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Abstract

Background: Hidradenitis Suppurativa (HS), also known as acne inversa, is a chronic, painful, 

burdensome inflammatory disease manifesting in nodules and abscesses with progression to 

chronically draining tunnels in later-stage disease.

Objective: We sought to determine whether HS tunnels are immunologically active participants 

in disease activity.

Methods: Skin biopsy specimens were obtained using ultrasound guidance in untreated HS 

patients and those enrolled in an open-label study of Brodalumab, NCT03960268, for patients 

with moderate to severe HS.

Results: Immunohistochemistry of HS biopsies demonstrated that the epithelialized HS tunnels 

recapitulate the psoriasiform epidermal hyperplasia morphology of the overlying epidermis, 

displaying molecular inflammation including S100A7 (psoriasin) positivity, as well as features of 

epidermal skin including loricrin, filaggrin, lipocalin-2 and Melan-A positive cells. Tunnels were 

associated with increased infiltration of T cells, dendritic cells and neutrophils, formation of 

neutrophil extracellular traps (NETs), and increased expression of psoriasiform pro-inflammatory 

cytokines. Unsupervised hierarchical clustering demonstrated a separation of HS samples based on 

the presence or absence of tunnels. Tunnels isolated by microdissection had higher levels of 
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epithelial-derived inflammatory cytokines compared to the overlying epidermis and healthy 

controls. Clinically, the size and draining of the tunnels were decreased with treatment with 

IL-17RA antagonist Brodalumab.

Conclusion: This data suggests that tunnels are a source of inflammation in HS.

Graphical Abstract

Capsule Summary:

Dermal tunnels in Hidradenitis Suppurativa are active mediators of cutaneous inflammation. 

Clinical blockade of the IL-17 signaling pathway with Brodalumab decreased tunnel size and 

inflammation within the tunnels.
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Introduction

Hidradenitis Suppurativa (HS), also known as acne inversa, is a highly burdensome 

inflammatory disease manifesting in painful recurrent nodules and abscesses as well as 

chronically draining tunnels in more advanced (Hurley Stage 2/3) disease (1, 2). HS is 

associated with high morbidity, with patients suffering from anxiety, depression, sexual 

dysfunction, and overall lower quality of life compared to other dermatologic conditions (3, 

4). Current treatments of HS range include surgical resection (with high rates of recurrence), 

antibiotics, as well as Adalimumab, the only FDA-approved biologic for HS targeting tumor 

necrosis factor α (TNF-α).

Despite being a global disease, with prevalence ranging between 0.028% and 4%, the 

understanding of the pathogenic mechanisms of HS remains incomplete (5–10). For one, 

animal models of HS demonstrate multiple barriers to high fidelity reconstruction of human 

disease (11–13). In addition, HS research is complicated by the heterogeneous morphology 

of the disease. Compared to other inflammatory dermatoses such as atopic dermatitis and 

psoriasis, HS has multiple morphological manifestations associated with active 

inflammation, from superficial nodules and deep abscesses to persistent draining tunnels 

(14, 15). Wide variation in specific cytokine levels between different studies suggests that 
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the diverse morphological manifestations of HS may be governed by different inflammatory 

pathways (16). Therefore, in order to investigate variation in pathologic mechanisms 

between different morphological structures in HS, investigations must rely upon 

translational human studies.

Dermal tunnels (also known as sinus tracts or fistulae) are structures unique to HS, and have 

not been identified in any other inflammatory systemic skin disease (17). Tunnels cause 

significant pain and morbidity (1, 18) via chronic, malodorous discharge, and are predictors 

of poor response to existing medical therapies including Adalimumab (1, 19). Furthermore, 

it has been suggested that the presence of tunnels is associated with a more aggressive 

course of Hurley Stage 3 disease (20). Tunnels have traditionally been considered an end-

stage fibrotic product of dermal inflammation with no known contributions to inflammation 

in HS (10, 17, 21, 22). This is despite existing evidence of stratified squamous tunnel 

epithelium similar to the overlying epidermis (23) and the active inflammatory 

characteristics of the tunnel-associated Infiltrative Proliferative Gelatinous Mass (IPGM) 

(24, 25). The IPGM is an opaque white, reddish or violaceous jelly- like material found in 

the lumen of HS tunnels, which contains a mixed population of CD45+ inflammatory cells, 

neutrophils, macrophages and T-helper cells as well as elevations of IL8, IL-16, IL-1ɑ and 

IL1-β (25). These features mirror the inflammatory characteristics of the dermal 

compartment in HS lesions (16, 26) suggesting a role for tunnels as active mediators of 

inflammation. However, the precise mechanism of IPGM formation, as well as the cellular 

and molecular characteristics of HS tunnels remain incompletely described and their 

potential contributions to inflammation in the disease unclear.

Here, we analyze specimens from HS patients with and without tunnels, and report that 

dermal tunnels contribute to inflammation, and are not just an inactive end-stage feature of 

the disease. We demonstrate that HS tunnels are associated with increased levels of 

inflammatory infiltration and proinflammatory cytokines compared to samples without 

tunnels, and healthy controls. We establish the potential role of tunnels in HS clinical 

pathology by blocking IL-17 signaling with IL-17RA antagonist, Brodalumab, and 

demonstrating a decrease in tunnel diameter and drainage.

Methods

Study Cohort:

All data and sample collections were performed in line with a protocol approved by the 

Rockefeller University Institutional Review Board in line with the Declaration of Helsinki. 

Patients were enrolled from a prospective, single center clinical trial (clinicaltrials.gov 

identifier NCT03960268). Only patients with HS as confirmed by clinical diagnosis by an 

attending dermatologist were included in the study. All patients underwent a washout period 

of at least five half-lives from previous treatment prior to inclusion in the study. Patients 

under the age of 18 were excluded. Informed consent was obtained, and all questions were 

answered. We performed Doppler ultrasonography on suspected tunnels, where HS tunnels 

were defined as hypodermal anechoic or hypoechoic bands [11]. Ultrasound-guided punch 

biopsies of HS skin with tunnels and HS skin without tunnels from each patient were 
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obtained by an experienced attending dermatologist (J.W.F.) in a previously described and 

validated approach (27).

Collection of tissue samples:

Patients with Hurley Stage 2 and Stage 3 were offered the option to participate in the study. 

Clinical examination, photography, lesional ultrasonography and skin biopsies were taken 

from untreated patients (n=22) [14]. Visual assessment of the patient was performed by an 

attending dermatologist. Tunnels were identified using ultrasound as previously described 

[11]. Multichannel color power Doppler ultrasound (General Electric Health Systems) with a 

multifrequency linear (13MHz-22MHz) probe was utilized. The tunnels were examined at a 

minimum of two perpendicular axes to assess both long and short tunnel axes. HS skin 

containing tunnels and lesional skin without tunnels was collected from each patient. BMI-

and site-matched healthy volunteers were included in the study (n=9). Each sample that was 

collected was bisected in half, with half embedded in optimal cutting temperature (OCT) 

and the other half frozen in RNAlater until extraction.

Immunohistochemistry and quantitative cell counting:

Immunohistochemistry (IHC) was performed on frozen OCT-embedded cryostat tissues 

according to previously published protocols (28–30). In summary, frozen skin biopsies were 

dried and fixed in acetone for 3 minutes. Samples were blocked in 10% normal serum 

corresponding to the species the antibody was produced. Samples were incubated overnight 

in primary antibody in 4°C, washed, and blocked in corresponding biotinylated secondary 

antibody at RT for 30 minutes (Vector Laboratories, Burlingame, Ca). Signal was developed 

using Chromogen 3-amino-9ethylcarbazole (AEC, Sigma-Aldrich, Burlington, MA). 

Antibodies utilized in the study are listed in Online Repository Table E2. Shandon eosin 

(Fisher Scientific) was used to perform H&E. Epidermal thickness, area and number of 

positive cells per mm2 of epidermis and dermis was counted manually using image analysis 

software (ImageJ, V1.42; National Institute of Health, Bethesda, MD). While multiple 

patient samples were stained, a representative image is shown in each IHC figure.

Quantitative Real-Time PCR:

RNA from frozen skin biopsies was isolated using the miRNAeasy Mini kit (Qiagen). DNA 

was removed using on-column DNase digestion by the Qiagen RNase-free DNase Set 

(Qiagen). A subset of biopsies (n=8) confirmed to include epithelialized tunnels were 

bisected for transcriptomic profiling of overlying epidermis versus epithelialized tunnels. 

Expression was normalized to hARP housekeeping gene. Since tunnels are of variable sizes, 

the signal was normalized to the total amount of RNA extracted in order to accurately 

compare mRNA signal between HS tunnels and the overlying epidermis. Primers were 

generated and are listed in Online Repository Table E3. Taqman low-density array (TLDA) 

cards were utilized for larger analysis. Probe set selection criteria was previously reported 

(30) and data was normalized to housekeeping RPLP0 gene.

Navrazhina et al. Page 4

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Statistical Analysis

All statistical analysis was performed in R (R-project.org; R Foundation, Vienna, Austria) 

and using packages available through the Bioconductor project (www.bioconductor.org). 

Immunohistochemical (IHC) markers were compared between HS biopsies with and without 

tunnels versus healthy controls. Total counts were performed using least squared means of 

IHC cell counts, with P values (significance level 0.05). qRT-PCR/TLDA (hARP 

normalized) were compared between HS biopsies with/without tunnel vs. non-lesional tissue 

with a mixed-effect model. Comparison was performed using least squared means of log2-

transformed hARP normalized TLDA but adding a NL tissue and its interaction with time as 

a fixed-factor. Hierarchical clustering was performed upon log2-transformed hARP 

normalized TLDA with Euclidean distance and a McQuitty agglomeration scheme. RT-PCR 

expression was analyzed between HS epidermis vs. dermis and healthy controls. 

Comparison was performed using least squared means of log2-transformed hARP 

normalized qRT-PCR Sonographic epidermal thickness and tunnel diameter and dermal 

doppler intensity has been assessed by estimating a mixed-effect model with random 

intercept for each patient and different set of fixed factors in any case. Comparisons between 

groups were made for weeks 4, 12 and 24 as compared to baseline. All hypotheses and 

testing have been conducted with contrasts under the general framework for linear models. P 

values from t-tests were adjusted for multiple hypotheses using the Benjamini–Hochberg 

procedure.

Results

Dermal HS tunnels are clinically occult structures, but can be clearly identified 
sonographically and histologically

A total of 22 patients were included in this study, and 9 site-matched healthy volunteer 

controls (Fig. S1). HS lesional skin was examined. Visual assessment of the clinical 

appearance of tunnels in the gluteal (Fig. 1a), axillary (Fig. 1B + 1D) and submammary (Fig. 

1C) regions; with more severe (Hurley Stage 3 disease: Fig. 1B/Fig. 1D) demonstrated 

hypertrophic scarring and dermal retraction of the superficial skin into linear cords (Fig. 

1D). Clinically, however, dermal tunnels in HS could only be detected by their superficial 

ostia in areas of active disease, posing challenges in locating tunnels (white arrows, Fig. 1A–

D). We therefore elected to utilize sonographic assessment to identify clinically appearing 

tunnels for biopsies (Fig. S1A). Under sonographic assessment, parallel hyper echoic linear 

bands were identified (Fig. 1E–H). These appear similar to the hyperechoic linear band of 

the overlying epidermis and correlate on histology to the presence of stratified squamous 

epithelial structures in the deep dermis (Fig. 1I–L). Histopathologic analysis of affected skin 

samples by hematoxylin and eosin (H&E) staining demonstrated the presence of deep 

dermal tunnels (Fig. 1I–L).

The epithelium of dermal tunnels recapitulates the structure of the overlying epidermis.

HS epidermis has been previously characterized histologically by epidermal hyperplasia (16, 

29, 31, 32). Consistent with this, we observed a thickened epithelium with epidermal 

psoriasiform hyperplasia in HS lesional skin (Fig. 2A). Previous studies have shown that 

tunnels may be lined by squamous epithelium (23). Histological analysis of HS tunnels by 
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H&E staining demonstrated that tunnels are characterized by a contiguous interconnected 

cylinder of keratinocytes with a central lumen (Fig. 2A, “L” denotes Lumen). The more 

basal portions of the tunnel demonstrate interconnected rete ridges with features similar to 

the overlying psoriasiform epidermis. Intermittent loss of nuclear hemotoxin staining and the 

development of a glassy appearance along with an eosin-staining hyperkeratosis was seen in 

the luminal portions of the epithelium. These features were all suggestive of a keratinocyte-

based epithelial structure with progressive differentiation in line with what is seen in the 

epidermis.

Given that histologically the epidermis of HS samples displayed psoriasiform-like 

hyperplasia, and that tunnels are epithelial in nature, we compared the immunohistochemical 

staining of the tunnel epithelium to markers of known positivity in the psoriasiform 

epidermis and hair follicle keratinocytes (Fig. 2). Within the tunnels, basal and suprabasal 

keratinocytes were discernible but no equivalent of the stratum granulosum or stratum 

spinosum was evident. Comparison to healthy unaffected skin demonstrated a significant 

elevation in S100A7 across the luminal third portion of the epidermis comparable to the 

intense granular layer staining in the overlying psoriasiform epidermis (Fig. 2B). Keratin 16 

staining was identified throughout the entirety of the tunnel epithelium whereas normal and 

psoriasiform epidermis had concentration in the basal (and less so suprabasal) keratinocytes 

(Fig. 2C). This indication of ongoing keratinocyte hyperplasia was corroborated by 

increased Ki67 positive staining in the basal layer of the tunnel epithelia comparable with 

the overlying psoriasiform epidermis (Fig. 2D). Taken together, positive staining to S100A7 

(Fig. 2B), Keratin 16 (Fig. 2C) and Ki67 (Fig. 2D) confirmed the epithelial structures to be 

composed of actively proliferating keratinocytes.

Filaggrin and loricrin, both essential components of the cornification of the epidermis, 

demonstrated different staining patterns in tunnels compared to overlying epidermis or 

healthy controls. Filaggrin staining (Fig. 2E) was inconsistent but localized to the luminal 

epithelium with slightly less intensity whereas loricrin staining was in line with staining in 

the overlying psoriasiform epidermis. (Fig. 2F). This suggests an intact keratinocyte 

differentiation program consistent with differentiation in the overlying epidermis.

We then asked whether tunnels contained other cellular components of skin. Trichohyalin 

was absent from healthy controls and overlying epidermal keratinocytes but was 

intermittently positive in the tunnel epithelia (Fig. 2G). No evidence of follicular 

morphology was evident across the sections examined. Melanocytes were identified in the 

basal layer of HS tunnels by Melan A (Fig. 2H) and c-Kit (Fig. 2I) as well as dermal mast 

cells c-Kit (Fig. 2H). Intraepithelial melanocyte cell populations were of comparable density 

to that seen in the overlying psoriasiform epidermis (Fig. 2H). Tunnels had increased 

staining of Lipocalin-2, previously associated as a marker of IL-17 activated keratinocytes 

(Fig. 2J) (33). These results indicate that the morphological structure of dermal tunnels 

recapitulate the structure of the overlying psoriasiform epidermis, with the exception of 

intermittent trichohyalin staining and incomplete intermittent staining of components of the 

cornified envelope. We termed the morphological characteristics of the tunnels as 

demonstrating a “pseudo-psoriasiform” pattern reflecting the similarities in the overlying 

epidermis.

Navrazhina et al. Page 6

J Allergy Clin Immunol. Author manuscript; available in PMC 2022 June 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



HS Tunnels have increased inflammatory infiltration compared to the overlying superficial 
epidermis.

Given that histologically, the tunnels recapitulate the structure of the overlying epidermis of 

HS skin, we asked whether tunnels are also immunologically active. First, we inquired as to 

whether the normal pro-inflammatory functions of epithelial keratinocytes are also intact in 

HS tunnels. IL-36γ tract staining was highly positive in the dermal tracts (Fig. S2B). We 

then evaluated the potential for inflammatory leukocyte signaling and migration toward 

epithelialized tunnels in HS. Immunohistochemical analysis demonstrated an increased T 

cell (CD3+), Dendritic Cell (CD11c+) and Neutrophil (NE+) infiltration in HS samples 

compared to site-matched healthy controls (Fig. 3A). Clusters of CD3+, CD11C+ and NE+ 

cells were evident surrounding dermal cells (Fig. 3A). When HS samples were subdivided 

by the presence or absence of dermal tunnels (Fig. 3B), a significantly greater number of 

CD3+, CD11c+ and NE+ cells were present in samples containing tunnels compared to 

samples without tunnels (p<0.001 for CD3+ and CD11c+, and P<0.05 for NE+ cells). We 

then asked which region of the skin was contributing to the differences in inflammatory 

infiltration. There was no difference in density of inflammatory infiltrates in the epidermis 

and superficial dermis, however, there was a statistically significant difference in the density 

of inflammatory infiltration between the deep dermis and the tunnel (P<0.001) (Fig. 3C). 

Staining with CD177 (a neutrophil activation marker) demonstrated recruitment and 

transmigration of neutrophils towards the tunnel lumen (Fig. S2D, width of black triangle 

depicting gradient). A variable CXCL1 gradient with increasing CXCL1 levels towards the 

tunnel lumen was observed (width of black triangle indicating the gradient) (Fig. S2E, S3). 

CXCL8 was also positive throughout the tunnel epithelium although the gradient was less 

well-defined (Fig. S2F, S4). It was previously shown that neutrophils are able to form web-

like neutrophil extracellular traps (NETs) following exposure to microbes (34–37), and that 

neutrophils in HS are primed to form NETs (36). Within the epithelialized tracts, nests of 

neutrophils were observed, with a dense concentration at the epithelial border of the lumen 

(Fig. 3D). Consistent with this, we observed a strong infiltration of neutrophils in the tunnel 

lumen with formation of NETs, marked by strong NE staining (Fig. S5). Taken together, this 

data suggest that the ancillary nidus of inflammatory tissue surrounding the epithelized 

tunnel has at least an equal inflammatory infiltration than the superficial dermis, which has 

traditionally been considered the center of inflammation in the disease.

Gene expression profiling identifies HS clusters based on the presence or absence of 
tunnels

Having established the pro-inflammatory associations of epithelialized tunnels, we sought to 

explore the molecular profile of HS tissue by TaqMan Low Density Array (TLDA) analysis. 

Unsupervised hierarchical clustering demonstrated that HS lesional skin clustered away 

from HS non-lesional skin, and lesional skin clustered separately based on the presence or 

absence of epithelialized tunnels on histological sections (Fig. 4A). Results are shown as a 

heatmap, with fold changes (FCH) relative to nonlesional skin (NL) (Fig. 4B). Multiple pro-

inflammatory factors were upregulated in both tunnel and non-tunnel specimens when 

compared to non-lesional skin, however the degree of elevation was much more pronounced 

in tunnel samples then non-tunnel samples (Fig. 4B).
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Genes that demonstrated a greater upregulation in tunnel compared to non-tunnel samples 

included keratinocyte-derived factors (S100A7, S100A8, S100A9, LCN2); antimicrobial 

factors (DEFB4, IL-26); cytokines and chemokines promoting neutrophil chemotaxis 

(CXCL1, CXCL8), pro inflammatory cytokines (IL1β, GZMB, TNFRSF4, IL6, IL12B, 

IL36α), neutrophil associated factors (NCF1C, CD177) and B-cell associated cytokines and 

chemokines (CD79A, TNFRSF13B, IL20). The elevation of keratinocyte derived factors is 

consistent with the epithelized nature of the tunnels. Anti-inflammatory mediators including 

IL37 and MIF were downregulated in tunnel specimens compared to non-tunnel specimens. 

Increased expression of CD38, CD79A, GZMA, HLADOB, IL26, JCHAIN, LCK, S100A9, 

and TNFRS17 with decreased expression levels of CCL17 and IL37 mRNA were observed 

as statistically significant between samples with and without tunnels. Taken together, there 

was a trend towards a greater upregulation of pro-inflammatory genes and decreased 

expression of anti-inflammatory genes in tunnel specimens compared to non-tunnel 

specimens. The neutrophilic signature in TLDA associated with tunnel samples was 

confirmed using RT-PCR on lesional HS tissue (Fig. 4C). There was a statistically 

significant increase in epithelial-derived CXCL1 (40.01-fold) and CXCL8 (46.75-fold), 

CD177 (activated neutrophil marker, 3.78-fold), CSF3 (driver of increased production of 

neutrophils, 19.61-fold) (38), DEFB4B (a neutrophil-associated defensin peptide, 33.82-

fold), IL-36α (64.09-fold) as well as Keratin 6C (44.54-fold) and Keratin-13 (33.82-fold) in 

samples with tunnels compared to samples without tunnels. This data suggests that samples 

with epithelialized tunnels have a unique inflammatory profile compared to samples without 

tunnels.

Epithelialized tunnels produce high levels of pro-inflammatory cytokine mRNA

Based on whole-tissue analysis, it is challenging to discern whether the increase in 

inflammatory profile of samples with tunnels is due direct inflammatory contribution of 

tunnels, or an indirect pathway of tunnels stimulating the overlying epidermis. To address 

the relative contributions of epithelialized tunnels and superficial epidermis/dermis towards 

inflammation in HS tissue, we bisected HS specimens containing tunnels (confirmed 

histologically) to isolate the superficial epidermis and superficial dermis from the deep 

dermis and epithelialized tunnels. RT-PCR of HS epidermis (and superficial dermis) and HS 

Dermis (containing epithelialized tunnels) was performed to assess HS-associated 

inflammatory cytokines, demonstrating higher levels keratinocyte-derived pro-inflammatory 

mRNA in HS samples with tunnels compared to healthy controls (Fig. 5A). Given the 

different sizes of tunnels (as evident in Fig. 1I–L, Fig. S3–S4), we normalized expression 

values relative to the amount of total RNA extracted (Fig. 5B). We detected significant 

elevations of CXCL8 (27.66-fold), IL-36α (7.4-fold), IL-17A (8.83-fold), IL-17C (4.57-

fold), IL-17F (7.93-fold) in HS dermis with tunnels compared to the overlying epidermis 

(Fig. 5B–D). Elevations of IL-17C in both the epidermis and tunnel were confirmed by 

immunohistochemistry. (Fig. 5C). The high levels of inflammatory and epithelial-derived 

cytokine mRNA detected in both the epidermis and dermal tunnels, as well as increased 

expression of pro-inflammatory cytokine mRNA in tunnels relative to the epidermis, 

suggests that tunnels may contribute to inflammation in HS.
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IL-17RA blockade with Brodalumab decreases tunnel size and drainage in patients

Treatment with IL-17RA antagonist Brodalumab at a dose of 210mg/1.5mL subcutaneously 

every 2-weeks has been demonstrated to ameliorate the clinical manifestations of disease 

(39). The impact of biologic therapy on HS tunnels has not been studied. We asked whether 

tunnels can be modulated therapeutically. Throughout this trial, Doppler ultrasonography of 

HS skin was performed at Baseline, Week 4, Week 12 and Week 24. We analyzed the tunnel 

size and inflammation (as measured by Doppler intensity) prior and following treatment 

with Brodalumab. In the baseline reading, a wide lumen of the tunnel (white arrow) and 

major Doppler signal is evident within the deep dermal tunnels but not the epidermis (Fig. 

5E). Following treatment, the tunnel wall thickness as well as the tunnel diameter was 

significantly decreased following treatment (p<0.001) (Fig.5E–G). There was also less 

power Doppler intensity following treatment, suggesting that tunnels displayed less 

inflammation with IL17-RA blockade (p<0.001) (Fig. 5H).

Discussion

Dermal tunnels are structures unique to HS, however, whether they are merely an end-stage 

feature of the disease or are an active inflammatory component has remained unanswered. 

We characterize and report that dermal HS tunnels recapitulate the structure of the overlying 

epidermis. Tunnels are immunologically active and contribute to inflammation in HS. HS 

samples with tunnels have a distinct molecular profile compared to HS samples without 

tunnels. By isolating tunnels from the overlying epidermis by microdissection, we 

demonstrate significantly higher levels of epithelial-derived and pro-inflammatory cytokine 

mRNA in HS tunnels compared to the overlying epidermis and healthy controls. 

Furthermore, we show that the HS tunnels are at least in part dependent on IL-17 signaling, 

with tunnel diameter and drainage clinically decreasing in patients treated with IL17-RA 

antagonist Brodalumab.

HS is mediated by a complex milieu of inflammatory pathways and the precise pathogenesis 

of disease is not understood. The Th17 axis (including IL-17 isoforms) is considered a 

central feature of inflammation in the disease and has been previously characterized in HS 

tissues (29, 40). Cutaneous IL-17 signaling recruits neutrophils and enables their survival as 

well as producing a myriad of IL-17-induced inflammatory mediators including CXCL 

chemokines, Lipocalin-2 and cathelicidin (41, 42) (Fig. 2J, Fig. S2D–E). Furthermore, 

IL-17-derived IL-22 mediates proinflammatory effects upon keratinocytes, leading to 

epidermal acanthosis and hyperproliferation - features seen in both psoriasis and HS (43). 

Additionally, apocrine-gland-rich skin, which is a common predilection site for HS, has an 

enhanced non-inflammatory IL-17 signature, which may partially explain the disease 

predilection in these anatomical regions (44). We recently published the first report of 

IL-17C in HS tissue samples (29). In this manuscript, demonstrate that epithelialized tunnels 

also express IL-17C. We show that the abundance of IL-17C and IL-36 in tunnel 

keratinocytes likely leads to increased expression of proinflammatory cytokines and 

chemokines including CXCL1 and CXCL8, which are potent neutrophil chemoattractants. 

The increasing CD177 gradient towards the lumen of the tunnels as well as formation of 

NETs within tunnel lumen and tunnel wall epithelium further suggests that neutrophils are 
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activated in tunnels and are being actively recruited with transmigration towards the lumen 

of the tunnels. Furthermore, granulocyte colony-stimulating factor (CSF3) mRNA, a 

cytokine involved in neutrophil production and release (38), is elevated in tunnel compared 

to non-tunnel samples, further giving credence to the role of neutrophilic activity in HS 

tunnel pathogenesis. Given the high levels of IL-17C in pustular psoriasis, and the 

neutrophilic nature of HS, parallels between the two diseases need to be explored in the 

future.

Quantitative immunohistochemistry allowed us to assess the association of the mixed 

inflammatory cellular infiltrates with epithelialized tunnels as compared to the overlying 

epidermis. HS samples with tunnels demonstrated greater numbers and densities of CD3+ 

CD11c+ and NE+ cells with the greatest change in density surrounding the epithelialized 

tunnels during the process of transepithelial migration. Active NETosis was also seen 

surrounding these tunnels to a greater degree than the overlying epidermis. The histone 

scaffolds associated with NETs have been identified as components of the IPGM and 

thought to be due to the presence of bacterial biofilms in tunnel lumen (25, 36). Our 

immunohistochemical findings provide observational evidence to support epithelialized 

tunnels as the source of the IPGM. The CXCL1 and CXCL8 trans-epithelial gradient in 

tunnel epithelium may drive the migration of activated neutrophils into the tunnel lumen 

(Fig. S2D–E, Fig. 5C, Fig. S3–4). This is further supported by neutrophil activation and 

transmigration marker, CD177 (Fig. S2D). Additionally, CXCL8 can induce the process of 

NETosis (36). This trans-epithelial trafficking may occur either in the presence (or absence) 

of a co-existing luminal biofilm. These results provide a potential mechanism for IPGM 

development independent of microbial biofilms (2).

Unsupervised hierarchical clustering demonstrate that samples with tunnels clustered 

separately from samples without tunnels and non-lesional tissue. The molecular signature of 

tunnels was significantly enhanced for keratinocyte derived inflammatory mediators 

previously implicated in the pathogenesis of HS including CXCL1, CXCL8, DEFB4B. 

Additionally, B cell associated factors, (IL-20, JCHAIN) were only significantly upregulated 

in tunnel biopsies and not non-tunnel biopsies. This supports the results of Byrd et al (36) 

regarding the role of B cells in the disease, but identifies that strong B cells signals may only 

be associated in severe, tunnel-associated disease (which was the subset of disease which 

Byrd et al examined). This differential immunological profile based upon the presence or 

absence of tunnels in HS may explain the wide variability in tissue cytokine levels seen in 

the disease (16), as stratification by disease severity and/or morphological structures has not 

routinely been performed (45).

Our investigations have characterized the structural and immunological characteristics of 

epithelialized tunnels in HS lesions. Contrary to the previous pathogenic paradigm of the 

disease, tunnels are not merely inert, fibrotic, end-stage results of chronic inflammation (21). 

We have illustrated that epithelialized tunnels recapitulate the structure of the overlying 

epidermis, containing not only keratinocytes but also melanocytes and Langerhans cells 

(Fig. 2). Additionally, tunnel epithelium demonstrates pseudo-psoriasiform hyperplasia and 

presence of a keratinocyte differentiation program similar to that seen in the overlying 

epidermis (Fig. 2). Positive intermittent trichohyalin staining was one discrepancy seen, 
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which is consistent with previous data of alteration in epithelial and follicular keratinocyte 

differentiation identified in transcriptomic data (46). Trichohyalin staining may also be an 

indicator of the origin of these tunnels given the extruding keratinocyte response seen on the 

outer root sheath of intact hair follicles (31, 32). However, other epithelial sources such as 

eccrine and apocrine glands and ducts would also have the potential to switch cell fate in the 

same way as cells of the follicular outer root sheath (47–49). Additionally, it is unclear 

whether epithelial-mesenchymal transition mechanisms may be involved as part of an 

aberrant wound healing mechanisms as suggested in transcriptomics data of HS lesions (50). 

Further mechanistic enquiry would be necessary in order to faithfully ascertain the source of 

the cells comprising the tunnel epithelium to answer this question.

The strong Th17 inflammatory signature seen in specimens with epithelialized tunnels (and 

in the microdissected specimens containing epithelialized tunnels) suggests that tunnels may 

be involved in a Th17-mediated inflammation in a similar way to superficial epithelium in 

HS (26, 29) and Psoriasis Vulgaris (51). This is further supported by the strong CXCL8 

signatures in bisected specimens. Although CXCL8 is produced by mononuclear phagocytic 

cells, as well as fibroblasts and epithelial cells, confirmatory CXCL8 staining identified a 

positive staining associated with the tunnel epithelium rather than dermal inflammatory cell 

infiltrates. Importantly, our data demonstrates that HS tunnels may be therapeutically 

targetable inflammatory structures. Treatment with IL-17RA antagonist Brodalumab, which 

effectively blocks the activity of all IL-17 isoforms, reduced the draining (as measured by 

Doppler intensity), wall thickness, and the tunnel diameter in our clinical trial. HS research 

is hindered by the lack of animal models of HS and the limitations to in vitro approaches to 

modeling disease (52). While the limitation of our data is that it cannot discern whether 

blockade of IL-17 signaling pathway has a direct or an indirect effect on tunnels, this data 

provides the first insight that tunnels are associated with IL-17 signaling.

Redefining tunnels as immunologically active structures has direct clinical relevance. Here, 

we demonstrate that that patient samples with dermal tunnels demonstrate significantly 

greater inflammatory burden than those without dermal tunnels. In a given volume of a 

biopsy specimen, the epithelialized tunnels produced at least the same amount of pro-

inflammatory mediators as the superficial epidermis. Therefore, the presence of tunnels will 

effectively double the level of inflammation within a defined volume of skin tissue. The 

presence of tunnels has been recently associated with a significantly decreased odds of 

achieving clinical response in a re-analysis of the Phase 3 clinical trials of Adalimumab in 

HS (53). Our presented data provides a molecular explanation behind this clinical 

observation of decreased odds of clinical response in the setting of tunnels. Standard dosing 

of HS therapies may successfully suppress epidermal inflammation (in the absence of 

tunnels), but may be insufficient for the significantly increased level of inflammation 

associated with tunnels (53). Additionally, the Th17 feed-forward inflammatory loop driven 

by epithelium (both superficial and tunnel-associated) may reduce the likelihood of adequate 

inflammatory suppression with TNFα blockade alone. It is possible that the response of the 

subcutaneous nodules to TNFα blockade and not the tunnels suggests that the cellular 

migration to and across tunnel epithelium is more dependent on IL-17 signaling rather than 

TNF-a signaling. Changes in inflammation and thickness of the tunnel wall demonstrate that 

IL-17 pathway blockade may mediate tunnel activity. We previously reported a decrease in 
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the number of total number of nodules and abscesses in response to IL-17RA blockade, 

suggesting the role of IL-17 signaling in multiple HS manifestations (39). As surface 

drainage of pus secretions from tunnel ostia is significantly ablated by Brodalumab 

treatment (39), this suggests that cellular trafficking into the lumen of dermal tunnels may be 

a potential mechanism promoting purulent drainage. However, it is unknown whether these 

tunnels are able to be completely resolved by medical therapy alone. Currently- the opinion 

is that only surgery can remove these structures due to their epithelialized nature. Given that 

surgery has a high recurrence rates in HS patients and tends to be disfiguring thus leading to 

lower quality of life, novel therapies for HS are urgently needed. Furthermore, it has been 

suggested that HS is a progressive disease, with a diagnostic delay leading to an increased 

severity at presentation. Our study uncovers a novel avenue for exploring the role of biologic 

therapy at an earlier stage of disease in order to prevent the progression to a more advanced 

stage and prior to formation of tunnels (54). Thus, future clinical trials including HS patients 

with tunnels are warranted to determine if tunnels are potentially reversible structures.

Our study was limited by the number of patients included (n=22) although this was 

comparable to other studies in this disease (36). The study only included clinically advanced 

HS (Hurley Stage 2 and 3), limiting the results to this patient group. The presented data is 

unable to answer the question of the origin of the tunnels in HS. Whilst the tunnels 

recapitulate the structure of the epidermis, including the ability to display psoriasiform 

hyperplasia, the expression of trichohyalin could suggest a follicular origin. We provide the 

first evidence of the associated role of IL-17 signaling in tunnel biology, and further studies 

are necessary to ascertain the role of IL-17 in tunnel development and function.

Taken together, our data demonstrates that the previously uncharacterized dermal tunnels in 

HS are active mediators of disease pathogenesis. Unsuccessful therapeutic targeting of 

tunnels may explain the poor response rates to therapy in HS. Blockade of IL-17RA with 

Brodalumab leads to a clinical decrease in inflammation and size of HS tunnels, suggesting 

that tunnels may be associated with the IL-17 pathway. Taken together, these data 

demonstrate a novel avenue for development of therapeutics for this devastating disease.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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HS Hidradenitis Suppurativa

IL Interleukin

IPGM Infiltrative Proliferative Gelatinous Mass

NETs Neutrophil extracellular traps

TLDA TaqMan Low Density Array

TNF Tumor necrosis factor
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Key Messages:

• Epithelialized tunnels in HS recapitulate the morphology, function and the 

pro-inflammatory milieu of the overlying epidermis.

• The HS tunnels are involved in IL-17 signaling, and contribute to disease 

pathogenesis.

• Clinically, HS tunnels decrease in size and draining with IL-17RA blockade.
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Figure 1: Ultrasonography identifies deep dermal tunnels in HS.
Clinical assessment of tunnels marked by superficial ostia (white arrows) (A) Axilla (B) 
Axilla (C) Breast (D) Axilla. (E-H) Corresponding ultrasound images of tunnels detected by 

clinical examination. Red arrows highlight the hyperechoic border of the tunnel on 

ultrasound. (E-H) Light microscopy of the tunnel (1.2x magnification). White brackets 

outline the tunnel.
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Figure 2: HS tunnels recapitulate the structural properties of the overlying epidermis.
Representative biopsies from HS patients and site-matched healthy volunteers stained with 

(A) H&E demonstrating prominent psoriasiform lengthening of the rete ridges, thinning of 

the suprapapillary plate, hyper and parakeratosies as well as reduction of the granular layer 

in the HS epidermis compared to healthy controls. HS tunnels contain a thick stratified 

squamous epithelium with increasing differentiation towards the lumen (L). Scale Bar, 

100μm (B) S100A7 positivity (C) Keratin-16 and (D) Ki67 identify this epithelium as 

composed of dividing keratinocytes with increasing differentiation towards the luminal layer 

compared to the more basal cells (D, black arrows). Differentiation is indicated by filaggrin 

(E) and loricrin (F) staining. Intermittent positive trichohyalin staining (G) is also observed. 

Other cell types within the tunnel include melanocytes (H) with c-Kit identifying dermal 

mast cells (I). (J) Lipocalin-2 staining is also increased in intensity in the luminal layers of 

the tunnel epithelium compared to superficial HS epithelium.
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Figure 3: Tunnels are immunologically active.
(A) Immunohistochemistry demonstrates increased infiltration of CD3, CD11c, and NE 

positive cells in HS compared to site-matched healthy controls. Epidermotropism and 

transepithelial migration towards the tunnels are also observed. Scale Bar, 100μm. “L” 

denotes lumen. (B) Quantitative CD3+, CD11c+ and NE+ cell counts highlights a significant 

difference in CD3, CD11c and NE positive cells between HS samples with and without 

tunnels. (C) Density of CD3, CD11c, and NE positive cellular infiltrate was analyzed within 

non-tunnel (NT) and tunnel (T) HS specimens stratified by location of cells within the 

biopsy (E=Epidermis; D=Dermis; T=Tunnel and depth-matched DD=Deep Dermis). There 

is a significant increase in inflammatory infiltration between tunnel and non-tunnel 

specimens when the deep dermal component of biopsies is taken into account. No significant 

elevation of CD3+ CD11c+ and NE+ cell density was seen between the epidermis and the 

superficial dermis in tunnel and non-tunnel specimens. Results are the mean ± SEM 

*p<0.05, **p<0.01, ***p<0.001 (D) Dense clusters of neutrophils undergoing NETosis in 

the tunnel epithelium adjacent to the lumen (L).
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Figure 4: HS samples cluster based on presence of tunnels.
(A) Unsupervised hierarchical clustering analysis of TLDA data based on the histological 

presence of tunnels demonstrates distinct clustering of tunnel and non-tunnel biopsy 

specimens compared to non lesional tissue (B) Heatmap of differential gene expression of 

HS-associated genes in HS Non-Lesional (NL) specimens (n=7), HS samples without 

tunnels (n=10) and HS samples containing tunnels (n=6), all confirmed by histological 

presence of tunnel. Results indicate FCH *p<0.05, **p<0.01, ***p<0.001. (C) Confirmatory 

RT-PCR of healthy controls (n=4), and actively inflamed HS lesional samples without (n=3), 
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and with tunnels (n=5). Results are the mean ± SEM, FCH is shown. *p<0.05, **p<0.01, 

***p<0.001
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Figure 5: Tunnels are active mediators of inflammation in HS and are therapeutically targetable
(A) Heatmap of supervised clustering of pro-inflammatory mediators in bisected specimens 

of HS skin containing healthy controls (n=6), epidermis/superficial dermis (n=8) or deep 

dermis containing epithelialized tunnels (n=8). Known pro-inflammatory mediators are 

highest in dermal (tunnel) specimens compared to epidermis/superficial dermis and normal 

healthy controls. FCH is shown with *p<0.05, **p<0.01, ***p<0.001 relative to healthy 

controls (B) RT-PCR demonstrates elevated expression of targetable cytokines in HS dermal 

tunnels tunnels (HS Dermis) compared to the overlying epidermis and healthy controls, 

relative to the total amount of RNA recovered. There is a significant elevation of cytokines 

in HS tunnels compared to the overlying epidermis. FCH is shown. (C) Healthy control 

epidermis illustrates IL-17C expression only in the basal keratinocytes. The gradient of 

IL-17C expression (black arrow) in epithelialized dermal tunnels also recapitulates the 

gradient seen in psoriasiform epithelium, with greatest expression in the basal layer with 

reduction of expression towards the lumen of tunnels (L). Scale Bar, 100μm. Arrow 

indicates direction of IL-17C gradient. (D) Tunnels in HS dermis express IL-17 family 

cytokines. (E) Doppler Ultrasonography representing reduction in tunnel diameter and 

doppler intensity following 12 weeks of treatment with IL-17 receptor antagonist. (F) There 

is a significant decrease in tunnel wall (G) tunnel diameter and (H) dermal doppler intensity 
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following treatment with IL-17 receptor antagonist. Decrease in tunnel inflammation is seen 

as early as 4 weeks. Results are the mean ± SEM, FCH is shown. *p<0.05, **p<0.01, 

***p<0.001
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