2 (SFRP2+), Lymphocyte Specific 774 

Protein 1 (LSP1+). Collagen Type XI Alpha 1 Chain (COL11A1+), Receptor Activity Modifying Protein 1 775 

(RAMP1+), Secreted Frizzled Related Protein 4 (SFRP4+), C-X-C Motif Chemokine Ligand 13 (CXCL13+). 776 

(C) UMAP plot showing the cells colored by disease conditions. HS; hidradenitis suppurativa, NS; healthy 777 

control. (D) Dot plot showing the representative marker genes for each subtype. Color scale represents 778 

scaled expression, size of the dot represents the percentage of cells expressing the gene. (E) Bar chart 779 

showing the cell types as percentage component of disease. (F) Immunofluorescence showing the 780 

colocalization of CXCL13 with vimentin (fibroblasts) and to a lesser extent CD3 (T cells). (G) 781 

Immunohistochemistry showing FB subsets in HS lesional skin (patient HS1). (H) Dot plot showing the 782 

expression of collagen genes for each fibroblast subtype. Color scale represents scaled expression, size of 783 

the dot represents the percentage of cells expressing the gene. (I) ECM module score plotted using 784 

extracellular matrix pathway gene list from Gene Ontology, ECM; extracellular matrix. (J) Expression of 785 
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ACTA2 among fibroblast subtypes. (K) Circos plot showing the cytokine and chemokine interactions from 786 

the SFRP4+ and CXCL13+ fibroblasts with other cell types: PLC; plasma cells, ML; myeloid cells, BC; B 787 

cells, TC; T cells. (L) Dot plot showing the expression of cytokines and chemokines among the fibroblast 788 

subsets. (M) Circos plot representing the interactions of MMPs, collagens and laminins between the most 789 

prominent HS-associated cell subtypes: Mac; macrophage, EC4; endothelial cell subcluster 4, EC5; 790 

endothelial cell subcluster 5, cDC2B; conventional type 2 B dendritic cells, SMC6; smooth muscle cell 791 

subcluster 6. (N) Dot plot showing the expression of MMPs among the fibroblast subsets. 792 
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Figure 6. Expression of Hippo pathway genes their association with HS fibroblast pseudotime.  793 

(A) Percentage of FB subtypes expression Hippo pathway marker and target genes (B). (C) IHC showing 794 

localization of Hippo pathway marker genes (patient HS1). (D) Scatter plot showing the activation z scores 795 

of Hippo pathway marker genes and activated cytokine and growth factor upstream regulators (E) as 796 

upstream regulators for the SFRP4+ and CXCL13+ FBs. (F) Pseudotime trajectory of HS SFRP2+, SFRP4+ 797 

and CXCL13+ FBs colored by the pseudotime; dark blue representing early, light blue representing late 798 

pseudotime. (G) Pseudotime trajectory colored by the pseudotime subcluster of the FBs. (H) Pseudotime 799 

trajectory colored by the subtype identity of HS FBs (I) Scatter plot showing the correlation between the 800 

FB pseudotimes and module scores for previously identified upstream regulators and Hippo pathway 801 

associated genes (J). The color represents the pseudotime subcluster identity of the cell. 802 

 803 

 804 

 805 
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806 
Figure 7. Modulation of the Hippo pathway in primary HS fibroblasts. 807 

(A) Illustration of Hippo pathway, created with Biorender.com. (B) Quantitative PCR results showing the 808 

effect of TRULI or verteporfin (both 10 μM) on ACTA2, COL1A1, and CTGF expression in HS fibroblasts 809 

(n=5; * p<0.05, **** p<0.0001; mean ± SD; ANOVA/Kruskal-Wallis Test). (C) Effect of TRULI or 810 

verteporfin (both 10 μM) on smooth muscle actin (SMA) and collagen I  levels in HS fibroblasts by Western 811 

blotting. n=5; *p<0.05; mean ± SD; Kruskal-Wallis Test (collagen I) / ANOVA (SMA). (D) Verteporfin 812 

blocked gel contraction in HS fibroblasts. Data normalized to the corresponding NT (untreated) group. n=5 813 

* p<0.05; mean ± SD. (E) TRULI significantly increased cell proliferation while verteporfin dose-814 

dependently blocked cell growth among HS fibroblasts (n=3; *p<0.05,***p<0.0001; mean ± SEM; two 815 

way repeated measures ANOVA ). Same NT group shown in both panels. Cell proliferation was monitored 816 

by analyzing the occupied area by cells over time, using the IncuCyte® S3 Analysis software. (F) 817 

Verteporfin showed a dose-dependent reduction in cell migration of HS fibroblasts (n=3; 818 

**p<0.01,***p<0.001; mean ± SEM; two way repeated measures ANOVA). Same NT group shown in both 819 

panels. (G) Expression of cytokines and chemokines, among untreated (NT), IL-1β (10ng/ml) and TNFα 820 
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(10ng/ml) stimulated primary HS fibroblasts treated with or without TRULI or verteporfin treated (n=5; 821 

p<0.05,**p<0.01,***p<0.001; mean ± SD; one way repeated measures ANOVA). 822 

  823 
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824 
Figure 8. Ligand-receptor analysis reveals cell subtype specific networks in HS lesional skin. 825 

(A) Heatmap showing the number of ligand-receptor pairs with a higher score in HS compared to NS among 826 

the previously identified cell subtypes. The ligands were expressed by the cell types in the row, and the 827 

receptors were expressed by the cell types in the column. The color scale represents the number of ligand 828 

receptor pairs. (B) Connectome web showing ligand-receptor interactions between all identified cell 829 

subsets. Thickness of the line indicates the number of interactions. (C) Dot plot showing selected ligand-830 

interactions between the five most contributing cell subtypes. The color scale represents the scaled 831 

expression of the gene. The size of the dot represents the percentage of cells expressing the gene of interest, 832 

lines link the ligands to receptors. 833 
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