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Hidradenitis suppurativa (HS) is an inflammatory skin disease manifesting in painful 

nodules and abscesses, and malodorous draining tunnels in more advanced disease. Effective 
treatment options remain limited, with Tumor Necrosis Factor inhibitor adalimumab remaining 
the only approved biologic despite its limited efficacy. The development of novel therapeutics is 
impeded by our lack of understanding of disease pathogenesis and an absence of standardized 
approaches to study HS.  

In this thesis, we establish a translational approach to characterize HS by examining 
nonlesional, perilesional and lesional HS skin in comparison to site-matched control skin from 
healthy volunteers. We demonstrate that relatively healthy-appearing perilesional skin (2cm away 
from the target nodule) has the same inflammatory profile as the visibly inflamed lesional skin 
(target nodule) and is marked by an increase of Th17 and neutrophil-related signatures.  

 Given that inflammation in HS extends beyond visible nodules to perilesional skin, we 
asked if dermal inflammation also contributes to disease pathogenesis. Dermal tunnels, also known 
as tracts or sinuses, are structures unique to HS and have been considered an end-stage feature of 
the disease. By examining biopsies of dermal tunnels, we show that tunnels recapitulate features 
of the overlying epidermis and are associated with increased infiltration of T cells, dendritic cells 
and neutrophils, formation of neutrophil extracellular traps, and increased production of 
epithelium-derived inflammatory cytokines.  Our work demonstrates that dermal tunnels are active 
contributors to the inflammatory burden of HS. 

To address whether tunnels are associated with a unique HS subtype, we assessed serum 
biomarkers in HS compared to healthy controls. Patients with tunnels had higher levels of IL-17 
regulated neutrophil gelatinase-associated lipocalin (LCN2), and serum level of this biomarker 
correlated with clinical severity. These data demonstrate that HS tunnels are associated with a 
unique inflammatory profile in the skin and blood, suggesting a novel HS endotype. 

Data from our clinical trial of brodalumab, a human anti-IL-17 receptor A (IL-17RA) 
monoclonal antibody, provides the first molecular characterization of IL-17 pathway blockade in 
HS. We demonstrate that treatment with brodalumab reduces several pathogenic inflammatory 
axes in HS skin and serum. We also establish that perilesional skin provides a more robust 
assessment of treatment response. To further support HS stratification in the context of therapeutic 
antagonism, we demonstrate that patients with high expression of LCN2 in skin and IL-17A in 
serum had a superior molecular response in the skin as measured by a greater decrease of known 
inflammatory mediators of HS. Furthermore, we validate that dermal tunnels are therapeutically 
targetable, exhibiting decrease of tunnel wall and lumen diameter, as well as a decrease in clinical 
drainage. 

Taken together,  this work provides novel insight into HS pathogenesis. Given the equally 
high inflammation present in lesional and perilesional HS skin, our data suggests there is a large 
field of inflammation beyond visible lesions. HS can be subdivided into unique subtypes, 
potentially introducing the concept of disease endotypes in this highly heterogeneous disease. This 
has direct applicability towards stratification of patients who may be better responders in the 
context of targeted therapy in HS. 
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CHAPTER 1. Introduction 
 
1.1 Background 

Hidradenitis suppurativa (HS), also known as acne inversa, is a chronic, debilitating 
inflammatory skin disease with a reported prevalence of 1-2% 1-3. Patients present with painful 
inflamed nodules and abscesses, as well as malodorous pus-draining tunnels (also referred to as 
fistulae or sinus tracts). The disease typically affects intertriginous areas including the axillary, 
inguinal, inframammary, gluteal and anogenital regions. HS has an average onset in patients in 
their twenties, with earlier onset linked to family history and a higher number of body sites 
involved4. HS is also associated with a substantial increase in mortality.5 

 
Due to the severe pain, fibrosis-associated movement restrictions and the malodorous 

purulent secretions, HS has a negative impact on the quality of life (QoL) 6. HS has a greater QoL 
impairment than other systemic skin diseases including psoriasis, atopic dermatitis (AD), alopecia 
areata (AA), acne vulgaris and chronic urticaria7, 8. HS-associated impairment also affects patients’ 
professional lives and may negatively alter their economic situation7, 9.  

 
The aetiology of HS remains multifactorial, with reported genetic, environmental, lifestyle 

and hormonal factors as well as interactions with microbiota as contributing causes. Appropriately 
30% of HS patients have a family history of the disease, suggesting a genetic predisposition10, 11. 
Mutations impairing γ-secretase activity, a protease complex responsible for cleaving 
transmembrane proteins including the Notch receptor, have been implicated in HS12. The 
attenuated γ-secretase activity may reduce the stability of the hair follicle, which may favor rupture 
of the hair follicle as an early step of HS pathogenesis12-14. Furthermore, both obesity and tobacco 
smoking have been implicated as lifestyle risk factors for HS development. Near 90% of HS 
patients are current or former smokers15. Nicotine smoking induces epidermal hyperplasia, 
intracellular cAMP levels in monocytes and increases production of IL-10, all known pathogenic 
factors in HS 16-18. Approximately 60% of HS patients are obese, and 40% have metabolic 
syndrome (a combination of conditions including hyperglycemia, dyslipidemia, hypertension 
and/or obesity), establishing a link between lifestyle factors and HS onset. 15, 19-21. Obesity also 
influences response to treatment, as obese patients have a near 4.5 fold increase in recurrence 
following HS surgical excision compared to non-obese patients22. Hormonal involvement in HS 
may also play a role, as androgen receptor pathway activation has been observed in HS skin23.  

 
1.2 Clinical diagnosis and management of HS 

HS is a clinical diagnosis based on localization of skin lesions and course of disease.  HS 
morphology is extremely heterogenous, ranging from papules, pustules, nodules (inflammatory, 
noninflammatory, eroded), plaques, ulcers, comedos (double comedo, interconnected comedones), 
abscesses and dermal tracts/tunnels (draining and nondraining tunnels, fistulae). Early lesions 
mimic other disorders, and HS is frequently misdiagnosed. The differential diagnoses of HS are 
extensive and range from bacterial infections (folliculitis, nocardiosis, granuloma inguinale), to 
deep fungal infections (blastomycosis, sporotrichosis, chromoblastomycosis, mycetoma), cysts 
(pilonidal, epidermoid, Bartholin’s) and other conditions including but not limited to giant 
comedones, acne keloidalis nuchae, pyoderma gangrenosum and cutaneous Crohn’s disease 1. 
There are currently no HS associated biomarkers, further complicating disease diagnosis. These 
factors likely contribute to the average diagnostic delay of 7 years 24. 
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Patients commonly present with several lesional morphologies simultaneously and thus a 

total body skin examination is critical for proper diagnosis and staging. Hurley staging, introduced 
in 1989, was the first severity score for HS, however, its role in assessment of response in 
therapeutic trials remains limited due to its static nature 1. Other grading rubrics including the 
Sartorius Scale, physician global assessment tool, and the HS Clinical Response (HiSCR) tool 
have all been validated but are limited and focus primary on target lesions rather than the 
surrounding inflammation (such as tunnels) 25-27. A recently developed tool, International 
Hidradenitis Suppurativa Severity Score System (IHS4), which assigns a weighted value on HS 
manifestations including nodules, abscesses and draining tunnels. The IHS4 tool holds promise for 
monitoring of treatment response in therapeutic trials as it allows for a dynamic assessment during 
clinical trials and integrates non-nodular inflammation into the clinical grading28. 

 
Owing to a diagnostic delay and a lack of curative treatments, patients have a high unmet 

medical need. HS patients are initially treated with topical and systemic interventions, including 
antibiotics (tetracycline, clindamycin, rifampicin) and retinoids29-31. Surgery is a plausible option 
in certain cases; however, HS has a high rate of post-surgical recurrence. Approved in 2015, Tumor 
Necrosis Factor (TNF) inhibitor adalimumab remains the only U.S. FDA-approved biologic for 
HS treatment. However, clinical trials have shown an efficacy of only 50% 29, 32.  
 
1.3 Pathogenesis 

HS pathogenesis is complex and remains incomplete understood. HS was originally 
considered a disease of follicular occlusion. Perivascular and perifollicular immune cell 
infiltration, hyperkeratosis and hyperplasia of the infundibular epithelium are some of the earliest 
detectable events in HS 15, 33-37. However, it remains unclear if the infundibular alterations or the 
immune infiltration are the primary event 38.  Follicular plugging and stasis may promote resident 
bacteria growth, leading to dilatation of the hair follicle and eventual rupture39.  The bacterial 
components including the danger-associated molecular patterns (DAMP) activate macrophages, 
which produce pro-inflammatory IL-1β and TNF40. Studies have also shown an elevation of Toll-
like receptor 2 and the NLRP3 inflammasome component, both of which may further help in 
release of TNF and IL-1β41-43.  

 
Cytokines IL-1β and TNF are pleiotropic mediators, and promote several pro-

inflammatory pathways revolving activation of endothelial cells and the induction of chemokine 
production within local tissues 38. IL-1β leads to production of neutrophilic chemokines (including 
CXCL1, CXCL6 and CXCL8) and matrix metalloproteinase (MMPs, MMP1, MMP3, MMP10) 
while TNF induces a range of cytokines that attract neutrophils (CXCL8), T cells and monocytes 
towards the skin15.  Macrophages hyperactivate the 5-lipoxygenase pathway, leading to increased 
production of leukotriene B4 which promotes neutrophilic granulocyte influx 38, 44. Consistent with 
this, HS lesions exhibit heavy immune infiltration of monocytes, neutrophils, macrophages and 
dendritic cells (DCs). The increased production of extracellular matrix-degrading proteases 
including MMPs may play a role in skin destruction and tunnel formation 15. 

 
Recent work has identified broad inflammatory circuits in HS beyond innate immunity 45-

47. HS lesions are enriched in cytokines produced by T-cells, including interferon-γ (IFNγ) and IL-
17 levels, consistent with the observed enrichment of CD4+ T cells29, 48, 49. Th1 family IFNγ 
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promotes secretion of other Th1-attracting chemokines (CXCL10) and leads to increased 
infiltration of inflammatory milieu from the bloodstream 50. Amongst its pleotropic functions, IL-
17 secreted by Th17 cells induces the production of neutrophil-attracting chemokines CXCL1 and 
CXCL815. IL-12 and IL-23 are also elevated in HS lesions, and maintain Th1 and Th17 cells15. 
The IL-36 family of cytokines, which plays a role in induction of neutrophil-attracting chemokines, 
is also increased in HS lesions. An increased Th17 signature predominating from T helper 17 type 
lymphocytes has been observed in HS 42, 48, 51, 52. 
 

It has been hypothesized that the increased inflammatory pathways participate in feed-
forward loops, leading to more inflammation in the tissue as is observed in psoriasis53. The 
combination of the massive inflammatory flux and the inflammatory byproducts such as the MMPs 
lead to the clinically visible formation of nodules and abscesses. This leads to the destruction of 
skin architecture, upregulation of processes involved in wound healing and ultimately fibrotic scar 
formation, including the macrophage dependent chronic WNT activity which  promotes fibrotic 
skin healing and scarring15, 54. 

 
While the pathogenesis of HS is clearly multifactorial, there is growing evidence for the 

role of the neutrophil axis in the disease. Neutrophils form neutrophil extracellular traps (NETs), 
web-like structures which are composed of decondensed chromatin. In HS, NETosis has been 
shown to be associated with autoantibodies55, 56. Neutrophil gelatinase-associated lipocalin, also 
known as lipocalin-2 (LCN2), is produced by neutrophils and activated keratinocytes in HS, and 
also to increased neutrophil recruitment to the tissues. This evidence suggests that neutrophils not 
only contribute to pus formation but are directly involved in the feed-forward HS inflammation 57, 

58. Whether the processes responsible for disintegration of tissue are involved in formation of 
dermal tunnels is currently unknown. 

 
Based on the identification of these pathways, recent clinical trials have explored other 

biologic therapies including infliximab (TNF inhibitor), ustekinumab and guselkumab (both anti 
IL-12/IL-23 therapies), anakinra and bermekimab (IL-1 alpha inhibitors) as well as secukinumab, 
bimekizumab and brodalumab (IL-17 receptor A (IL17-RA) inhibitor)) 32, 59-72. 

 
1.4 Systemic co-morbidities 

Inflammation in HS extends beyond skin and has a systemic component affecting several 
other organs.  While HS is associated with the metabolic syndrome, and Inflammatory Bowel 
Disease (Crohn’s disease and ulcerative colitis), it is currently unknown whether the systemic or 
cutaneous manifestations occur first 15. It has been reported that up to 25% of patients with IBD 
develop HS, suggesting a biologic link of underlying inflammatory pathogenesis73. Patients with 
HS are at a higher risk factor for metabolic syndrome, atherosclerosis, and depression 15. It also 
remains unknown whether HS is an individual risk factor for cardiovascular-related mortality, or 
if the combination of smoking and the presence of the metabolic syndrome predisposes patients to 
the cardiovascular-related events. A recent study demonstrated that patients with HS have a 
significantly higher mean Charlson Comorbidity Index, which predicts mortality risk, compared 
to age-, sex-, and race-matched healthy control patients74. HS patients have an overall increased 
mortality (mean incidence ratio of 1.35) mainly due to cardiovascular events (mean incidence ratio 
of 1.95)1, 5. 
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On a molecular level, HS blood has increased levels of IL-1β and IL-6 cytokines, both of 
which have been shown to be atherogenic, as well as increase in LCN2, known to play a role in 
metabolic syndrome 41, 58, 75-77. A large-scale comparison of cytokine levels in blood and lesional 
HS skin, as well as the interactions between these cytokines in blood and skin is currently 
undefined.  
  
1.5 Thesis aims 

The overarching aim of this thesis is to characterize the cutaneous and systemic 
inflammation in HS. We first established a novel approach to study dermal inflammation in HS 
which relies on ultrasound-guided biopsies of HS as well as demographic and site matched healthy 
control skin (Chapter 2). We then evaluated whether the inflammation from HS lesions extends 
to perilesional and nonlesional skin (Chapter 3). In Chapter 4, we focused specifically on dermal 
tunnels, a unique feature of HS, and asked whether tunnels are end-stage fibrotic features of disease 
as has been accepted in the field or whether these tunnels contribute to the overall disease 
pathogenesis. In Chapter 5, we expanded our work to address whether unique HS manifestations 
(specifically the tunnels) influence the overall systemic inflammation in HS by characterizing 
biomarkers in HS blood. Lastly, in Chapter 6, we report the clinical and molecular response to 
our clinical trial of IL-17RA blockade in HS.  
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CHAPTER 2. Developing a standardized approach to study hidradenitis suppurativa 
 
2.1 Introduction  

The differences in the structure and the inflammatory milieu of  human and murine skin 
must be considered while selecting appropriate models to study HS. Human skin is over 100mm 
and adheres to underlying tissues whereas murine skin is less than 25mm and loose 78. This makes 
it challenging to model deep dermal tunnels, which are frequently found 1-1.5cm underneath the 
epidermis, in mouse skin. Neutrophil defensins, rete ridges and eccrine sweat glands, all features 
described in HS,  are absent from murine skin78. Furthermore, on a systemic level, humans have a 
neutrophil predominance (50-70%) whereas murine blood has a lymphocytic predominance (75-
90%) 79. Given the prominent role of these cellular subsets in HS pathogenesis, and the potential 
role of dermal tunnels, it is challenging to rely on mouse models to accurate recapitulate HS 
pathogenesis. We thus undertook a translational approach to study the disease pathogenesis where 
we studied skin biopsy and blood samples from HS patients enrolled at the Rockefeller University 
(please see Section 8.1 for more information regarding subject enrollment).  

 
Many of translational studies rely on comparison of diseased skin with healthy control skin 

without consideration of the anatomic sites. However, intertriginous and pilosebaceous-apocrine 
unit rich areas of skin  (which are primary affected by HS) have a unique inflammatory 
environment marked by an increased non-inflammatory IL-17 milieu as well as distinct barrier 
properties80-82. Apocrine gland rich skin areas also demonstrate an increase of T cell and Dendritic 
Cell (DC) infiltration80. Furthermore, the intertriginous body areas are subject to mechanical stress, 
which may produce microinjuries causing the release of cellular damage molecules including 
DAMPs, which in turn stimulate local macrophages, DCs, and keratinocytes 38, 83, 84.  Studies have 
suggested that these topographical variations specific to apocrine gland rich skin may predispose 
the areas to Il-17 type inflammatory disease, ultimately leading to the subclinical inflammation 
and eventual progression to the IL-17/IFNγ type inflammation observed in HS 80. The bacterial 
environment surrounding the intertriginous skin is thought to contribute to either initiation or 
propagation of disease pathogenesis15.  

 
Taken together, these data highlight the need for site-matched comparison of skin specimens. 

Given the topographical inflammatory variation, we elected to utilize site-matched healthy control 
samples in order to prevent overestimation of the IL-17 inflammatory response.  
 
2.2 Results 
2.2.1 Consensus of biopsy sites for molecular analysis of HS skin 

Unlike other systemic skin diseases, HS lesions are morphologically diverse, with 
presentations ranging from nodules, abscesses, dermal tunnels and fibrotic tracts, as well as 
permutations of these morphologies. As such, a ‘lesional’ site in one patient varies greater from 
the ‘lesional’ site in another patient, complicating both severity assessment and translational 
studies. There have been only two high-quality studies with a priori definitions of biopsy sites 
defining lesional skin at an edge of an active inflammatory lesion and unaffected skin as ≥10 cm 
away on normal appearing skin 42, 85. However, this is complicated by the presence of dermal 
tunnels or deep abscesses is often not visualized easily and may be difficult to appreciate clinically 
with careful palpation. This can lead to a biopsy of an ‘unaffected’ skin with dermal tunnels or 
abscesses. As such, we used ultrasound imaging as a noninvasive approach to diagnose dermal 
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tunnels and abscess prior to biopsying and prevent the inadvertent biopsying of a lesion in a control 
sample. 

 
As part of a joint taskforce, we have recently put forward expert recommendations to 

establish consensus for studying HS skin specimens (Figure 1) 86. We recommend that lesional 
skin is biopsied at an edge of an active inflammatory lesion (such as a nodule), and perilesional 
and nonlesional skin is biopsied on healthy/normal appearing skin within the same or contralateral 
region. These recommendations become critical in the context of clinical trials and assessment of 
molecular response and have been used for work performed in this thesis. 

 
 

 
 
Figure 1: Biopsy definition recommendations for molecular characterization of 
Hidradenitis Suppurativa (HS). 
Recommendations for biopsying nonlesional, perilesional and lesional skin with comparison to 
site-matched healthy control skin 86. 
 
2.2.2 Ultrasound assessment is a valid approach to study HS 

Ultrasound is a safe and relatively affordable modality that has been utilized in a number 
of inflammatory and fibrotic skin diseases87, 88. While ultrasonographic findings have been 
reported in HS, a correlation between clinical, histological and immunological characteristics and 
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ultrasonographical parameter have not been performed 87-92. We therefore sought to examine the 
clinical validity of ultrasound using histological biomarkers93. In total 22 individuals with 
untreated moderate-to-severe HS and 10 healthy controls were recruited for this study. All 
participants were not on active treatment and had a washout period of at least five half-lives prior 
to study enrollment. In total 65 cutaneous sites underwent matched clinical assessment, ultrasound 
and skin biopsy.   

Ultrasound of HS lesional skin identified a prominent hyperechoic linear band with 
adjacent hypoechogenicity: the entry signal–entrance echo and surface reflection, corresponding 
areas of psoriasiform epidermal hyperplasia on histology (Figure 2A). This degree of 
hyperechogenicity and adjacent hypoechogenicity was not seen in healthy controls (Figure 2A). 
As previously described in psoriasis and HS, the thickness of the entry signal correlates with the 
maximum thickness of the rete ridges of the epidermis, and referred to as ‘epidermal thickness’ 
hereinafter 94 . Statistically significant differences between HS lesional skin and skin of site-
matched healthy controls were seen in both histological and sonographic measurements of 
epidermal thickness (Figure 2B-C). A strong correlation was noted between histological and 
sonographic measurements of epidermal thickness (Figure 2D), indicating a high level of 
analytical validity. Sonographic epidermal thickness was consistently greater than histological 
epidermal thickness. Sonographic epidermal thickness displayed moderate correlation with 

quantitative CD3+ cell counts, and only fair-to-poor correlation was observed with CD11c+ and 

NE+ quantitative cell counts (Figure 2E-G).  
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Figure 2: Ultrasound analysis of HS skin displays a correlation with histological properties. 
A) Psoriasiform epidermal hyperplasia (*) correlated with prominent hyperechoic thickening on 
ultrasound (red arrow) compared to healthy control skin. B-C) Histologic and sonographic 
epidermal thickness was significantly different between HS lesional skin and controls. **** 
      p < 0.0001. D) A high degree of correlation is observed in measures of epidermal thickness 
by ultrasound and epidermal thickness by validated methods in histopathology. E) Sonographic 
epidermal thickness correlated moderately with CD3+ cell counts F) and CD11c+ cell counts G) 
but not with neutrophil elastase (NE) + cell counts (g)93. 

 
Dermal tunnels were detected in 36 of 44 lesional and perilesional sites. They were 

represented sonographically by hypoechoic–anechoic bands bordered by hyperechoic strips 
corresponding to epithelialized tunnels seen on histology (Figure 3A-C). The hyperechoic strips 
of keratinized tunnels had greater echogenicity and less branching than surrounding areas of 
fibrosis, which can also appear as linear hyperechoic bands on ultrasound. Tunnel diameter as 
measured by ultrasound had a very high level of correlation with histological tunnel diameter 
(Figure 3D). Stratification by draining and nondraining tunnels suggested a higher correlation with 
draining as opposed to nondraining tunnels (Figure 3E-F). Visual differences in echogenicity of 
linear bands and power Doppler intensities were observed between draining and nondraining 
tunnels (Figure 3G-J). Statistically significant differences in both histological and sonographic 
tunnel diameter were observed between draining and nondraining tunnels (Figure 3K-I).   
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Figure 3: Doppler ultrasound can be used to identify dermal HS tunnels. 
A) The clinical presentation of dermal tunnels correlates with B) ultrasound findings highlighting 
hyperechoic keratinized dermal tunnels (black arrow and red brackets) and C) histology 
specimen. D) Correlation between the diameter of tunnels based on ultrasound and histological 
measurements, with variation in correlation in the presence of E) draining and F) nondraining 
tunnels. Comparison of Doppler ultrasound findings between draining G-I) and nondraining H-
J) tunnels. Significant differences in the diameter of tunnels are seen on K) histological and I) 
sonographical assessment when stratified by the drainage of tunnels. *p < 0.05 93. 

 

Semiquantitative power Doppler intensity was able to measure and localize inflammation 
in a variety of clinical presentations of HS. The degree and location of power Doppler intensity 
signaling was more superficial in lesions such as nodules (Figure 4A), and deeper in deeper lesions 
such as abscesses and tunnels (Figure 4B-D). The intensity of the power Doppler signal also 

correlated with the degree of neutrophil infiltration, as indicated by NE+ immunohistochemical 

staining (Figure 4I-L). Quantitative dermal CD3+ cell counts had the highest correlation with 

semiquantitative power Doppler intensity (Figure 4M), followed by CD11c+ dermal cell counts 

(Figure 4N), with quantitative NE+ immunohistochemistry demonstrating the lowest correlation 
(Figure 4O). 
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Figure 4: Doppler ultrasound has validity across different HS manifestations. 
Clinical and ultrasound correlations of A) nodules, B) deep abscesses, C) draining tunnels and 
D) nondraining tunnels demonstrate localization and intensity of power Doppler flow consistent 
with clinical manifestations and I-L) histological hematoxylin and eosin (H&E) and NE staining. 
M) Semiquantitative scoring of power Doppler intensity has moderate correlation with CD3+  

dermal cell counts, N) CD11c+  dermal cell counts and O) NE+ dermal cell counts. 93 
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2.3 Discussion 
We present quantitative data to explore the analytical and clinical validity of ultrasound-

based biomarkers in HS. The overall level of analytical validity was high regarding epidermal 
thickness, tunnel diameter and power Doppler intensity, suggesting that ultrasound-based 
measures can be a potential surrogate measurement for histology-based outcomes in HS. The 
ability for ultrasound to identify tunnels in HS is of vital importance, particularly as the extent of 
tunnels is difficult to appreciate with clinical examination alone 90.  

 
The high analytical validity of tunnel diameter and epidermal thickness suggests that these 

are potential biomarkers for longitudinal change in disease activity over time and in the setting of 
pharmacological interventions. This also emphasizes the utility of ultrasound in the selection of 
biopsy sites, given the high inflammatory activity surrounding tunnels. Inadvertent biopsy of a 
perilesional or nonlesional site with an underlying tunnel may introduce errors in measurement of 
inflammatory mediators15. Therefore, prebiopsy assessment of sites with ultrasound has high 
utility in assessment for occult tunnels, and the high degree of analytical validity presented by our 
data supports this notion.  

 
In conclusion, sonographic epidermal thickness and dermal tunnel diameter have 

acceptable levels of analytical validity in the assessment of HS lesions compared with histological 
correlates. Power Doppler signaling demonstrates acceptable levels of both clinical and analytical 
validity, suggesting it is a valid imaging-based biomarker in HS. Future work is necessary to assess 
the response of these biomarkers to established therapeutic interventions, and assessment of the 
utility of image- based biomarkers as diagnostic and predictive tools for directing and optimizing 
patient care and outcomes. 
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CHAPTER 3. Characterizing the inflammatory profile of hidradenitis suppurativa skin 
 
3.1 Introduction 

The pathogenesis of HS remains incompletely understood 95, limiting the ability to identify 
and implement novel therapeutic strategies. Despite histological similarities of HS epidermis to 
psoriasis vulgaris 96, 97, HS has deep dermal inflammation that is absent from psoriasis 98, 99. 
Previous studies have identified multiple inflammatory pathways involved in HS, including Th17 
immune axis 51, 85, 97, 100, B and plasma cells 56, 101-104, dendritic cells 101, 102, anti-Saccharomyces 
cerevisiae antibodies 105 and antibodies to citrullinated peptides 56. The role of neutrophil 
activation and trafficking, and neutrophil extracellular trap development has also been established 
56, 98, 101; IL-1 production in keratinocytes, fibroblasts and other inflammatory leukocytes 41, 102  and 
the potential role of complement and tissue-microbiome interactions have also been described 104, 

106-108. HS and psoriasis share mutual pathophysiology marked by dysregulation of keratinocytes, 
up-regulation of type I interferon signature, tumor necrosis factor (TNF) and IL-1 signaling, as 
well as hyperactivation of the Th17 and IL-12/IL-23 axis 40, 42, 48, 49, 97, 109-111. The discovery of 
these pathways in HS has stimulated numerous ongoing trials studying psoriasis-approved 
therapeutics in HS, including TNF inhibitors (adalimumab, infliximab), and anti IL-17 
(brodalumab, secukinumab, ixekizumab, bimekizumab), IL-12/IL-23 (guselkumab, rizakizumab, 
ustekinumab) and IL-1 therapies (anakinra, bermekimab) 32, 59-71. While adalimumab is the only 
FDA-approved biologic for HS, 50% of patients either fail to respond or lose response efficacy 
overtime 112.  

 
Many of the current transcriptomic studies in HS have focused on the comparison between 

HS lesional skin and nonlesional skin (frequently from surgical discard) 104, 113.  However, non-
lesional HS skin is known to be inflamed 42, 97. Hence, comparisons to only non-lesional tissue 
may mask transcripts which can potentially inform us about mechanisms associated with 
predisposition to the disease. Furthermore, it has been shown that there is an immunological 
heterogeneity between topographic locations of the skin, with apocrine gland-rich skin having an 
enhanced Th17 signature compared to apocrine gland-poor skin 80, 114. Therefore, comparison with 
site-matched healthy control skin (rather than surgical discard from other anatomic locations) is 
necessary. Given the recent development of standardized biopsy definitions in HS, the molecular 
profiles of lesional, perilesional and nonlesional tissue remain incompletely characterized 86. 
Furthermore, majority of studies in HS have thus far focused on transcriptomic profiling but have 
not examined the proteomic profile of skin, and therefore have not demonstrated whether the 
mRNA is actively translated into functional protein on a proteomic level 42, 109, 115.  

 
We thus sought to characterize the inflammatory transcriptomic and proteomic profile in 

HS skin and correlate these biomarkers with clinical severity in HS (Table 1).  
 

 
3.2 Results 
3.2.1 HS skin has a differing transcriptomic profile compared to healthy control skin.   

We biopsied HS lesional (LS), perilesional (PL) and nonlesional (NL) skin as previously 
defined 86, 116. In summary, lesional biopsy was taken at an edge of an inflammatory nodule, 
perilesional biopsy was taken from healthy-appearing skin 2cm away from the edge of the 
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inflammatory nodule and nonlesional biopsy was taken from healthy-appearing skin 10cm away 
in the same anatomic region either on the same side or on the contralateral side of the body (Figure 
5A). Healthy control skin was obtained from site-matched anatomic region of healthy volunteers. 
Principal Component Analysis (PCA) and phylogenetic tree clustering demonstrated that HS skin 
clustered separately from healthy volunteers (HV), with perilesional and lesional HS skin 
clustering away from nonlesional skin (Figure 5B-D).  

 
We defined differentially expressed genes (DEGs) using the criteria of fold change (FCH) 

of FCH≥ |1.5|, and FDR ≤ 0.05. The top DEGs in our HS samples were dominated by a strong 
polyclonal immunoglobulin signature. There was an enrichment of pathways involving 
complement activation  and B cell signaling, consistent with recent reports of the strong B and 
plasma cell signature in HS 101, 102. Since the prominent immunoglobulin signature may mask the 
presence of other pathways in HS, immunoglobulin transcripts were redacted from our larger 
transcriptomic analysis in order to identify additional pathways involved in HS. Pathway 
enrichment analysis of perilesional and lesional samples identified similar enrichment of genes 
involved in neutrophil degranulation, immune response and extracellular matrix organization 
(Figure 6) whereas enrichment analysis of genes in nonlesional skin showed enrichment of genes 
involved in early epidermal development/reprogramming. 

 
Table 1: Characteristics of study participants. 

 Healthy Control 
 

Hidradenitis 
Suppurativa (HS) 

Number of participants 10 22 
Age, years, mean (SD) 64.10 (8.48) 

 
 

37.41 (13.27) 

Gender, n (%) 
Male 
Female 

 
2 (20.00%) 
8 (8.00%) 

 
10 (45.45) 
12 (54.55) 

BMI, kg/m2, mean (SD) 32.07 (6.57) 

 

31.63 (8.32) 
 
 

Smoking Status, n (%) 
Yes 
No 

 
5 (50.00%) 
5 (50.00%) 

 
14 (63.64%) 
8 (36.36%) 

Biopsy Location, n (%) 
Axilla 
Buttock/groin/inguinal 
Neck 
Submammary   

 
9 (90.00%) 
1 (10.00%) 
0 (0.00%) 
0 (0.00%) 

 
14 (63.64%) 
6 (27.27%) 
1 (4.55%) 
1 (4.55%) 

Hurley Stage II, n (%) 
Hurley Stage III, n(%) 

N/A 15 (68.18%) 
7 (31.82%) 

IHS4, average (SD) N/A 40.82 (65.80) 
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Figure 5: HS lesional and perilesional skin is molecularly distinct from both nonlesional HS 
and site-matched healthy control skin. 
A) Schematic representation of lesional (LS), perilesional (PL) and nonlesional (NL) HS skin 
biopsies.  Lesional skin was biopsied at an edge of an inflammatory lesion, perilesional skin was 
biopsied 2cm away on healthy appearing skin and nonlesional skin was biopsied 10cm away 
from the inflammatory lesion on healthy appearing skin on the same or contralateral skin. B-C) 
Principal Component Analysis (PCA) and phylogenetic tree clustering shows that healthy control 
skin clusters away from lesional and perilesional HS skin, with nonlesional HS skin clustering 
away from healthy volunteers (HV). D) Venn diagram comparing all of the genes between HS 
(NL, PL and LS) relative to healthy volunteer (HV) control skin. Volcano plot analysis of all 
genes between E) NL, F) PL and G) LS skin compared to HV. 
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Figure 6: Comparable enrichment of immune-related pathways in perilesional and lesional 
HS skin. 
Enrichment for GO-biological processes pathways of differentially expressed genes (DEGs) in 
LS (red) and PL (green) HS skin relative to healthy controls excluding the immunoglobulins. 
Dashed vertical line indicates a false discovery rate (FDR) of 0.05. 
 
 

To identify the major immune cell infiltrates in HS, we applied the xCELL scoring tool to 
our transcriptome data 117. There was increased infiltration of granulocyte-monocyte progenitor 
cells, myeloid dendritic cells, B cells (B cell, B cell memory and B cell plasma cells), macrophages 
(macrophages, M1 macrophages and M2 macrophages) as well as T cell CD4+ cells (naïve and 
effector) in the perilesional and lesional skin (Figure 7), consistent with enriched pathways of 
complement activation and B cell receptor signaling which were uniquely found in HS (Figure 8). 



 19

 
 
Figure 7: Diverse immune infiltration in nonlesional, perilesional and lesional HS skin. 
xCell scores with predicted enrichment of different cell population in the RNA-seq 
transcriptomic data in healthy volunteer, and nonlesional, perilesional and lesional HS skin. 
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3.2.2 Inflammation in lesional skin extends to healthy-appearing perilesional area. 
We observed a comparable and statistically significant up-regulation of genes within 

several immune axis including Th1(CXCL8, IL2RA, IL12RB1), Th2 (IL4R, OX40), IL-12/IL-23 
(IL6, CXCL1, CCL2, IL2RA, EBI3), Th17 (CXCL1) and Th22 (S100A9, S100A12) 118, 119.  There 
was a comparable upregulation of neutrophil related (CD177, CXCL1, CXCL8, SERPINB4, 
CSF3, DEFB4A) as well as psoriasis related (PI3, S100A family) genes. Consistent with this, there 
was a comparable and significant enrichment of genes involved in neutrophil chemotaxis (IL1B, 
CXCL1-3, CXCL5-6, CXCL8, ITGB2,  CXCR1), neutrophil migration (MDK, RAC2, CXCL8) 
and neutrophil extravasation (MDK, CD177)  in both perilesional and lesional skin compared to 
healthy controls. This suggests that there is neutrophilic infiltration in perilesional skin despite 
appearing visually normal on clinical examination. This data suggests that healthy-appearing 
perilesional skin has similar transcriptomic profile as lesional skin, suggesting that there are 
molecular changes occurring either or without development of visible lesions.  

 
To globally assess whether inflammation from lesional skin extends to the surrounding 

perilesional skin (2cm away from the edge of a nodule), we compared the transcriptomic profile 
of lesional and perilesional HS skin. There were no DEGs between perilesional and lesional skin, 
further highlighting that comparable inflammation extends beyond visibly affected skin (Figure 
9A). Lesional and perilesional skin had an upregulation of select canonical pathways including 
leukocyte extravasation signaling, complement system, Th2 and Th1 pathways and IL-8 signaling 
(Figure 9B). Consistent with previously published reports, we observed IFNγ, TNF, and IL-1β as 
upstream regulators whereas the immunomodulatory IL10RA were reduced 102, 120. We 
demonstrate that the same upstream regulators involved in HS lesional skin govern the 
inflammation in perilesional skin (Figure 9C). 
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Figure 8: HS skin has an upregulation of B-cell related pathways. 
Enrichment for GO-biological processes in A) overlapping transcripts between HS and Psoriasis 
B) transcripts unique to psoriasis and C) transcripts unique to HS skin. 
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Figure 9: There are no differentially expressed genes between lesional and perilesional HS 
skin. 
A) Volcano plot of genes in lesional versus perilesional HS skin demonstrates no differentially 
expressed genes. B) Select canonical pathways upregulated in both lesional and perilesional 
tissue compared to healthy controls as assessed by Ingenuity Pathway Analysis (IPA) (p<0.05) 
C) IPA analysis of upstream regulators in HS perilesional and lesional skin compared to healthy 
controls (p<0.05). 
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We next performed immunohistochemistry on healthy control skin, nonlesional, 
perilesional and lesional HS skin. We observed a thickened epidermis with robust keratin 16 
positivity in the suprabasal keratinocytes, consistent with psoriasiform hyperplasia (Figure 10A-
B). The psoriasiform hyperplasia was comparable between perilesional and lesional skin. There 
were no significant differences in leukocytic infiltration of CD3+, CD11c+ and NE+ cells between 
perilesional and lesional skin, with both having a significantly higher infiltration compared to 
healthy control skin (Figure 10C-D).  

 
 

 
 
Figure 10: HS lesional and perilesional skin has a similar histological profile. 
A) H&E stain of healthy volunteer, nonlesional, perilesional and lesional HS skin. Scale Bar, 
100μm B) Keratin 16 (K16) staining and semiquantitative quantification of K16 intensity. 
Immunohistochemical analysis of C) CD3+ D) CD11c+ E) NE+ cellular infiltration and 
quantification across multiple patients. E denotes epidermis and D denotes dermis.  
Mean ± standard error of mean (SEM) is shown with  *p<0.05, **p<0.01, ***p<0.001. 
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3.2.3 HS perilesional skin has a comparable activation of IL-17 pathway as lesional skin 
Given HS and psoriasis share features of psoriasiform epidermal hyperplasia, that psoriasis 

is governed by the IL-17 axis, and the comparable transcriptomic profile between lesional and 
perilesional skin, we asked whether HS perilesional skin also has an activation of the IL-17 
pathway. There was a comparable upregulation of genes involved in the IL-17 pathway (as defined 
by Gene Ontology (GO)) in HS perilesional and lesional samples (Figure 11A). We then performed 
a gene set variation analysis (GSVA) of published IL-17 signatures relating to psoriasis and 
observed a consistent activation of these pathways in both perilesional and lesional skin (Figure 
11B) 121, 122. Notably, there was detectable activation of IL-17 signature even in nonlesional skin 
(Figure 11B).  There were 214 differentially expressed transcripts shared between HS and psoriasis 
(MAD3) (Figure 11C), with the top enriched pathways involving neutrophil degranulation. 
Pathways unique to psoriasis related to proliferation, including cell division, mitotic spindle 
organization and regulation of transcription. Pathways enriched in HS lesional and perilesional 
skin were related to complement activation and B cell signaling. Taken together, this data suggests 
that both HS and psoriasis share an activation of IL-17 pathways and a neutrophilic signature, with 
HS exhibiting an activation of the IL-17 pathway even in healthy-appearing perilesional skin.  
Uniquely, HS has an enrichment of pathways relating to complement, B cell signaling and 
immunoglobulin production whereas psoriasis has an enrichment of a proliferative signature, 
likely due to keratinocyte hyperplasia as a dominant cellular feature (Figure 8A-B). 
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Figure 11: Activation of the IL-17 pathway in both perilesional and lesional HS skin. 
A) Heatmap of all differentially expressed genes in the curated BioCarta IL-17 Pathway gene 
list. Fold Changes (FCHs) relative to HV are shown with *p<0.05, **p<0.01, ***p<0.001. B) 
Bubble plot with Gene Set Variation Analysis (GSVA) scores across NL, PL, and LS HS skin 
samples for known Th17 pathways. The diameter of the bubble is proportionate to the log FCH 
of the GSVA score of HS skin relative to healthy control skin. KC is keratinocyte. C) 
Comparison of PL and LS skin with Meta-Analysis Derived (MAD3) psoriasis transcriptome. 
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3.2.4 HS skin has increased expression of IL-17C 

Interleukin 17C (IL-17C) is a cytokine produced by epithelial cells, including 
keratinocytes, in response to multiple stimuli such as IL-17A, IL-17F, TNF-α, bacterial stimuli and 
toll-like receptor agonists 123.When produced in keratinocytes, IL-17C mediates the production of 
inflammatory molecules, including IL-1β, IL-8, CXCL1, and IL-36γ. In addition, IL-17C induces 
further elevation in IL-17A and IL-17F in Th17 cells in a pro-inflammatory positive amplification 
loop 124, 125.  These mechanisms contribute to the feed-forward inflammatory cascade described in 
psoriasis and AD 124. Elevated levels of IL-17A and IL-17F have been identified in HS lesional 
tissue and is thought to be associated with epidermal psoriasiform patterning41.We thus questioned 
whether epithelial derived cytokines (such as IL-17C) are also produced in HS lesional tissue, 
given the existing commonalities in IL-17A and IL-17F signaling and psoriasiform epidermal 
patterning between the three disorders. 

 

 We observed a significant elevation of IL-17C expression in all HS samples including in 
lesional, perilesional and unaffected tissue compared to site-matched healthy controls (Figure 
12A-B). These changes were comparable to the elevations seen in psoriasis, wherein the role of 
IL-17C has been well defined. IHC localized IL-17C to the supra-basal epidermis with particular 
accentuation of the stratum corneum and stratum granulosum, a visible gradient toward the stratum 
corneum, as well as diffuse dermal staining (Figure 12A).  Semi-quantitative visual scoring 
identified a significant difference between basal epidermal staining in unaffected tissue and 
lesional/perilesional tissue, with supra-basal staining increasing from unaffected to perilesional 
and lesional tissue (Figure 12C). However, in some patients with pronounced epidermal 
acanthosis, pan-epidermal staining for IL-17C was present (not shown) in a similar pattern to 
psoriasis vulgaris. mRNA levels of IL-17C in lesional, perilesional and unaffected HS tissues were 
not significantly different from one another. Significant differences were only seen when 
compared with healthy controls (p<0.05) (Figure 12B). 
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Figure 12: IL-17C is elevated in HS skin. 
A) IL-17C localizes to the keratinocytes of psoriasiform epidermal hyperplasia in Hidradenitis 
Suppurativa by immunohistochemistry with increased IL-17C in suprabasal and granular layer of 
HS lesional skin. Diffuse dermal and epidermal staining is indicative of IL-17C protein diffusing 
into the surrounding dermis and epidermis at levels comparable with psoriasis. B) mRNA levels 
of IL-17C are significantly elevated in lesional, perilesional and unaffected skin compared with 
healthy controls and comparable to the levels seen in psoriasis skin. mRNA elevations of IL-17A 
and IL-17F are provided for comparison. C) Semiquantitative scoring of IL-17C IHC staining 
identifies statistically significant elevation in perilesional and lesional tissue compared to 
unaffected tissue. Key: *= p>0.05; **= p<0.01; ***=p<0.001; ****= p<0.0001 97. 
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3.2.5 LCN2 expression categorizes HS into two subtypes   
Since HS has a high heterogeneity in both clinical manifestations and molecular pathways, 

we sought to identify a biomarker that could cluster HS into molecular subtypes. Given that IL-17 
and neutrophilic signature in prominent in HS, we asked whether can use an IL-17-regulated 
neutrophilic marker to subdivide HS samples into subtypes. A recent study identified increased 
expression of such marker, Lipocalin-2 (LCN2), in blood and skin of HS patients,  with activated 
granulocytes and to a lesser degree keratinocytes as being the source of LCN2 expression58. LCN2 
is also as a known biomarker for inflammatory bowel disease, which shares similar pathogenic 
mechanisms with HS 126, 127. Given the strong neutrophilic signature in our HS skin samples, we 
asked if we could use LCN2 expression to identify differing inflammatory subtypes of HS. 
Unsupervised hierarchical clustering demonstrated that samples cluster based on the level of LCN2 
expression in the skin. Lesional and perilesional samples with high LCN2 expression (higher 
expression than the median) clustered separately and away from lesional and perilesional samples 
with low LCN2 expression (Figure 13A-D). We validated that samples with high LCN2 mRNA 
had increased levels of LCN2 protein using immunohistochemistry (Figure 13E). In order to assess 
whether LCN2 is a unique classifier or a reflection of a more general inflammatory state, we 
correlated LCN2 levels in lesional skin with clinical markers. There was no significant correlation 
between lesional tissue LCN2 levels and known markers of clinical inflammation including 
absolute granulocyte, lymphocyte and neutrophil counts, nodule count, BMI or IHS4 (Figure 14).  
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Figure 13: Stratification of HS samples identifies LCN2 high and LCN2 low subgroups. 
A) Unsupervised hierarchical tree clustering demonstrates that samples cluster based on high and 
low LCN2 levels. PCA demonstrating that HS B) nonlesional C) perilesional and D) lesional 
skin clusters based on low and high LCN2 levels E) validation of LCN2 protein levels in lesional 
skin by immunohistochemistry. Scale Bar, 100μm. 
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 We then performed a pathway enrichment analysis of the top 50 genes upregulated in 
LCN2-high samples and identified an enrichment of genes in pathways relating to epidermal 
biology (keratinocyte differentiation, cornification, epidermis development) and neutrophilic 
inflammation (antimicrobial humoral immune response mediated by AMP, neutrophil chemotaxis) 
(Figure 15A-B). In contrast, LCN2-low samples did not have an upregulation of genes involved 
in these pathways (Figure 15B). Consistent with this, LCN2-high samples showed a higher 
activation of the IL-17 pathway compared to LCN-2 low samples (Figure 15C). Previous studies 
have reported IL-17 activation in both HS skin and blood, and LCN2 is an IL-17 regulated factor 
42, 97, 128. We thus asked if there was a correlation between LCN2 expression in skin and IL-17A 
expression in serum and identified a significant correlation (Figure 16). 
 

 
 
Figure 14: Expression of LCN2 in the skin does not correlate with general inflammation. 
Correlation of known clinical parameters in skin and blood with lesional skin expression of 
LCN2. r is Pearson correlation. 
 

 
 

  



 31

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15: IL-17 signaling is enriched in LCN2 high samples. 
A) Enrichment for GO-biological processes in the top 50 upregulated genes in LCN2 high 
samples B) Heat map of the top 50 upregulated genes in LCN2 high samples demonstrating 
clustering of samples based on low and high LCN2 levels. FCH is shown relative to HV C) 
Bubble plot with GSVA scores for known Th-17 pathways demonstrates an activation of the IL-
17 pathway in LCN2 high samples. Bubble diameter is proportionate to log FCH of the GSVA 
score. KC is keratinocyte. 
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Figure 16:  Correlation between LCN2 in skin and IL-17A in serum. 
mRNA LCN2 expression (RNA-sequencing) in lesional skin is correlated with LCN2 protein 
expression (Olink proteomics) in serum. r is Pearson correlation. 
 
 
 
3.2.6 Higher LCN2 expression in skin distinguishes a highly inflammatory HS subtype 

Genes involved in neutrophil chemotaxis were upregulated in LCN2-high samples 
compared to LCN2-low samples (Figure 17A). We validated these findings by RT-PCR and found 
significant differences in neutrophil-related genes (CXCL1, CXCL8, CSF3, NCF2 and DEFB4B) 
between LCN2-high and low samples. We also identified IL-36 isoforms as more highly expressed 
in LCN2-high samples. Other markers of inflammation not directly related to neutrophils were 
also increased in LCN2-high samples. Specifically, markers of general inflammation (INFγ, IL-6, 
ICOS) were higher in LCN2-high compared to LCN2-low samples.  We also found a higher 
expression of stem cell and cartilage differentiation products (THY1, CILP2) in LCN2-high 
samples (Figure 17B). Expression of LCN2 in lesional HS skin correlated with expression of other 
molecular regulators of inflammation and neutrophil biology including IL1B, IL36G, TNF and 
granulocyte colony-stimulating factor CSF3 (Figure 18). 
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Figure 17: Differences in inflammatory profiles within HS subtypes.  
A) Heatmap of genes involved in the curated GO neutrophilic chemotaxis gene-set between 
lesional samples with low and high LCN2 levels. FCH relative to HV control skin is shown. 
*p<0.05, **p<0.01, ***p<0.001 Real-Time PCR of HV, and perilesional/lesional skin with low 
and high LCN2 levels. Figure error bars show mean ± SEM is shown with *p<0.05, **p<0.01, 
***p<0.001 assessing B) genes implicated in neutrophilic inflammation, C) IL-36 family 
cytokines, D) general inflammation, E) keratinocyte and fibroblast markers. 
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Figure 18: There is significant correlation of LCN2 expression with expression of other 
inflammatory regulators in HS skin. 
Expression of LCN2 in lesional skin versus expression of other inflammatory regulators in 
lesional skin.  r is Pearson correlation. 
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3.2.7 The proteomic profile of HS and psoriasis skin has an increased inflammatory tone 
Whether mRNA transcripts are actively translated into protein in the context of a highly 

neutrophilic environment has not been evaluated. We thus performed a comparison of the 
biomarkers in HS skin compared to matched healthy controls and psoriasis samples. Principal 
component analysis demonstrated that lesional skin in HS and psoriasis clustered separately from 
nonlesional skin and healthy controls (Figure 19). An overall narrower inflammatory tone was 
observed in psoriasis compared to HS. Using a criterion of |FCH|≥1.2 and p≤0.05, we identified 
57 differentially expressed proteins (DEPs) in lesional psoriasis skin and 64 DEPs in lesional HS 
skin, compared to healthy controls (Figure 20). Lesional skin in both dermatoses showed a 
significant upregulation of Th1(IL-8, CCL3, CCL4, CXCL9, CXCL10, CXCL11), IL-12/IL-23 
(CCL3, CXCL9, TNF, IL-17A, IL12-B), Th17 (CXCL1, CCL20, IL-17A), neutrophil-related 
(CXCL6, CXCL1, IL-8) and cardiovascular-related (EN-RAGE, OSM, TNF, MMP-1, IL-8) 
proteins compared to healthy controls.  Anti-inflammatory cytokine IL-10, which prevents 
excessive Th1 response and limits the production of multiple inflammatory cytokines including 
TNF, IL-6 and IL-1α/β, was significantly decreased in both diseases 129. Consistent with this, 
GSVA demonstrated a comparable up-regulation of Th1 and IL-12/IL-23 pathways but higher 
Th17 and known psoriasis-signatures in psoriasis (Figure 21). 
 

 
 
Figure 19: Unique proteome profile of HS and psoriasis skin. 
Principal component analysis of psoriasis and Hidradenitis Suppurativa skin compared to healthy 
controls. 
 

 
Among proteins uniquely up-regulated in HS were mesenchymal-cell produced 

Hepatocyte Growth Factor (HGF), which has been shown to play a role in hair follicle growth, re-
epithelialization during skin wound healing and induction of epithelial cell migration, and CXCL5, 
a neutrophil chemoattractant activated by both IL-1 and TNF 130-133. Both Artemin (ARTN), a 
member of the glial cell line-derived neutrophilic factor related family which  has been reported 
to be elevated in deep epidermis and dermis and involved in neuropathic and inflammatory pain, 
and Neutrophin-3 (NT-3), involved in the neuro-immune interface of allergic skin disease and 
diabetic polyneuropathy skin, were elevated in HS 134, 135 136, 137. Proteins involved in continued T 
cell development and activation (CD6), eosinophil recruitment (CCL11) and monocyte 
recruitment (MCP-1) were also upregulated in HS 138-140.  
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To better understand how HS inflammation compares to psoriasis, we directly compared 
HS to psoriasis lesional skin and identified an upregulation of 18 DEPs.  In addition to CXCL5 
and HGF, we observed a significant upregulation of IL-6 and IL-6 family cytokine Leukemia 
Inhibitory Factor (LIF). HS had an upregulation of TNF superfamily TNFSF14/LIGHT expressed 
on immature dendritic cells (DCs), and TWEAK, which has been implicated in chronic 
inflammation 141-143. IL-24, expressed by keratinocytes during wound healing, was also elevated 
in HS. 144, 145. Psoriasis, on the other hand, showed upregulation of 14 proteins compared to HS, 
including IL-17 cytokines (IL-17A/C and CCL20), CXCL1, IL-8, IL-12B and IL-20. HS 
perilesional and lesional skin shared a highly similar proteomic profile. In a direct comparison of 
lesional to perilesional skin, lesional HS skin had only 1 significantly up- (CXCL1) and 1 down-
regulated (TNFSF14) protein. 

 



 39

 
 
Figure 20: HS skin has an increased inflammatory tone. 
Heatmap and corresponding table showing FCH of NL, PL, LS relative to HV skin * ≤0.05 ** 
≤0.01 ***≤0.001. 

CST5 :   1.40      1.24      1.34    1.03      1.18    

IL 15RA :   1.16      1.09      1.04    1.06     1.07    

MCP 4 :   1.40     1.31     1.03    1.42     1.16    

TRAIL :   1.15      1.04      1.17     1.13     1.07    

CD5 :   1.57      1.19      1.12     1.26     1.27    

IL 10RA :  1.07      1.09      1.10    1.07     1.17*   

CD244 :  1.13     1.03     1.23    1.31     2.13*** 

TNFSF14 :   1.31*     1.69***   1.35*   1.17     1.72*** 

ADA :   1.06      1.19      1.16     1.01     2.60*** 

uPA :   1.15      1.16      1.40     1.06     1.57*   

IL 24 :  1.41      1.10      1.29    1.04     1.15    

CCL11 :  1.14      1.38      1.46*   1.25     1.09    

NT 3 :  1.01      1.51***   1.28*   1.02      1.01    

ARTN :  1.09      1.49*     1.37     1.04      0.00    

IL6 :   2.07*     4.59***   5.10***  1.51      1.71    

MCP 1 :   1.36      1.79      2.07*    1.26      1.45    

SLAMF1 :   1.25      1.69***   1.66*** 1.06      1.01    

CD6 :   1.62**    2.41***   2.08***  1.06      1.09    

CXCL5 :   1.33      2.93*     2.85*    1.38      1.15    

HGF :   1.27      1.82**    1.85**   1.23     1.05    

EN RAGE :   3.94***   2.93***   3.56***  2.62**    3.97*** 

MCP 3 :  1.17      1.35*     1.22    1.12      2.38*** 

CXCL6 :   1.48      4.20***   7.26***  1.30      9.32*** 

IL 17A :   1.27      2.48***   2.91***  1.16      5.58*** 

CXCL1 :   1.62      5.66***  14.20***  1.64     36.50*** 

CCL20 :   3.86**    7.01***   6.36***  1.35     35.80*** 

IL 12B :   2.04**    3.10***   3.23***  1.39     13.90*** 

IL8 :   4.66*     6.92**   11.30***  2.33     91.10*** 

TNFB :   1.09      1.46**    1.40*   1.21      1.25    

MCP 2 :   1.35      1.89**    1.66*    1.09      1.60*   

TNFRSF9 :   1.26      3.76***   3.32*** 1.02      1.92*   

MMP 1 :   2.93     23.40***  22.00***  1.68      9.71*** 

TNF :   2.04***   3.78***   3.61***  1.03      4.26*** 

OSM :   1.95*     2.99***   3.76***  1.04      3.61*** 

CCL4 :   1.42      4.23***   3.48*** 1.11      2.91*** 

CXCL11 :   1.24      3.84***   3.25**  1.18      3.63**  

CCL3 :   1.65      4.50***   4.38***  1.15      4.23*** 

CXCL9 :   1.64      5.28***   5.31***  1.22      7.94*** 

PD L1 :   1.28      1.88***   1.66***  1.09      2.13*** 

CXCL10 :   1.57      4.20***   3.34**   1.11      6.36*** 

IL 17C :   1.49      1.04      1.03     1.19      8.94*** 

IL 20 :  1.12     1.23***  1.22*** 1.04      1.19**  

TGF alpha :  1.12     1.42     1.27    1.37      1.24    
CD8A :  1.62     1.64     1.92    1.91      1.29    

CX3CL1 :   1.13      1.14      1.29     1.61*     1.19    

CCL23 :  1.06     1.13      1.04     1.48     1.40    

OPG :  1.04      1.12     1.15     1.26     1.11    

4E BP1 :  1.37     1.78     1.38     1.09      1.06    

CD40 :  1.18     2.68***  3.71***  1.01     1.42    

IL18 :  1.34     3.76***  3.58**   1.13     1.40    

VEGFA :  2.22***  5.39***  5.39*** 1.16     1.52    

Beta NGF :  1.25***  1.34***  1.27*** 1.08     1.22**  

IL13 :  1.16     1.30     1.16    1.07     1.23    

TSLP :  1.65**   1.99***  1.95*** 1.43     1.43    

IFN gamma :  2.30**   1.87*    1.67*   1.39     1.47    
MMP 10 :  3.18***  3.27***  2.95*** 1.47     4.35*** 

CCL19 :  1.51     1.28     1.27    1.16     1.41    

FGF 19 :  1.30     1.56**   1.30    1.26     1.69*** 

LIF :  1.24     1.31     1.35     1.01     2.62*** 

TWEAK :   1.10     1.03     1.13     1.19     2.39*** 

IL 18R1 :  1.12     1.49*    1.56**  1.39*    2.10*** 

TRANCE :  1.17     1.46     1.67*   1.21     2.48*** 

CASP 8 :  1.11     2.08***  2.25*** 1.13     3.61*** 

SIRT2 :  1.21     2.35***  2.23*** 1.30     4.56*** 

STAMBP :  1.36     2.89***  2.36*** 1.41     5.94*** 

IL4 :  1.04     1.09     1.13     1.13     1.15*   

LAP TGF beta 1 :  1.52     1.77*    2.06**   1.40     2.43*** 

CSF 1 :  1.32     1.53*    1.83***  1.18     2.23*** 

ST1A1 :   1.23     2.27**   2.31***  1.52     2.81*** 

IL2 :  1.09     1.30     1.42*    1.21     1.37*   

NRTN :   1.01     1.15*    1.12     1.11     1.15*   

CCL28 :   0.00     1.17     1.21     1.16     1.21    

CCL25 :  1.05     1.16     1.16     1.04     1.21*   

LIF R :  1.27     1.89***  1.95*** 1.04     2.43*** 

IL33 :  1.06     1.91*    2.51***  1.27     3.58*** 

DNER :   0.00     2.41*    2.68**   1.21     1.74    

IL 22 RA1 :  2.00**   4.76***  5.24*** 1.33     3.05*** 

AXIN1 :  1.37     2.38***  2.25***  1.18     2.16*** 

FGF 21 :  1.33     2.28***  2.53*** 1.04     2.46*** 

CDCP1 :  1.68*    6.15***  7.84*** 1.16     4.69*** 

IL 20RA :  1.31     2.16***  2.39*** 1.45**   1.89*** 

FGF 5 :  1.06     1.23***  1.21**  1.10     1.27*** 

IL7 :  1.09     1.33*    1.28*   1.10     1.43**  

IL 1 alpha :  2.28    20.30*** 18.60*** 2.39    22.30*** 
IL 2RB :  1.32**   1.66***  1.82*** 1.31*    1.73*** 

IL 10RB :  1.56**   2.06***  2.27*** 1.49**   2.66*** 

IL10 :  1.41**   1.65***  1.62*** 1.25     1.68*** 

GDNF :  1.78**   2.23***  2.50*** 1.44     2.68*** 

IL5 :  1.39*    1.69***  1.85*** 1.13     1.75*** 

FGF 23 :  1.82***  2.99***  3.32*** 1.47*    3.14*** 

SCF :  1.84***  2.60***  2.91*** 1.26     3.32*** 

Flt3L :  2.97***  6.23***  6.23*** 1.24     7.21*** 

Hidradenitis Suppurativa Psoriasis

HV NL PL LS NL LSColor Key

Row Z Score
-2 -1 20 1

Hidradenitis Suppurativa Psoriasis

NL v HV PL v HV LS v HV NL v HV LS v HV



 40

3.2.8 Nonlesional HS skin is more inflamed than nonlesional psoriasis skin  

We next compared the proteomic profile of nonlesional skin in HS and psoriasis 146, 147. 
Compared to healthy control skin, HS and psoriasis had 25 and 7 DEPs, respectively. Unlike 
psoriasis nonlesional skin, HS had a significant upregulation of TNF, CCL20, IL-6, IL-8 and IL-
12B cytokines. GSVA analysis demonstrated a higher dysregulation of Th17 and IL-12/IL-23 
pathways in HS versus psoriasis nonlesional skin (Figure 21). 

 

Figure 21: Enrichment of pathways in psoriasis and HS skin. 
Bubble plot comparing Gene Set Variation Analysis (GSVA) scores between HS and Psoriasis 
skin relative to healthy controls. Bubble diameter is proportional to the Z score while the color of 
the bubble reflects the significance (p value).  
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3.2.9 mRNA expression and protein levels in HS skin are significantly correlated 

Majority of previous studies have focused on the transcriptomic analysis of HS skin 
however whether these transcripts are actively translated into protein products has not been 
determined. We therefore assessed whether there was a correlation between mRNA levels and the 
protein levels in the skin. We first limited the RNA-sequencing (RNA-seq) analysis to only those 
transcripts that overlapped with the Olink inflammation panel. There was a significant correlation 
between mRNA and protein levels within lesional skin and perilesional as compared to healthy 
control skin (r=0.78, p<0.01, and r=0.76, p<0.01, respectively) (Figure 22). The correlation 
between nonlesional skin was also significant but less pronounced (r=0.58, p<0.01). We note that 
in both perilesional and lesional HS skin several neutrophil-associated proteins (MMP1, CXCL1, 
CXCL5, CXCL6, IL-8, S100A12) had a higher mRNA expression compared to protein levels, 
both relative to healthy controls. 

 

 

Figure 22: Correlation of mRNA and protein expression in HS lesional skin. 
Protein levels (NPX units, Olink) versus gene expression (mRNA, RNA-sequencing) in HS LS 
compared to HV control skin. The size of the circle depicts the difference in log FCH between 
HS and HV skin by Olink and RNA-seq. R is Pearson correlation. 
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3.2.10 Protein expression in the skin is correlated with clinical parameters  
We then correlated clinical parameters (absolute granulocyte, lymphocyte, neutrophil 

counts and IHS4) with protein biomarkers in the skin (Pearson correlation (r) ≥ 0.5 and p value of 
≤ 0.1). Lcn2 is not part of the inflammation Olink panel, therefore, we focused on TNF. TNF 
protein levels in nonlesional (r=0.75, p=0.01), perilesional (r=0.60, p=0.04) and lesional skin 
(r=0.64, p=0.02) significantly correlated with IHS4 score (Figure 23). TNF levels were not 
correlated with BMI or other clinical parameters (absolute granulocyte, lymphocyte and neutrophil 
counts), suggesting that the correlation is specific to clinical severity of HS.  In perilesional HS 
skin, levels of 9 proteins (CXCL10, CXCL11, FGF23, IFNγ, IL-10, SLAMF1, ST1A1, TNF, and 
TRANCE) correlated with IHS4 score. None of these proteins in the skin correlated with BMI or 
absolute lymphocyte count. In nonlesional skin, expression of 20 proteins correlated with IHS4. 
Among these, members of Th1 family (CXCL9, CXCL10 and CXCL11), TNF and IL-17A had a 
positive correlation with IHS4. In lesional HS skin, only protein levels of TNF had a significant 
correlation with IHS4 score, likely due to the highly neutrophilic environment and protease 
associated degradation, which may affect the stability of proteins.  

 
 
Figure 23: Correlation of clinical parameters with the TNF expression in HS skin. 
Correlation of clinical parameters (IHS4 and BMI) and protein expression of TNF in perilesional 
HS skin. r is Pearson correlation. 
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3.3 Discussion 
The complex pathophysiology of HS remains incompletely understood and is limited by a 

lack of standardized approaches to study the disease. Recently, we published a consensus report 
that recommended that molecular studies focus on three anatomical subregions of skin areas 
affected by HS – lesional, perilesional (2cm distant) and non-lesional (10 cm distant) 86.  Two 
previous studies have compared lesional and perilesional skin via a series of cellular markers using 
immunohistochemical approaches, but  detailed molecular profiling of these regions has not been 
compared in paired biopsies 96, 98. In our study, we assessed lesional, perilesional and non-lesional 
biopsies from twenty-two active HS patients and compared the molecular profiles in the matched 
biopsy sets to ten site-matched healthy volunteer controls.  

 
Two other studies have provided extensive disease-associated transcriptomic gene sets in 

lesional HS biopsies in comparison to either normal skin 101 or non-lesional HS skin 102. Our 
analysis of HS lesions is largely consistent with the multi-axis inflammatory pathways identified 
in the previous transcriptomic studies 101, 102, 104. How these identified pathways may extend to the 
larger field of skin around HS lesions is currently unknown. The comparison of gene expression 
between lesional and perilesional skin is important for understanding pathogenesis and potential 
treatment targets in HS. Furthermore, characterizing perilesional skin is also relevant to the 
selection of scoring tools that assess pathological features other than nodules  26 28. We found 
extremely high inflammatory profiles in perilesional skin that could not be distinguished from gene 
expression in lesional skin, with no differentially expressed genes between perilesional and 
lesional skin, and no significant differences between inflammatory infiltration on histological 
assessment. This is despite perilesional skin appearing less inflamed (visually healthy appearing) 
than lesional skin by visual examination. Interestingly, psoriasiform hyperplasia was similarly 
present in perilesional and lesional skin but a surface appearance did not suggest the presence of 
psoriasis vulgaris, perhaps due to diffuse disease or occlusion of skin in these regions. Our analysis 
of perilesional skin demonstrates that there is a large inflammatory area around lesions that extends 
a large inflammatory burden. 

 
Based on the results of our profiling study, both lesional and perilesional regions have 

comparable, high-level inflammatory signatures. Consistent with previous reports, we observed 
increased expression of IFNγ 41, 111, IL-17A and IL-17F 41, 98, 148 , and IL-22 41 in HS skin. 
Interesting, lesional and perilesional skin had comparable upregulation of these cytokines, 
suggesting presence and activation of Type 1, Type 17, and Type 22 T-cell subsets in both lesional 
and perilesional regions, along with a strong activation of innate cytokine/neutrophilic response 
axis.   

It is understood that apocrine gland rich skin (such as axillary, inguinal and sub-mammary 
tissues which have predilections to the development of HS) has an increased Th17 signal compared 
to other body sites80. Our use of site matched control skin accounts for this immuno-topographical 
variation in Th17 activity and highlights the significant elevation of IL-17C even in clinically 
“unaffected” tissue. IHC staining illustrates the development of a trans-epithelial IL-17C gradient 
in perilesional and lesional HS tissues compared with unaffected tissues. The presence of such a 
transepithelial gradient is documented as a potent neutrophil chemoattractant in other conditions 
including pustular psoriasis 80, 149. Our results suggest that the supra-basal localization of IL-17C 
and establishment of a trans-epithelial gradient may be functionally important in the development 
of clinical disease, as opposed to absolute IL-17C levels in HS tissues; particularly as C/EBP β and 
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C/EBP σ transcription factors that mediate signaling of IL-17A,C and F isoforms are more 
concentrated in differentiated keratinocytes of the spinous and granular layers150. 

We present the first identification of IL-17C in HS. Extrapolating from known mechanistic 
pathways in psoriasis and AD, IL-17C may contribute to the upregulation of other keratinocyte 
derived cytokines and inflammatory mediators including IL-36y, IL-32, CXCL1, CXCL8 and 
LCN2. IL-36y is elevated in HS and is highly upregulated in other pustular disorders including 
generalized pustular psoriasis (GPP)41, 149.Interactions between IL-17C and IL-36γ are central to 
the pathogenesis of disease given effect of keratinocyte-derived factors in promoting trans-
epithelial neutrophil migration.  

 
Prior work has identified major up-regulation of IL-36 cytokines in lesional HS skin 41, 151, 

152. As shown in our manuscript, the major upregulation of IL-36α and Il-36γ also extends to 
perilesional regions. These IL-36 cytokines are also highly expressed in psoriasis vulgaris 153, 154 
and pustular variants of psoriasis and have been shown to be pathogenic in generalized pustular 
psoriasis 149, 155. We speculate that IL-36 isoforms may be essential for neutrophilic inflammation 
in HS, where IL-36 may be induced through combined actions of IL-1β(upregulated >6 fold) and 
IL-17A or IL-17F, which are both strongly upregulated in lesional and perilesional HS skin. In 
turn, activation of IL-36 and IL-17C in keratinocytes 97 likely drive the strong upregulation of 
CXCL1 and CXCL8 chemokines that promote neutrophil chemotaxis. Of note, we note that IL-
17A/F and TNF or IL-1 cytokines also induce these CXCL chemokines and can synergize in this 
induction 156, 157. Psoriasiform patterning of the epidermis, first reported in HS lesional skin 37, 96, 

158, clearly extends to the perilesional skin area, along with increased proliferation of epidermal 
keratinocytes, keratin 16 expression and up-regulation of IL-19 and CCL20 cytokines which are 
also upregulated in psoriasis 159-161. Another factor that may promote neutrophilic inflammation is 
CSF3/G-CSF (>17-fold upregulation), which would increase granulopoiesis in the bone marrow. 
It has been suggested that IL-17 may promote granulopoiesis through CSF3 induction, further 
contributing to the IL-17/CSF3/LCN2 axis 162-167.  

 
These results highlight the abnormal inflammatory milieu in clinically healthy-appearing 

perilesional tissue surround HS inflammatory nodules. If perilesional skin is defined as a ring 
around a lesion (2cm radius), the total surface area affected is >10-times that of lesional skin and 
thus the total production of cytokines and other inflammatory mediators would  dominate in 
perilesional skin. Biopsy of active lesions in the setting of clinical trials may interfere with 
quantification of active nodules/abscesses, whereas a biopsy of perilesional skin should not 
interfere with this measurement. While the main measure of HS severity has been focused on 
inflammatory nodules (HiSCR), it has been shown that characteristics of HS skin outside of 
nodular lesions (i.e., tunnels) impacts the therapeutic success with adalimumab, the only approved 
biologic therapy for HS. 168, 169.  Demonstrating that perilesional biopsies 2cm adjacent to active 
lesions exhibit no significant difference relative to lesional samples will allow for translational and 
mechanistic studies to be undertaken in the clinical trial setting without concerns regarding 
iatrogenic elevation of clinical response rates. Therefore, in the context of biomarker studies in 
clinical trials of new therapeutics, a biopsy of a perilesional region would provide nearly identical 
molecular/cellular information to a biopsy of a lesion, but with the advantage that the biopsy would 
not risk draining a nodule/lesion that is being used to grade disease activity during a treatment 
phase.  
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HS is diverse both in its clinical manifestations and molecular heterogeneity marked by 
upregulation of several inflammatory axes. The stratification of a complex and heterogeneous 
disease such as HS into discreet disease subtype or endotypes  has implications for therapeutic 
targeting. In this study, LCN2 expression clearly identifies a subtype that is associated with higher 
cytokine expression and neutrophilic infiltration. To the extent that LCN2 expression is related to 
high expression of CSF3, higher expression of cytokine and chemokine pathways in both  skin and 
blood, and the further association with increased infiltration of neutrophils into skin,  LCN2 
expression appears to identify a related neutrophil response axis that might be considered a disease 
endotype. A key cytokine in the serum correlated with LCN2 expression is IL-17A, suggesting 
that therapeutic targeting with IL17 antagonists may be best suited for patients with higher LCN2 
expression. Furthermore, the LCN2 high subset is correlated with increased expression of CSF3, 
which is known to stimulate the production and release of granulocytes from the bone marrow and 
has previously been shown to be elevated in HS skin and might thus explain neutrophilic increases 
observed in the blood of HS patients167.  Increases in JAK3 expression is also associated with the 
LCN2-high subtype, suggesting a possible use of JAK inhibitors in this higher inflammatory 
phenotype.  While our findings suggest a potential HS endotype, further validation in many cohorts 
is necessary. However, our results provide preliminary insights into the differential inflammatory 
(and wider transcriptomic) profiles of tissue with varying LCN2 levels in the setting of HS. 
 

Additionally, this is the first study comparing the proteomic profile of nonlesional, 
perilesional, and lesional HS skin versus psoriasis and healthy controls. One previous study 
identified 17 proteins upregulated in HS, 14 of which overlapped with the 64 DEPs we identified 
in our study 170. However, that study did not detect TNF, or neutrophil-associated (CXCL1, IL-8) 
proteins that were detected in our analysis. In our study, we extracted proteins directly from frozen 
tissue and were able to quantify all 92 analytes within the Olink inflammation panel whereas only 
75/92 proteins were detected after ex vivo tissue culture 170-172. Other studies of select proteins 
reported an increased expression of IL-1β, IL-17A, TNF, IL-8, CXCL16 and RANTES in HS skin, 
consistent with our findings 40, 148, 173, 174. 

 
We demonstrate significant skewing towards Th1 (IL-8, CXCL9, CXCL10, CXCL11) and 

Th17 (IL-17A, CCL20, CXCL1) in HS, as well as an increase of TNF previously reported by 
transcriptomic analysis 85, 104, 109, 115. We also detect neutrophil-related proteins (CXCL5, CXCL6, 
CXCL1, IL-8). While HS and psoriasis share epidermal features, HS has discernable dermal 
inflammation and the presence of immunologically active dermal tunnels 99. We identify novel 
proteins previously not reported in HS which may reflect tunnel biology. Artemin (ARTN), whose 
elevated expression in skin has been associated with hyperalgesia and Neutrophin-3 (NT-3), whose 
levels are increased in skin of patients with diabetic neuropathy, are both elevated in HS 137, 175, 176. 
This suggests neuroinflammation might contribute to pain common in HS patients  134, 135 136, 137, 

177, 178. Tunnels are inflammatory-active, epithelialized structures unique to HS, and their 
development is not well understood 99. Hepatocyte Growth Factor (HGF) and epithelial-derived 
IL-24, both elevated in HS skin, are growth factors that might influence formation of epithelialized 
dermal tunnels 144, 145, 179, 180.  

 
We show that expression of TNF in the skin is significantly correlated with IHS4. The role 

of TNF as a disease driver is firmly established through antagonism in clinical studies 32, 67, 85, 110, 

115. Previous work has shown that elevations of TNF in HS skin may be correlated with Hurley 
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staging 40, 85, 115. We found that TNF protein levels in both skin and blood were significantly 
correlated with IHS4 but were not correlated with other clinical parameters (BMI, absolute 
granulocyte, lymphocyte, or neutrophil counts), establishing a direct association with disease 
activity. While TNF could originate either from innate inflammatory pathways or activated T cells, 
our data presents evidence that activated polar T cell subsets including Th1 (CXCL9, CXCL10, 
CXCL11, IFNγ) and Th17 (IL-17A, CXCL1) correlate with disease activity in perilesional and 
nonlesional skin. 

 
Our findings that inflammation extends to perilesional and nonlesional skin have 

importance for conceptualizing HS pathogenesis and for adopting scoring systems that incorporate 
measures beyond inflammatory nodules (currently considered the main “lesion” in affected HS 
regions). In previous work, we found that perilesional skin may contain deep dermal tunnels with 
active inflammation despite appearing visually healthy on the surface 181. This is coupled with 
intense production of inflammatory transcripts in deep dermis of HS skin, especially skin with 
tunnels 99. Therapeutic modulation of dermal inflammation has been demonstrated by Doppler 
ultrasound and by reduced drainage from surface ostia that are termini of dermal tunnels at the 
epidermis 62, 99, 181.  The differences in inflammatory gene expression in nonlesional HS skin 
compared to healthy controls also supports the view of HS pathology as not discreetly localized 
within the affected regions of the skin. Accordingly, HS might be better characterized as a ‘field’ 
disease rather than focused only on localized nodules. This view is reflected in alternative scoring 
systems such as the IHS4, which considers both inflammatory nodules and draining 
tunnels/fistulae. Measurement approaches that do not integrate perilesional involvement may 
provide a limited measurement of disease. 
 

Taken together, we provide data as to the transcriptomic and proteomic characteristics of 
lesional, perilesional and nonlesional HS skin compared with site-matched healthy controls. In-
depth transcriptomic profiling of HS tissue identifies no significant difference between lesional 
and perilesional tissue, suggesting that the large inflammatory burden extends beyond visible 
nodule, and directly having implications for tissue sampling in clinical trials. Further investigation 
into the role of discrete inflammatory endotypes of disease that may identify associations with 
therapeutic efficacy area are warranted. 
 
 

 
 
 
 
 
 
 
 

 
 
 
 
 



 47

 
 
 
 
 
 
 
 
 

CHAPTER 4: 
Epithelialized tunnels contribute to inflammation in hidradenitis suppurativa 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 48

CHAPTER 4. Epithelialized tunnels contribute to inflammation in hidradenitis 
suppurativa 

 
4.1 Introduction 

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 182 .  Tunnels cause 
significant pain and morbidity 1, 183 via chronic, malodorous discharge, and are predictors of poor 
response to existing medical therapies including Adalimumab 1, 32. Furthermore, it has been 
suggested that the presence of tunnels is associated with a more aggressive course of Hurley Stage 
3 disease 184 . Tunnels have traditionally been considered an end-stage fibrotic product of dermal 
inflammation with no known contributions to inflammation in HS 95, 182, 185, 186.  This is despite 
existing evidence of stratified squamous tunnel epithelium similar to the overlying epidermis 187 
and the active inflammatory characteristics of the tunnel-associated Infiltrative Proliferative 
Gelatinous Mass (IPGM) 188, 189 . 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 189 . These features mirror the inflammatory characteristics of the dermal 
compartment in HS lesions 45 41 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. 
 
4.2 Results 
4.2.1 Dermal HS tunnels can be clearly identified sonographically and histologically 

A total of 22 patients were included in this study, and 9 site-matched healthy volunteer 
controls. HS lesional skin was examined. Visual assessment of the clinical appearance of tunnels 
in the gluteal (Figure 24A), axillary (Figure 24B-D) and submammary (Figure 24C) regions; with 
more severe (Hurley Stage 3 disease: Figure 24B,D) demonstrated hypertrophic scarring and 
dermal retraction of the superficial skin into linear cords (Figure 24D). 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, Figure 24A-D). We therefore elected to utilize 
sonographic assessment to identify clinically appearing tunnels for biopsies. Under sonographic 
assessment, parallel hyper echoic linear bands were identified (Figure 24E-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 (Figure 24I-L). 
Histopathologic analysis of affected skin samples by H&E staining demonstrated the presence of 
deep dermal tunnels (Figure 24I-L). 
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Figure 24: 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 tunnel99. 
 
 
4.2.2 The epithelium of dermal tunnels recapitulates the structure of the overlying 

epidermis. 
HS epidermis has been previously characterized histologically by epidermal hyperplasia 37, 

45, 97, 158. Consistent with this, we observed a thickened epithelium with epidermal psoriasiform 
hyperplasia in HS lesional skin (Figure 25A). Previous studies have shown that tunnels may be 
lined by squamous epithelium (23). Histological analysis of HS tunnels by H&E staining 
demonstrated that tunnels are characterized by a contiguous interconnected cylinder of 
keratinocytes with a central lumen (Figure 25A, “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.  
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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 (Figure 25). 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 (Figure 25B). 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 (Figure 25C). 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 (Figure 25D). 
Taken together, positive staining to S100A7 (Figure 25B), Keratin 16 (Figure 25C) and Ki67 
(Figure 25D) 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 (Figure 25E) 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. (Figure 25F). 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 (Figure 25G). No evidence of follicular morphology was evident 
across the sections examined. Melanocytes were identified in the basal layer of HS tunnels by 
Melan A (Figure 25H) and c-Kit (Figure 25I) as well as dermal mast cells c-Kit (Figure 25H). 
Intraepithelial melanocyte cell populations were of comparable density to that seen in the overlying 
psoriasiform epidermis (Figure 25H). Tunnels had increased staining of Lipocalin-2, previously 
associated as a marker of IL-17 activated keratinocytes (Figure 25J) 58 .  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.  
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Figure 25: 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 I) c-Kit identifying dermal mast cells. J) Lipocalin-2 
staining is also increased in intensity in the luminal layers of the tunnel epithelium compared to 
superficial HS epithelium99. 
 

4.2.3 HS tunnels have increased inflammatory infiltration compared to the overlying 
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 (Figure 26). 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 (Figure 27A). Clusters of CD3+, CD11C+ and NE+ cells were evident surrounding dermal 
cells (Figure 27A). When HS samples were subdivided by the presence or absence of dermal 
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tunnels (Figure 27B), 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) (Figure 27C). Staining with CD177 (a neutrophil activation marker) demonstrated 
recruitment and transmigration of neutrophils towards the tunnel lumen (Figure 26D, 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) (Figure 
26E). CXCL8 was also positive throughout the tunnel epithelium although the gradient was less 
well-defined (Figure 26F). It was previously shown that neutrophils are able to form web-like 
neutrophil extracellular traps (NETs) following exposure to microbes 56, 190-192, and that neutrophils 
in HS are primed to form NETs 56. 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 (Figure 28). Taken together, these 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.  
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Figure 26: Tunnels recapitulate the inflammatory profile of the overlying epidermis. 
Representative immunohistochemistry images of HS skin and tunnel A) H&E staining shows 
psoriasiform hyperplasia with elongated bridging retention ridges, hyperkeratosis, parakeratosis 
and inflammatory infiltrate. “L” denotes lumen. Scale Bar, 10μm B) IL-36 γ staining indicates 
staining the psoriasiform hyperplasia of the epidermis and the epithelium of tunnels with a 
gradient towards the granular layer of the superficial epidermis. C) Increased staining is 
appreciable at the luminal portion of the tunnel epithelium. Langerin staining highlights the 
presence of Langerhans cells in the superficial epidermis as well as throughout the tunnel 
epithelium. D) CD177 staining identifies activated neutrophils in the epidermis and surrounding 
the tunnel. CXCL1 E) and CXCL8 F) both demonstrate staining in the epidermis and tunnel 
epithelium with a gradient increasing towards the stratum corner of the epidermis and the 
luminal portion of the tunnel epithelium. These chemokine gradients support the proposed 
mechanism of trans epithelial migration of neutrophils across the epidermis-epithelium in HS. 
Black arrow indicates the gradient of CD177 and CXCL1 positive staining towards the tunnel 
lumen, with wide end depicting increased positivity 99. 
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Figure 27: 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 highlight 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) 99. 
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Figure 28: Prominent neutrophilic infiltration in tunnel lumen. 
A) Representative H&E staining of HS tunnel and lumen. L denotes lumen. Scale Bar, 100μm. 
B) Neutrophil elastase staining of tunnel lumen demonstrates infiltration of neutrophils with 
formation of neutrophil NETs (dashed circle). C) The infiltration of tunnel lumen contains is 
predominantly multilobed neutrophils.  Scale Bar, 100μm99. 
 

4.2.4 HS skin clusters based on the presence or absence of dermal 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 (Figure 29A). Results are shown as a heatmap, with 
fold changes (FCH) relative to nonlesional skin (NL) (Figure 29B).  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 (Figure 29B).  

 
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 (Figure 29C). 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 (Figure 29C). This data suggests that samples with 
epithelialized tunnels have a unique inflammatory profile compared to samples without tunnels. 
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Figure 29: 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), and with tunnels (n=5). Results 
are the mean ± SEM, FCH is shown. *p<0.05, **p<0.01, ***p<0.001 99. 
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4.2.5 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 (Figure 30A). Given the different sizes of tunnels (as evident in Figure 24I-L), we 
normalized expression values relative to the amount of total RNA extracted (Figure 30B). 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 (Figure 30B-D). Elevations of IL-17C in both the epidermis and tunnel were confirmed 
by immunohistochemistry. (Figure 30C). 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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Figure 30: Tunnels are active mediators of inflammation in HS. 
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 (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 99. 
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4.3 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-Receptor A (IL-17RA) 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 
51, 97. 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 193, 194 (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 HS195.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 regions80. We 
recently published the first report of IL-17C in HS tissue samples97. 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 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 release166, 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 lumen56, 189. 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 
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transmigration marker, CD177 (Fig. S2D). Additionally, CXCL8 can induce the process of 
NETosis 56.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 196.  

 
Unsupervised hierarchical clustering demonstrated 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 56 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 45, as stratification by disease severity and/or 
morphological structures has not routinely been performed 86.  

 
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 95 . 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, which is consistent with previous data 
of alteration in epithelial and follicular keratinocyte differentiation identified in transcriptomic data 
95. 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 37, 158. 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 197-199. 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 200. 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 41, 97 
and Psoriasis Vulgaris 201. 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 
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and the limitations to in vitro approaches to modeling disease 202. 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 168. 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 168. 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 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 203. As surface drainage of pus secretions from tunnel ostia 
is significantly ablated by Brodalumab treatment 203, 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 39. 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 56. 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.  
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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. 
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CHAPTER 5. Systemic inflammation in hidradenitis suppurativa  
 
5.1 Introduction 

Current treatment options for HS have limited efficacy 204, and are hindered by a lack of 
blood and serum biomarkers for assessment of inflammatory activity and therapeutic response.  
Several studies have examined the serum proteome to identify potential disease biomarkers, with 
varying results regarding the abundance of these cytokines and proteins compared to healthy 
controls 58, 75, 174, 205.  A study assessing the in-depth proteomic profile of HS serum in order to 
identify biomarkers of disease is lacking.   

 
Multiple studies have utilized the Olink broad proteomic panels to gain molecular insight 

into disease activity in the serum of inflammatory dermatoses including AD 206, 207, alopecia areata 
118 and psoriasis vulgaris, as well as for biomarkers of therapeutic response in psoriasis 208. In 
addition to an increase in inflammatory proteins, these studies have identified alterations in 
cardiovascular biomarkers, consistent with systemic inflammation associated with these disorders. 
In this study, we aimed to evaluate protein expression in HS serum. A large-scale proteomic study 
directly comparing systemic alterations in HS and psoriasis has not been performed. We also aimed 
to broaden the current knowledge by evaluating a comprehensive panel of biomarkers in serum 
from moderate-to-severe psoriasis and HS patients and healthy controls, utilizing a novel extended 
Olink platform assessing 1,536 biomarkers. 
 
5.2 Results 
5.2.1 The proteomic profile of HS serum is molecularly distinct from healthy controls and 

other systemic inflammatory dermatoses  
Using the Olink proteomic platform, we first assessed the serum proteome of patients with 

untreated Hurley II and III HS (n=22) and BMI-matched healthy control individuals (n=9) using 
the  inflammation (92 biomarkers), cardiometabolic (92 biomarkers), cardiovascular II (92 
biomarkers) and cardiovascular III (92 biomarkers) panels. Principal component analysis (PCA) 
demonstrated that HS samples clustered separately from healthy volunteers (Figure 31A). 
Unsupervised two-dimensional hierarchical clustering algorithm was used to group the samples 
based on differentially expressed proteins (DEPs, defined as FCH ≥ |1.2| and p ≤ 0.05) (Figure 
31B). HS serum had a significant increase in neutrophil-related proteins (IL-17A, CXCL1, 
Cathepsin D), mediators of atherosclerosis (HGF), chemotactic cytokines and receptors (CCL5, 
IL-4RA) and growth factors (TGF-α, HGF,  HB-EGF) (Figure 31B) 209. HS exhibited elevations 
of ST2 protein, a biomarker for cardiovascular stress and fibrosis that is a potential predictor for 
outcomes in patients with heart failure 210. This finding is consistent with increased risk of 
cardiovascular complications in patients with HS 211, 212. 
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Figure 31: HS serum is molecularly distinct from other skin diseases. 
A) PCA and B) unsupervised hierarchical clustering of all differentially expressed proteins 
FCH≥|1.2|, and p≤0.05) between HS and HV controls. FCH relative to healthy controls are 
shown; * p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001. c-Kit-ligand is found in both inflammation and 
cardiovascular panel. C) GO biological process pathway enrichment analysis of differentially 
expressed proteins in HS relative to HV using the XGR tool. Vertical line is FDR=0.05213.  
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Figure 32: Comparison of serum proteome in HS, psoriasis and AD. 
Venn diagram of DEPs (|FCH|≥1.2, p≤0.05) between HS, psoriasis and AD sera  213. 
 

We then conducted an enrichment analysis of DEPs for Gene Ontology (GO) biological 
processes terms.  Pathways that were significantly enriched in the serum of HS patients relative to 
healthy volunteers are shown in Figure 31C, with the vertical line demonstrating a false discovery 
rate (FDR) of 0.05. The most significantly enriched pathways were related to general immune 
response (positive chemotaxis, chemokine-mediated signaling pathway, lymphocyte chemotaxis, 
immune response, regulation of signaling receptor activity, inflammatory response, signal 
transduction) and neutrophil-mediated inflammation (neutrophil chemotaxis, neutrophil 
degranulation). Since the serum contains secreted proteins, we assessed the cellular structures in 
which the DEPs are localized to function. Protein Analysis Through Evolutionary Relationships 
(PANTHER) statistical overrepresentation test for GO cellular component terms identified the 
tertiary granule lumen (p=3.95E-05), specific granule lumen (neutrophil-associated) (p=5.57E-
05), and extracellular space (p=9.42E-13) as the cellular locations in which HS-specific proteins 
functioned 214. Given that smoking may be associated with HS, we performed a sensitivity analysis 
to account for smoking status. There were 7 proteins differentially expressed between HS smokers 
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and nonsmokers (SLAMF7, QPCT, CHIL1, SELE, NCAM1, MB, and SERPINA7). None of these 
proteins were differentially expressed between HS and healthy control patients regardless of the 
smoking status. 
 

Since we observed systemic inflammation in HS serum, we compared the HS serum 
proteome to previously published Olink cardiovascular and inflammation panels in atopic 
dermatitis (AD) and psoriasis vulgaris 206 using FCH ≥ |1.2|, and P-value of  ≤ 0.05 (Figure 32). 
All three dermatoses had an up-regulation of mediators involved in atherosclerosis (HGF) 209. 
Compared to AD and psoriasis, HS only had 11 unique DEPs. HS was characterized by a 
significant upregulation of proteins related to neutrophil chemotaxis (CXCL1) and biomarkers of 
cardiovascular disease (ST2), with downregulation of IL-17D. HS was more akin to psoriasis, with 
an up-regulation of Th17 pathway (IL-17A), neutrophil-related proteins (IL-17A, Cathepsin D, 
CCL24). Both HS and AD had an upregulation of growth factors (TGFα) and IL-4 immune 
signaling (IL4-RA, SLAMF1). 
 
5.2.2 Serum LCN2 expression distinguishes HS subtypes 

Lipocalin-2 (LCN2), also known as neutrophil gelatinase-associated lipocalin, has been 
suggested as a potential biomarker in HS, with reports demonstrating elevated levels of LCN2 in 
serum of patients with HS and palmoplantar pustular psoriasis (PPP) 57, 58. LCN2 is a potent 
chemoattractant for neutrophils, promoting adhesion and extravasation of granulocytes 215. LCN2 
can also be used to measure of inflammation in the context of inflammatory bowel disease 126, 127. 
Given the neutrophilic signature of HS serum and the applicability of LCN2 as a biomarker of 
inflammatory disease, we asked whether LCN2 is elevated in our HS cohort. Unsupervised two-
dimensional hierarchical clustering of all samples arranged by LCN2 levels identified two HS 
subgroups: subset of HS patients with high LCN2 levels and a subset of HS patients with low 
LCN2 levels which clustered more closely to the controls (Figure 33A). We identified a node of 
the dendrogram which was associated with increasing levels of LCN2 (black box, Figure 33A). 
This cluster identifies proteins directly proportional to LCN2 levels in serum, including neutrophil-
related proteins (AZU1, MPO, EN-RAGE, DEFA1, CEACAM8, MMP-9, CXCL8) (Figure 33B-
C). Phylogenetic tree clustering of all the samples demonstrated two distinct subtypes of HS based 
on high or low LCN2 levels in the serum (Figure 33D). We then evaluated the clinical and 
histological parameters associated with the patients in each subgroup.  The majority of the patients 
in the LCN2-high subgroup had histologically diagnosed dermal HS tunnels (based on ultrasound 
examination of HS skin as well as the presence of a visible tunnel on the histological assessment 
of the biopsy), compared to the LCN2-low subgroup, in which patients did not have histologically 
diagnosed tunnels. Since the criteria of histologically confirmed dermal tunnels was used, it is 
plausible that a patient may have had a tunnel that was missed by the punch biopsy, thus explaining 
the two outliers in the cohort (Figure 33D).  
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Figure 33: Serum LCN2 levels differentiate HS into two subgroups. 
A) Unsupervised hierarchical clustering of all proteins in HS and HV control serum arranged by 
increasing levels of LCN2 in the serum. Red indicates upregulated and blue indicates 
downregulated protein expression levels. Blue circle demonstrates node of interest on the 
dendrogram with black box identifying a cluster of proteins that are directly proportional with 
LCN2 levels b) Magnification of the LCN2-related cluster of proteins identifies a clear 
demarcation of two HS sub-groups based on protein level of LCN2 in serum c) Pearson’s 
correlation between LCN2 protein levels and levels of other neutrophil-related proteins in serum 
is shown. r is Pearson correlation. d) High LCN2 sub-group consists of patients with 
histologically diagnosed tunnels, which cluster separately and away from patients without 
tunnels and low LCN2 levels 213. 
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5.2.3 HS patients with tunnels have a different serum proteomic profile compared to 
patients without tunnels 
We then compared DEPs in sera of HS patients with and without histologically confirmed 

tunnels, with FCH relative to healthy control shown (Figure 34A) and conducted an enrichment 
analysis of DEPs unique to HS samples with tunnels (relative to healthy controls) using the 
canonical/KEGG/REACTOME/bioCarta pathways. Serum of HS patients with tunnels had an 
enrichment of pathways involved in proliferation and signal transduction, inflammation, 
extracellular matrix remodeling  and tissue-development (development biology, axon guidance, 
pathways in cancer) (Figure 34B). There were  41 unique DEPs in tunnel samples compared to 23 
proteins unique to non-tunnel samples, both relative to healthy controls (Figure 34C). There was 
minimal overlap between tunnel and non-tunnel samples (5 proteins). Smoking status did not 
influence the serum proteome between patients with and without tunnels; of the 7 differentially 
expressed proteins between HS smokers and HS nonsmokers, only 1 (SERPINA7) was 
differentially expressed between tunnel and non-tunnel HS samples. 
 

HS samples with tunnels had a neutrophilic signature (CTSD, IL-17A, IL-17D, LCN2) 
compared to HS without tunnels. Serum of patients with tunnels had an upregulation of known 
cardiovascular biomarkers (HGF, ST2, PGLYRP1). Given the neutrophilic signature associated 
with tunnels, and that pus draining from tunnels is neutrophil-mediated, we asked whether patients 
with draining or non-draining tunnels had a different proteome profile (Figure 34D). There was a 
significant difference in levels of neutrophilic-related proteins (IL-17A, LCN2, CXCL8, EN-
RAGE, DEFA-1, MMP-9) between HS samples with draining versus nondraining tunnels. In cases 
where there was no significant difference in protein levels between healthy volunteers and HS, or 
tunnel versus non-tunnel samples, there was a significant difference in protein levels between 
draining and non-draining tunnel (EN-RAGE, DEFA1, MMP-9). This suggests that patients with 
actively draining tunnels have a different serum proteome profile. Furthermore, cardiovascular 
biomarker ST2 was significantly elevated in patients with draining tunnels, further linking the role 
of tunnels in HS and the increased risk for cardiovascular co-morbidities (Figure 34D).  
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Figure 34: HS patients with tunnels have a different serum proteome profile. 
A) Enriched biological processes in serum of HS patients with tunnels by 
canonical/KEGG/Reactome/BioCarta pathways using the XGR tool. Vertical line is FDR=0.05 
B) Venn Diagram of differentially expressed proteins in HS patients with and without tunnels 
relative to HV C) Olink expression of serum protein levels, shown in Log2(Expression) for 
neutrophil and cardiovascular-risk related proteins in serum of HS and HV, HS patients with and 
without tunnels, and HS patients with draining and non-draining tunnels. Each dot represents an 
individual sample 213. 
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5.2.4 Correlation of biomarkers suggests a skin-blood interaction in HS 

We also correlated protein expression between serum and skin in HS patients (Figure 35). 
There was a significant correlation between protein levels in blood and lesional (r=0.67, p<0.01) 
and perilesional (r=0.61, p<0.01) skin. 26 proteins were up-regulated, and 26 proteins were down-
regulated in HS lesional skin and blood relative to healthy controls. Among the mutually up-
regulated proteins, Th1 cytokines ((CXCL9 (FCHskin=5.31, FCHblood=1.48), CXCL11 
(FCHskin=3.25, FCHblood=1.48)), IL-12/IL-23 cytokines ((CXLC1 (FCHskin=14.20, 
FCHblood=1.07), TNF (FCHskin=3.61, FCHblood=1.26)), the Th17 cytokine (CCL20 (FCHskin=6.36, 
FCHblood=1.29), and HGF (FCHskin=1.85, FCHblood=1.16) were higher in skin compared to blood 
(n=19). 15 proteins, including IL-8, IL-6, MCP-1, and MMP-1 were upregulated in skin but not in 
blood, and 25 proteins, including VEGFA, immunoregulatory IL-10, and growth factors TGF-
alpha and FGF-21/23/19/5 were upregulated in blood but not in skin. 

 
 
 

 

Figure 35: There is a significant correlation of blood-skin biomarkers in HS. 
Olink proteomics in HS blood versus lesional skin. r is Pearson correlation. 
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We examined LS, and healthy-appearing PL and NL skin biopsies as previously described 
86 (Figure 36A). We first asked if there was any correlation between HS skin and serum by studying 
IL-6, which has been previously suggested as a biomarker in HS serum 75. IL-6 protein level in 
serum was significantly correlated with IL-6 mRNA in LS (r=0.62, p=0.0096), PL (r=0.56, 
p=0.0138) and NL (r=0.5, p=0.0261) skin (Figure 36B). We focused this analysis on PL skin 
biopsies since the overall RNA-quality was better in the PL compared to LS samples, consistent 
with the increased presence of neutrophils in lesions of LS skin. There was a significant correlation 
between proteins involved in the interferon axis (CXCL9, CXCL11), known psoriasis-related 
proteins (PI3/elastin, SELP), B-cell related protein (IGCL2), neutrophil related markers (LCN2, 
SERPINA5, SLAMF1) and biomarkers of general inflammation (HGF, HO-1) (Figure 36C). 
Granulocyte colony-stimulating factor (G-CSF/CSF3) is a major hematopoietic cytokine 
regulating granulopoiesis and is involved in both inducing granulocyte production and release 
from the bone marrow 166, 216. Given the strong correlation between neutrophil-related biomarkers 
in the serum and skin, and the neutrophilic signature associated with HS overall, we asked if CSF3 
is a possible driver of increased neutrophil activity is. The mRNA levels of CSF3 were elevated in 
LS and PL skin of HS patients compared to skin from healthy volunteers. Therefore, we asked if 
there was a correlation between CFS3 levels in LS skin and neutrophil-related biomarkers in serum 
(Figure 36D). Indeed, many of the neutrophil-related markers correlated with increased expression 
of CSF3 mRNA in the skin, suggesting that the active inflammatory lesion may be driving the 
recruitment of neutrophils and thus increasing the expression of neutrophil-related protein in the 
serum (Figure 36D). 
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Figure 36: There is a multi-axis serum-skin correlation in HS. 
A) LS was biopsied at an edge of an active inflammatory lesion. PL and NL skin biopsies were 
taken from healthy-appearing skin 2cm and 10cm from the edge of the active inflammatory 
lesion, respectively, and biopsied on the same anatomical area as the LS biopsy. B) Correlation 
plots of IL-6 protein serum levels and the IL-6 mRNA levels in LS, PL and NL skin; scatterplots 
are shown with estimated linear regression and 95% confidence interval; r Pearson Correlation. 
c) Serum-skin correlation of serum protein levels (Log2 Olink expression) with their 
corresponding mRNA levels in PL skin (Log2 mRNA expression) D) Serum-skin correlation 
between mRNA levels of CSF3 in LS skin and levels of neutrophil-related proteins in the serum 
213. 
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5.2.5 Levels of neutrophil-related proteins in the serum correlate with clinical activity 

We then asked whether clinical characteristics correlated with LCN2 and IL-17A protein 
levels in the serum (Figure 37). Given that only advanced HS patients (Hurley Stage II and III) 
were included in this study, we could not correlate the serum levels of LCN2 and IL-17A with 
Hurley Staging. However,  patients with Hurley Stage III were more likely to present with draining 
tunnels (p=0.00905) and thus are more likely to have neutrophilic inflammation in the serum, 
consistent with analysis in Figure 3d. Unlike the IHS4 criteria, Hurley staging does not take into 
account the presence of nodules, abscesses and number of draining tunnels in a weighted approach. 
IHS4 scoring, which assigns points to the number of nodules, abscesses and draining 
tunnels/fistulae, correlated the most with the serum protein levels of neutrophilic LCN2 and IL-
17A, suggesting its utility as a tool to quantify disease activity and clinical response in HS. 
Therefore, our data suggests that the IHS4 score is more representative of disease activity than 
Hurley staging. Furthermore, IHS4 levels also correlated with other markers of general 
inflammation (TNF-α, IL-6) and biomarkers of cardiovascular risk (ST2, HGF, TIE2). This may 
suggest that patients with more severe HS are at an increased risk of cardiovascular disease.  
 

 

 
 
Figure 37: Serum protein correlations with clinical markers and skin disease severity. 
Correlation of White Blood Cell Count (WBC), Absolute Neutrophil Count (Abs. Neutrophil), 
Absolute Nodule Count (defined as the sum of nodules and abscesses), Draining Tunnel Count, 
Pain Score, and IHS4 scores with A) LCN2 and B) IL-17A protein levels in the serum. 
Scatterplots are shown with estimated linear regression and 95% confidence interval; r Pearson 
Correlation. Blue dots represent healthy control samples and red dots are HS samples 213. 
 
 
5.2.6 Shared versus unique proteomic features in HS and psoriasis 

We then profiled 1,536 serum proteins from HS and psoriasis patients and age- and BMI-
matched healthy controls using the Olink Explore high-throughput proteomic platform. In order to 
decrease heterogeneity associated with HS, we chose to focus on HS patients with tunnels. In total, 
11 moderate-to-severe psoriasis patients (mean age: 46.9+/-10.9 years), 10 moderate-to-severe HS 
patients with tunnels (mean age: 36.5+/-14.2 years), and 10 healthy controls (mean age: 39.5+/-
19.3 years) were included in this study after signing an institutional review board-approved 
consent. There were no significant differences in age and BMI between HS patients, psoriasis 
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patients, and healthy controls Patients with psoriasis had Psoriasis Area and Severity 
Index/PASI≥12 (mean PASI score 16.3), and HS patients had a mean International Hidradenitis 
Suppurativa Severity Score System/IHS4 score of 64.5 and dermal tunnels (confirmed by 
ultrasound examination and histological assessment of biopsies86). Patients did not use topical 
treatment for ≥2 weeks and had >5 half-lives of wash-out period from previous disease modifying 
therapies.  
 
Table 2: Characteristics of HS and psoriasis patients enrolled in the serum analysis. 
BMI, body mass index; HS, hidradenitis suppurativa; IHS4, international hidradenitis 
suppurativa severity score system; PASI, psoriasis area and severity index; SD, standard 
deviation. 

  
Psoriasis (n=10) HS (n=11) Controls (n=10) P-value 

Age (y), mean (SD) 39.5 (19.3) 36.5 (14.2) 46.9 (10.3) 0.29 
Male sex, n (%) 4 (40) 7 (63.6) 8 (80) 0.31 
BMI, mean (SD) 32.6 (9.7) 30.5 (8.4) 29.6 (5.6) 0.7 
Clinical severity scores, 
mean (SD) 

 
 

NA 

PASI 16.3 (3.4) NA NA  
IHS4 NA 56.1 (60.8) NA  

 
 
The proteomic profiles were compared using criteria of |FCH|≥1.2 and p-value≤0.05 for 

differentially expressed proteins (DEPs). Overall, psoriasis had fewer DEPs than HS as compared 
to healthy controls (Figure 38). Psoriasis had 65 up- and 73 downregulated proteins, whereas HS 
had 217 up- and 217 downregulated proteins. In a direct comparison of HS to psoriasis, we 
identified 234 up- and 269 downregulated DEPs. Both HS and psoriasis had 17 upregulated DEPs 
in common, including IL-6, IL-2RA (innate immunity/T-cell activation-related), CD207/Langerin 
(a Langerhans cell marker), CD300E (a dendritic cell marker),217 IL-17A and CCL20 (Th17-
related), CXCL10 (Th1/IFNγ-related), and CD177 (neutrophil-related). Shared upregulated 
proteins also included markers related to increased risk of atherosclerosis (PLA2G2A and 
CHI3L1). Select serum markers are shown in Figure 2. The top upregulated proteins in psoriasis 
serum were IL-19, Defensin Beta 4A/4B, and PI3, all Th17-associated proteins (FCH>6.5, 
p<0.001 for all). Top upregulated proteins in HS serum included innate immunity-
related/neutrophil-related CXCL8/IL-8,218 CCL7, a driver of TNF-related inflammation,219 and 
PDLIM7 (FCH>16.5, p<0.001 for all). A gray box highlights a cluster of shared upregulated 
markers (Figure 39). Among these, expression of IL-17A was similar between the diseases. 
Psoriasis displayed higher expression of IFNγ and CXCL9 (Th1-related), while HS displayed 
greater upregulations of IL-6 and CSF1 (innate immunity-related), GZMA (T-/natural-killer-cell-
related), and CCL20 (Th17-related). Overall, a greater inflammatory tone was present in HS, with 
notable differences in key cytokines differentiating psoriasis and HS, as highlighted in the pink 
box (Figure 39). Markers of innate immunity (CXCL8/IL-8, TNF and IL-1β), neutrophil activation 
(PGLYRP1), Th1 (CCL3) and Th17 (LCN2) were all significantly over-expressed in HS relative 
to psoriasis and controls (p<0.05, Figure 2). Proteins uniquely over-expressed in psoriasis (green 
box, Figure 39) included the Th17-related IL-19, PI3/Elafin and DEFB4A/B, all significantly 
upregulated versus both HS and controls. While both psoriasis and HS had low expression of Th2-
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associated cytokines and chemokines, key Th2-related chemokines (CCL17, CCL22, and CCL27) 
were significantly over-expressed in psoriasis and/or controls versus HS. 
 

In addition to an increased inflammatory profile, HS sera had a downregulation of 
immunoregulatory molecules, including significantly lower levels of CD200 and the negative 
regulator IL-34 relative to healthy controls.220 CD22, an inhibitory co-receptor of B-cells, was 
significantly lower in HS relative to psoriasis.221 HS also presented downregulation of SERPINB1 
(a neutrophil protease inhibitor) relative to both controls and psoriasis.222 Taken together, these 
data demonstrates that HS is a systemic disease with activation of inflammatory circuits similar to 
psoriasis. HS has an upregulation of proinflammatory cytokines with downregulation of 
immunomodulatory proteins. 
 

 
 
Figure 38: HS serum proteome is more dysregulated than that of psoriasis. 
Venn diagram of upregulated DEPs (FCH≥1.2, p≤0.05) in serum of HS and psoriasis patients 
relative to healthy controls. 
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5.2.7 Global analysis further defines molecular signature of HS versus psoriasis  
To globally assess pathways underlying each disease, we performed canonical pathway 

analysis using the Ingenuity Pathway Analysis (IPA) tool. The top significantly enriched canonical 
pathways in psoriasis included HMGB1 signaling (a mediator of inflammation), Th17 activation 
pathway and IL-17A signaling in airway cells, whereas top pathways related to HS were 
osteoarthritis pathway, p38 MAPK signaling and role of pattern recognition receptors in 
recognition of bacteria and viruses. 
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Figure 39: Comparison of immune regulators in HS and psoriasis serum. 
Unsupervised hierarchical clustering heatmap of select DEPs (|FCH|≥1.2, p≤0.05) between 
psoriasis (PsO), HS and HV. Blue indicates downregulated and red indicates upregulated 
proteins. Values are FCH; stars represent p-values with * p<0.05, **p<0.01, ***p<0.001.Red 
box indicates proteins uniquely upregulated in HS, grey box indicates proteins upregulated in 
both HS and psoriasis, and green box indicates proteins uniquely upregulated in psoriasis. 
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Given the differing serum profile of psoriasis and HS, we evaluated which upstream 
regulators govern the two diseases. We used the IPA upstream regulator analysis tool, which 
analyzes linkages of the differentially expressed genes or proteins in order to identify upstream 
regulators, and focused on complex, cytokine, growth factor, and transcriptional regulators. The 
upstream regulators governing both psoriasis and HS included IFNγ, Oncostatin M/OSM (member 
of the IL-6 family),223 lipopolysaccharide/LPS (a potent stimulator of inflammation) and TNF. 
STAT3 was an upstream regulator unique to psoriasis whereas IL-1β was unique to HS. In a direct 
comparison of HS versus psoriasis, TNF, followed by IL-1β were the most significant upstream 
regulators (Figure 40). 

 

 
 
Figure 40: Upstream regulation of HS and psoriasis inflammatory profile. 
IPA upstream regulators in HS relative to PsO based. Vertical line denotes threshold of p-value 
of 0.05. 
 
 
 
 
 

0 10 20 30 40

IL10

Ige

NFKB1

STAT3

CD40LG

IL17A

OSM

IgG

IL2

IL6

Immunoglobulin

CSF2

IL4

TP53

RELA

TGFB1

IL1A

IL13

NFkB (complex)

IFNγ

IL1B

TNF

-log10(p value)

HS vs PsO



 86

5.2.8 The proteomic profile of HS serum demonstrates a Th1/Th17/IL-23-skewed systemic 
inflammation 
We then performed an immune-related GSVA pathway analysis and observed significant 

enrichment of the Th1, Th17, and IL-23/IL-12 pathways, along with weak enrichment of the Th2 
pathway across both diseases (Figure 41). Pathways of proteins synergistically or additively 
induced by TNF and IL-17 were significantly enriched in both diseases (p<0.05), with psoriasis 
presenting a greater, non-significant enrichment of the synergistically induced subset.224 On the 
other hand, HS presented greater enrichment of innate immunity response and positive regulation 
of immunoglobulin production pathways. To validate our results, we also included known 
pathways upregulated in HS and psoriasis from previous reports,225-229 which revealed that both 
psoriasis and HS display enrichment of the psoriasis pathways. 

 

 
 
Figure 41: Pathway dysregulation in HS and psoriasis. 
Bubble plot depicting GSVA scores in PsO and HS relative to HV, and in HS relative to PsO. 
The diameter of the bubble is proportional to the Z score. Bubble color represents p-value as 
defined in the legend on the right. 
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5.2.9 Disease classification of HS and psoriasis serum 
Given the overlap of several inflammatory proteins in the sera of psoriasis and HS patients, 

we sought to identify a set of biomarkers that would specifically differentiate psoriasis and HS.  
Associations between upregulated proteins as disease classifiers were analyzed using a previously 
established logistic model from our laboratory that utilizes a set of biomarkers to distinguish and 
predict disease state.230  We focused on Th17-related markers, PI3, an established marker specific 
to psoriasis,231 and LCN2, a biomarker associated with HS.126, 127, 232 Using this predictive 
algorithm we were able to successfully differentiate psoriasis and HS samples with a specificity 
and sensitivity of 1 (Figure 42). More specifically, a serum level of PI3 that is equal or greater than 
1.42*(level of LCN2)–0.32 indicates that the serum sample belongs to an HS patient with high 
accuracy. We then asked whether commercially available serum biomarkers can also differentiate 
disease state for broader use. Indeed, the combination of CXCL8, TNF or IL-6 can successfully 
differentiate psoriasis and HS.  

 
 
 

 
 
Figure 42: Serum LCN2 and PI3 expression discriminates between HS and psoriasis. 
Discriminant disease analysis using the predictive logistic model based on serum LCN2 and PI3 
biomarkers. Axis are Log(Olink Expression Value) reported in Olink Normalized Protein 
eXpression (NPX) units. 
 
 
5.2.10 Immune and cardiovascular biomarkers correlate with IHS4 and PASI scores  

We then correlated serum biomarker levels with PASI and ISH4 for psoriasis and HS, 
respectively, as well as patients’ BMI. In summary, 124 proteins correlated with PASI score, and 
247 proteins correlated with IHS4 score (|r|>0.5, p≤0.10). A total of 22 proteins correlated, either 
positively or negatively, with both PASI and IHS4 scores. In psoriasis, top markers correlating 
with severity included corticotropin-releasing hormone (CRH) and PAPPA, markers of early-stage 
atherosclerosis,233, 234 previously reported in psoriasis patients (r>0.7, p<0.05).233, 235, 236 Other 
markers positively correlated with psoriasis severity included CD69, a T-cell marker and a key 
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mediator of psoriasis pathogenesis,237 granzyme B (GZMB), a natural-killer/T-call marker related 
with atherosclerosis,238 IL-17A, IL-17F, IL-19 (Th17-related), CCL23 and CCL13 (Th2-related), 
the dendritic cell-marker CD300E,217 and IL-1, suggested to link immune activation and 
atherosclerosis (r≥0.55, p≤0.1).239, 240 Top proteins positively correlated with HS clinical severity 
included tissue growth-factors-related markers, such as growth hormone 1 (GH1), CHRDL2, and 
TGF, along with markers related with increased cardiovascular risk (PLA2G2A, CHI3L1, 
MMP9), TNF, key Th1-related chemokines (CXCL9/CXCL10), and Th17- and Th2-related 
receptors, IL-17RA and IL-4R, respectively (r>0.7, p<0.01).241-243 Other positive correlations in 
HS by our criteria included markers related with innate immunity and cellular activation (LILRA5, 
IL-6, CD40),244 the neutrophil-related PGLYRP1, Th1/IFNγ- (IFNγ, IFNγR1), Th17- (LCN2, IL-
17F, CEBPB),150 and Th2- (IL-10, IL-13) related markers (r>0.5, p≤0.10). 

 
Across both diseases, markers positively correlated with severity scores included IL-17F, 

CLEC4A and TGFBI, and markers inversely correlated with severity included leptin/LEP, 
CGREF1,245 and FLT3LG246 (r>|0.4|, p≤0.10). Of note, while LEP was robustly correlated with 
BMI (r>0.65, p<0.05), LEP levels were weakly inversely correlated with severity across both 
diseases (r<-0.5, p≤0.10).  
 
5.3 Discussion 

This work presents a large-scale proteomic analysis of serum from moderate-to-severe HS 
patients in comparison to healthy controls and psoriasis patients. Consistent with previous reports 
in skin, we identified elevation of IL-17A in HS serum 42, 97, 98. We demonstrate systemic 
neutrophilic inflammation in HS, consistent with elevated absolute neutrophil counts in the blood. 
Unbiased analysis of samples demonstrated clustering of HS based on high and low LCN2 levels 
in the serum, which corresponded with histologically confirmed presence or absence of 
epithelialized dermal tunnels, respectively. This is consistent with neutrophils and keratinocytes 
(likely from the epithelized tunnels) being the source of LCN2 elevation 58. There was a significant 
serum-skin correlation of neutrophilic markers present in perilesional skin, suggesting that there 
is an ongoing systemic inflammation even in healthy-appearing skin. Consistent with this, smaller-
scale studies have shown that there is an upregulation of pro-inflammatory pathways even in 
healthy-appearing unaffected skin, further giving credence to the concept of HS as a systemic 
dermatosis 40, 97, 247. ELISA-based analysis of HS serum has demonstrated dysregulation in 
pathways involving general inflammation 205, neutrophil activation 58, complement pathway 104 
and antibody formation 105. We identified CSF3 in the skin as a potential regulator of neutrophilic 
inflammation in the serum. Taken together, our data suggests that HS has significant clinical and 
molecular heterogeneity, demonstrating that patients with HS tunnels have a different proteomic 
profile. 

 
HS is a heterogenous disease in its clinical presentation, however, it is unknown if different 

morphological structures manifest in unique inflammatory signatures in HS skin and serum. We 
present a large-scale proteomic analysis demonstrating  an unbiased clustering of HS disease into 
distinct subgroups. When subdivided by the presence of tunnels, there was a higher number of 
DEPs than when examining HS as a whole. HS had fewer DEPs compared to psoriasis and AD, 
which could reflect a smaller body surface area affected and the compartmentalization of immune 
response in HS. We demonstrate an interesting association between a morphological structure in 
the skin (tunnels) and serum biomarkers. Patients with draining tunnels had a significantly higher 
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levels of neutrophil-related proteins in the serum (IL-17A, MPO, LCN2, CXCL8, EN-RAGE, 
DEFA1, MMP-9) compared to nondraining tunnels. This is consistent with the pus in draining 
tunnels being neutrophil mediated. Interestingly, HS patients with tunnels demonstrated 
enrichment of pathways related to ECM re-modelling and developmental biology. These 
signatures may explain the development of dermal tunnels and shift the paradigm from tunnels 
being an end-stage fibrotic feature of the disease to an active inflammatory structure. LCN2 is a 
protein secreted by granulocytes, neutrophils and keratinocytes. TNF-α is a potent inducer of 
LCN2 in granulocytes, while TNF-α and IL-17 has been shown to induce LCN2 production in 
keratinocytes 58. Consistent with this, patients with tunnels had increased levels of IL-17A and 
TNF-α in the serum, which provides the direct mechanistic link for the increased levels of LCN2 
in patients with tunnels. While some studies have shown that LCN2 is associated with obesity 76, 

77, 248 and could provide some cardiometabolic protection 248, a study of psoriasis patients did not 
find a correlation between BMI and LCN2 levels but did report an elevation of LCN2 in serum 
psoriasis patients compared to healthy controls 249. Similarly, we did not find a significant 
difference in BMI  between LCN2-low and LCN2-high patients in our cohort (p=0.34). In our 
study, LCN2 levels in the serum are correlated with neutrophilic markers and the number of 
tunnels, suggesting that the strong LCN2 signature associated with the disease activity and the 
presence of tunnels may supersede any differences related to the BMI. We believe that the elevated 
LCN2 levels were likely derived from the high inflammatory burden of the disease rather than 
BMI. This highlights the role of tunnels in disease activity. Patients with draining tunnels had 
significantly higher levels of ST2 protein compared to those with nondraining tunnels, suggesting 
that the inflammation extends beyond the skin and can potentially affect the cardiovascular health.  

 
Furthermore, the presence of tunnels influences the time it takes to achieve HiSCR 

response in the PIONEER 2 study of adalimumab  168, 169. Our data provides the molecular 
mechanism for why patients with tunnels have a different disease activity and respond differently 
to biologic therapy 169. Differences in biomarkers between tunnels and non-tunnel samples define 
disease endotypes that could impact therapeutic choices. For example, we found higher levels of 
TNF in tunnel-positive individuals, and it has been shown that the presence of tunnels increases 
time to a clinical response to adalimumab 169. We speculate that the high levels of TNF could 
require the use of high-dose TNF antibodies that have been shown to be effective in severe cases 
66. Our study provides evidence of how morphological structures could influence the molecular 
profile of HS patients. Identifying HS subsets (potentially based on the presence or absense of 
tunnels) can identify not just novel biomakeres specific to each disease subset, but potentially 
identify effective treatment unique to each HS subgroup. 

 
Our findings demonstrate that the skin may be a driver of the neutrophilic inflammation in 

serum, as there was a proportional correlation between CSF3 mRNA in the skin and the neutrophil-
related proteins in serum. We had previously reported increasing gradient of IL-17 from 
nonlesional to lesional skin 97. IL-17 has been shown to stimulate granulopoiesis by inducing G-
CSF 162, 163, 250, 251. It is plausible that IL-17, TNF-α, and IL-6 in HS skin may stimulate G-CSF 
production by fibroblasts, monocytes and endothelial cells, which in turn stimulates release of 
neutrophils from the bone marrow164, 251. Potentially, G-CSF could affect cutaneous 
characteristics, as several individual case reports have reported psoriasiform cutaneous eruption in 
patients receiving G-CSF 252-255. 
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To our knowledge, this is the largest study integrating the inflammatory cytokines in HS 
serum and skin using an unbiased panel of bio biomarkers. While one group compared levels of 
30 protein between HS skin and blood, they did not find strong skin-blood correlations 174. We 
found a correlation between skin mRNA and protein expression, as well as significant correlation 
between protein levels in HS skin and blood. This suggests elevated mRNAs are being actively 
translated into protein products in the skin, and that resulting proteins may be released into skin 
and potentially diffuse into the blood, as has also been proposed for elevated cytokines measured 
in the blood of psoriasis patients.  
 

Acute and chronic pain contributes significantly to the reduced quality of life in patients 
with HS 256. In this study, we explored the correlation between clinical parameters and the levels 
of neutrophilic proteins in the serum. Of particular interest is the correlation between LCN2 and 
IL-17A and reported pain levels in HS.  The mechanisms of pain levels in HS have not been 
elucidated. Reports have suggested that neutrophil chemoattractant leukotriene B4  as well as the 
migration cascade of neutrophils themselves can lead to hyperalgesia and mechanical hyper 
nociception 257, 258. Consistent with this, animal studies have shown that both LCN2 and IL-17A 
are involved in mechanical hyperalgesia  259, 260. Our data provides one plausible mechanism for 
the pain burden in HS.  

 
Interestingly, across our cohort of moderate-to-severe patients, we found that sera from HS 

patients demonstrated more abnormalities compared to psoriasis. This finding was surprising given 
the limited involvement of HS lesions in intertriginous areas versus the widespread distribution of 
psoriatic lesions in psoriasis. A possible explanation is the depth of HS lesions versus psoriasis 
lesions, with a significant dermal component characterizing HS, especially in patients with active 
tunnels, as was the case in our HS cohort. Moreover, the higher disease burden in HS may explain 
the need of greater dosing of psoriasis-approved agents, such as adalimumab and infliximab, in 
the treatment of HS patients.66, 261 Congruent with accumulating evidence suggesting an increase 
in cardiovascular risk and atherosclerosis-related markers in psoriasis and HS patients,100, 262-264 
we found upregulations and positive correlations of atherosclerosis-related circulating proteins 
with disease severity scores, supporting an atherosclerosis/cardiovascular signature in both 
diseases. In HS, strong correlations with severity were observed for PLA2G2A, CHI3L1, and 
MMP9, along with immune markers previously reported to increase cardiovascular risk, including 
IL-6 and TNF.241-243, 265 High upregulation of CXCL8/IL-8 in HS may link neutrophil 
recruitment/activation and increased atherosclerosis risk.218 
 

A strength of our study is that we assessed a large panel of known biomarkers in an 
unbiased approach. Previous studies of HS serum demonstrated elevated levels of IL-17A, TNF-
α, LCN2, and IL-6 58, 75, 128, 266. The clinical disease heterogeneity in HS complicates the 
identification of biomarkers of clinical response. All of the patients in our study were either 
untreated or had undergone a washout period, therefore eliminating these confounders in the 
analysis. Furthermore, given that changes in proteomic profiles are related to changes in BMI and 
fat distribution, we utilized BMI-matched healthy controls 267. Importantly, rather than focusing 
on known disease-associated cytokines, we sought to determine new disease associated biomarkers 
through use of a large biomarker panel and a hypothesis free approach. 
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The limitations of our work include a modest sample size (although comparable to other 
cohorts studied 58, 205, 207, use of controls that were older than the HS cohort and the relative 
limitation of the Olink platform where analysis is restricted to pre-grouped biomarker subsets. 
Future larger-scale studies are warranted to identify how other HS manifestations (abscesses vs 
nodule, draining vs non draining tunnel) impact serum proteome. This analysis is also limited to 
moderate and severe HS patients, and it would be desirable to study new on-set or mild HS patients 
in future studies. If serum biomarkers are also elevated in early-stage disease, these biomarkers 
may facilitate diagnosis and decrease the 5–14-year diagnostic delay experienced by HS patients 
2. Given the cyclical nature of HS severity, marked by debilitating flare-ups and a remitting course, 
serum biomarkers become particularly crucial in order to assess disease activity and accurately 
diagnose, as well as measure therapeutic response.  

 
 In conclusion, we demonstrate that HS is a systemic, inflammatory condition associated 

with neutrophil-rich signature in serum and skin, with a significant serum-skin correlation of 
neutrophilic activity. We identify two HS subgroups corresponding with LCN2 protein levels in 
the serum and histologically confirmed presence of tunnels in affected skin. Taken together, our 
results highlight the need for further biomarker studies in HS that integrate the skin and blood 
proteome, and associate measured abnormalities with clinical disease activity scores and changes 
with disease improvement induced by a range of established and evolving therapeutic approaches. 
We identify a number of new proteins that are dysregulated in HS, and which could contribute to 
overall disease activity, as well as the complexity of the therapeutic approaches. This may explain 
the difficulty of treating HS with ‘narrow’ cytokine antagonists, as is highly successful with 
psoriasis that shows predominantly Th17 pathway activation.   
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CHAPTER 6.  Characterizing the molecular response to IL-17RA blockade  
 
6.1 Introduction 

The identification and development of novel therapeutics is hindered by our relative lack 
of understanding of the molecular pathogenesis of HS47. The morphologic heterogeneity of the 
disease (which include nodules, abscesses, tunnels and fibrotic regions) as well as a lack of a 
standardized consensus in assessing the molecular response in therapeutic studies (i.e., which 
regions to biopsy) add to the challenge of HS research268. Furthermore, molecular and cellular 
biomarkers of disease activity have remained elusive in HS. One study identified a robust decrease 
in transcriptomic B cell signature in HS lesional biopsies following treatment with adalimumab 
and a decrease in B cell lymphocyte chemoattractant CXCL13, while another studied identified a 
reduction in frequency of  T-helper (Th) 17 cells 29, 85. However, other studies of apremilast and 
ustekinumab did not identify a singular biomarker of treatment response despite clinical 
efficacy170, 205. 

 
Recent work demonstrated increases in IL-17A and IL-17C cytokines and increased 

infiltration of Th17 cells in HS 42, 49, 51, 97, 99, 104, 269. In light of the evidence for the role of IL-17 
signaling in disease pathogenesis, therapeutic targeting of IL-17A in HS has been explored in small 
cohort studies63-65, 71. Given the elevated levels of both IL-17A/C in HS, targeting IL-17 Receptor 
A (IL-17RA), a shared subunit of the receptor complex, is an attractive therapeutic avenue123, 270-

274. We have recently conducted a clinical study of brodalumab, a human monoclonal antibody 
targeting IL-17RA that is FDA approved for moderate-to-severe psoriasis, in HS and reported 
promising clinical results 203, 275-277.  

IL-17 receptor (IL-17R) family consists of five receptor subunit members: IL-17RA-RE278, 
and has tissue specific activation of a diverse group of downstream factors including p38, NF-kb, 
TRAF6, TRAF3, and Act1279. The receptor subunits are transmembrane domain containing 
proteins ranging from 499 to 866 amino acids and form a heteromeric receptor complex. IL-17RA 
is the largest member of this subunit family270. IL-17A/F signal through the IL-17RA/Il-17RC 
receptor complex, while IL-17C signals through IL-17RA/Il-17RE complex123, 271-274.  
 

IL-17RA is expressed ubiquitously with higher expression levels in hematopoietic tissues. 
IL-17RA is found to be expressed across multiple tissues including epithelial cells (including 
keratinocytes), endothelial cells, peripheral T cells, B cell lineages, fibroblasts, macrophages and 
DCs279. Interestingly, levels of cell surface expression of IL-17RA correlate with strength of 
signaling, suggesting even partial blockade of IL-17RA can decrease proinflammatory activity of 
IL-17 signaling279-281. Following IL-17A binding, surface expression of IL-17RA decreases, 
suggesting that IL-17RA may function in limiting signal transduction by receptor-mediated 
internalization 281, 282.  

 
Targeting IL-17RA in order to block various IL-17 family cytokines is an attractive 

therapeutic option that has been explored in several inflammatory diseases including psoriasis, 
psoriatic arthritis, and rheumatoid arthritis 271. Brodalumab binds to IL17RA and prevents IL-17 
from activating the downstream signaling. Brodalumab is an IL-17 receptor antagonist (IL-17RA) 
that is FDA approved for the treatment of moderate to severe psoriasis 275-277. In psoriasis, 
brodalumab leads to a significant clinical response and molecular improvements characterized by 
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decrease of epidermal thickness and cellular proliferation as well as infiltrating leukocytes275, 276, 

283. 
 
We conducted an open-label pilot cohort study to evaluate safety and tolerability of 

brodalumab in patients with moderate-to-severe HS and have reported promising therapeutic 
results (Figure 43). In this chapter, we characterize the molecular impact of  IL-17RA antagonism 
in HS. This is the first study which systematically compares treatment response in lesional and 
perilesional skin in the setting of an intervention.   

 
 

 
 
Figure 43: Clinical trial design. 
Graphical abstract outlining the open-label clinical trial of brodalumab for the treatment of 
moderate-to-severe HS 203. 
 
 
6.2 Results 
6.2.1 IL17-RA blockade reduces HS clinical activity  

Ten patients completed this study. All patients (100%) achieved HiSCR at week 2 
compared with baseline (Fig 1), with 5 of 10 patients achieving a 75% reduction in AN count and 
3 of 10 patients achieving a 100% reduction in absolute nodule (AN, sum of nodules and abscesses) 
count. All 10 patients (100%) had achieved HiSCR at week 12, with 7 of 10 patients achieving a 
75% reduction in AN count, and 40% of patients achieving a 100% reduction in AN count (Figure 
44). This continued to increase, with 100% patients having a 75% reduction in AN count at week 
24 and 40% of patients having a 100% response in AN count. At week 2, 50% patients achieved 
IHS4 category change, increasing to 80% at week 12, which was maintained until week 24. At 
week 12, 40% of patients had a 2-category change in IHS4 score that was maintained until week 
24. 
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Figure 44: Measures of clinical response to brodalumab therapy in HS. 
A) The proportion of patients achieving HiSCR at weeks 12 and 24 was 100%, with 75% 
reduction in AN counts (red) and 100% reduction in AN counts (green) in 60% and 40% of 
participants, respectively. B) Measurement of clinical outcomes using IHS4 category change 
shows 80% and 40% of patients achieving 1-category and 2-category change respectively. C and 
D)Representative clinical photos show a rapid reduction in the inflammatory nature of nodules at 
week 4 compared to baseline and continued improvement at week 12. HiSCR was maintained at 
Week 24 despite external triggers initiating limited flares of disease 203. 
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Significant decreases in vascularity and inflammation, as measured by cutaneous Doppler 

ultrasonography, were seen at weeks 4, 12, and 24 compared with baseline in all 10 patients (Figure 
45). Doppler signal reductions were particularly apparent in the superficial dermis and surrounding 
parallel hyperechoic structures of the dermis, indicative of epithelialized tunnels (Fig 45). 
 

 
 
Figure 45: Treatment induces skin changes that are detected by ultrasound examination. 
Ultrasonographic changes at baseline and after 12 weeks of treatment with brodalumab. Dermal 
Doppler ultrasonography intensity in lesional dermal tissues at A) baseline (blue arrows) is 
significantly attenuated at B) week 12 (blue arrows) of therapy. The diameter of draining tunnels 
(yellow arrows) and surrounding edema (yellow asterisk) at C) baseline is also reduced at D) 
week 12. Similarly, Doppler intensity (red arrows) surrounding E) epithelialized dermal tunnels 
F) reduces at week 12 compared with baseline. The diameter and echogenicity of dermal tunnels 
(green arrows) is also H) attenuated at week 12 compared with G) baseline203. 
 
 
6.2.2 Molecular resolution of HS transcriptome with brodalumab treatment 

We investigated brodalumab-induced changes in HS transcriptome (HSTR). RNA-
sequencing was performed on whole-tissue skin biopsies and criteria of FCH≥|1.5| and FDR ≤ 0.05 
was utilized for differentially expressed genes (DEGs). HS transcriptome was defined as the DEGs 
between lesional (HSTR-LS) or perilesional (HSTR-PL) skin and healthy appearing nonlesional 
biopsy skin. HSTR-LS had 923 down- and 913 up-regulated DEGs, whereas HSTR-PL had 819 
down- and 835- upregulated DEGs. Lesional and perilesional samples were both highly inflamed 
at baseline and no DEGs were detected between lesional and perilesional skin (Figure 46A-D). We 
identified a significant correlation between genes in lesional and perilesional skin (r=0.94, p<1E-
04, Figure 46A). Treatment produced an 88.3% reduction in HSTR-PL compared to 55.1% 
reduction in HSTR-LS week 12 (p<0.001) (Figure 46E-F). The odds ratio of treatment response 
was 6.11, suggesting that there is a 6 times greater probability of detecting a change in HS 
transcriptome in perilesional skin compared to lesional skin at week 12. 
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Figure 46: Perilesional skin shares overlapping transcriptomic profile with lesional skin at 
baseline but exhibits more changes with treatment response. 

A) Correlation of DEGs as defined by |FCH|  ≥ 1.5 and FDR ≤ 0.05. Red circles indicate 
upregulated DEGs while blue circles indicate downregulated DEGs in HS skin. r is Pearson 
correlation. Grey circles indicate genes that are not differentially expressed. Volcano plot of 
differentially expressed genes in B) LS vs PL skin C) PL vs NL and D) LS vs NL. Modulation of 
DEGs by brodalumab at week 12 in E) PL and F) LS versus baseline NL skin. 
 

 
Given that treatment response was better detected in HSTR-PL, we focused subsequent 

analysis on perilesional skin (Figure 47-49). DEGs modulated with treatment included neutrophilic 
markers (CSF3, CD177), Th1 (CXCL11, STAT4), Th17 (IL21R), Th2 (GATA3) and innate 
interferon pathway related (IFI16, IL18, MX1, MX2, IFITM3, ISG20) markers as well as B cell 
chemoattractant CXCL13 (Figure 49). Using gene-set variation analysis (GSVA) we quantified 
the behavior of previously curated gene-sets and observed decreases in the general inflammatory 
response and pathways related to psoriasis, Th1, Th17 and IL-12/IL-23 signaling (Figure 48). IL-
17 signaling is involved in keratinocyte proliferation, differentiation and feed-forward 
inflammation in which Th17-derived IL-17A/F can lead to increased production of other 
inflammatory cytokines including IL-36, CCL20, CXCL chemokines and S100 proteins while 
keratinocyte derived IL-17C can amplify this signaling by leading to increased secretion of IL-
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17A by Th17 cells29, 53, 201, 272.  We thus asked whether previously defined keratinocyte signaling 
pathways are also decreased with treatment and observed a reduction of multiple keratinocyte-
related axis (Figure 48).  Clinically, patients had a reduction in purulent drainage from dermal 
tunnels203. Given that tunnels are involved in neutrophilic inflammation, we asked whether 
neutrophilic related pathways are also downregulated with brodalumab treatment and observed a 
significant decrease of neutrophil-related pathways in perilesional skin99, 269 (Figure 48).  

 

 
 
Figure 47: Proteins modulated by treatment at week 12 in perilesional skin. 
Select immune-related DEGs  in PL skin at baseline versus at week 12, both relative to NL skin 
at baseline. Numbers designate the total number of DEGs. 
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Figure 48: Altered immune pathways in HS skin with treatment. 
A) Decrease of overall inflammatory response, known psoriasis pathways and pathways involved 
in keratinocyte proliferation at week 4 and week 12 following treatment B) Decrease of 
neutrophil-associated pathways following treatment with brodalumab. W=Week.. The size of the 
bubble diameter is proportional to the GSVA  score, and the bubble color indicates significance 
(P value). 
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Using uncorrected p values, we detected several downregulated transcripts in perilesional 
skin at week 12 compared to perilesional baseline skin, with downregulation of several 
immunoglobulin transcripts and a decreased infiltration of naïve B cells into perilesional skin with 
treatment (Figure 49). 

 
 
Figure 49: Perilesional skin has a decrease of immunoglobulin-related genes. 
A) The top downregulated genes based on FCH  at week 12 in PL skin compared to baseline PL 
skin. Genes in bold are those with a p value ≤0.05 B) CIBERSORT fraction of infiltration of 
naïve B cells into HS skin at BL and Week 12. 
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6.2.3 Treatment response is better appreciated in perilesional skin 
Treatment improvement measures the extent to which posttreatment perilesional and 

lesional skin transcripts approach baseline nonlesional levels, wherein 100% improvement 
corresponds to baseline nonlesional level of transcripts in posttreatment perilesional and lesional 
skin. We thus calculated the improvement for pathways modulated with treatment53. There was 
modest improvement from baseline at Week 4 (Figure 50).  No significant differences between 
improvement in perilesional and lesional skin were observed. We note that at week 4, there were 
no DEGs in perilesional or lesional skin compared to nonlesional skin at baseline.  

 
At week 12, there was a significantly higher improvement observed in perilesional 

compared to lesional skin (Figure 51). Given that perilesional and lesional skin had no DEGs at 
baseline, this data further suggests that a better treatment response is observed in perilesional skin. 
There was a gradual increase of improvement between from week 4 to week 12 in multiple 
pathways in perilesional skin, including neutrophil-related pathways (neutrophil chemotaxis, 
neutrophil migration, degranulation), psoriasis related pathways and pathways related to 
atherosclerosis signaling (Figure 52). 
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Figure 50: Comparing treatment response at week 4. 
Means of percentage improvement week 4 between PL and LS skin. n/N=number of genes HS 
transcriptome/number of genes in the pathway gene set. 
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Figure 51: Treatment response at week 12. 
Means of percentage improvement at week 12 between perilesional and lesional skin. 
n/N=number of genes HS transcriptome/number of genes in the pathway gene set, the red stars 
denote significance of improvement between the two sample types. 
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Figure 52: Treatment response at week 4 and 12. 
Means of percentage improvement in perilesional skin between week 4 and week 12. 
n/N=number of genes HS transcriptome/number of genes in the pathway gene set, the red stars 
denote significance of improvement between the two sample types. 
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6.2.4 Treatment with brodalumab leads to decreased inflammatory infiltration in the skin 
We then assessed the histopathologic changes following brodalumab treatment. Consistent 

with our previous investigations, we did not find a significant difference between histological 
properties of lesional and perilesional skin at baseline (manuscript under review). We observed a 
reduction in epidermal thickness in both lesional and perilesional skin at week 4 and week 12. 
There was a significant reduction of CD3 and CD11c infiltrates compared to baseline in both 
perilesional and lesional skin. Epidermal infiltration of CD11c observed in lesional skin at baseline 
was resolved with treatment (Figure 53). 
 
 

 
 
Figure 53: Brodalumab decreased inflammatory infiltration in HS skin. 
A) H&E stain demonstrates a mild reduction in epidermal thickness in lesional skin. There is 
also comparable reduction of B) T cell marker CD3 infiltration in both perilesional and lesional 
skin. C) myeloid cell marker CD11c Scale bar = 100 μM. D)  Quantification of total 
inflammatory infiltration across the patient cohort. Dashed line represents infiltrate 
quantification of nonlesional skin at baseline. Error bars show SEM. Stars denote significance 
with * p ≤ 0.05 ** p ≤ 0.01 *** p ≤ 0.001. 
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6.2.5 Brodalumab treatment yields a decrease of granulocyte-related pathways in serum 
Using Olink high throughput proteomics, we assessed 368 inflammation-, cardiovascular- 

and cardiometabolic-related biomarkers in serum. Pathway analysis of all downregulated proteins 
at both week 4 and week 12 showed an enrichment of downregulated pathways related to TNF 
response, neutrophil chemotaxis (granulocyte chemotaxis, neutrophil migration, granulocyte 
migration) and general inflammatory response (myeloid leukocyte migration, leukocyte 
chemotaxis, inflammatory response) (Figure 54A). Differentially expressed proteins (DEPs) in the 
serum were defined using a criteria of FCH≥|1.5| and p ≤ 0.05. At week 4, HS serum had 5 down- 
(CASP-8, macrophage inflammatory protein 1 CCL3/MIP-1α, IL8, ITGB1BP2, monocyte-
chemotactic protein 3 MCP3/CCL7) and 3 up-regulated (IL-17A, IL-17C, IL-17RA) DEPs, and at 
week 12 there were 2 down (FABP2, TNF)- and 4 up-regulated DEPs (FGF-21, IL-17A, IL6, 
PRSS2), both relative to baseline (Figure 55B).  
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Figure 54: Assessment of pathways modulated in serum by brodalumab treatment. 
Enrichment analysis of all proteins downregulated  in serum with treatment at week 4 and 12 
based on PANTHER-Slim GO biological processes. B) Heatmap of all differentially expressed 
proteins (FCH≥1.5, p≤0.05) at Week (W) 4 and 12. Stars denote significance with * p ≤ 0.05 ** 
p ≤ 0.01 *** p ≤ 0.001. 
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6.2.6 Higher expression of LCN2 in skin and IL-17A in serum correlates with greater 
decrease of inflammatory cytokines in skin with treatment 
The heterogeneous nature of HS presents a challenge to therapeutic management. We 

therefore asked whether we could use a biomarker to stratify patients that may have a better 
molecular response to treatment. Given the decrease of neutrophilic signatures in both skin and 
blood following treatment with brodalumab, we focused on neutrophil-associated biomarkers. 
Neutrophil gelatinase-associated lipocalin (LCN2) is expressed in neutrophils, and can be used to 
identify a more inflamed and neutrophilic subtype in skin and serum (manuscript under review) 
213. Consistent with this, patients with higher LCN2 levels in lesional skin at baseline had a greater 
decrease of inflammatory markers implicated in HS pathogenesis (IL1B, IL36G, LCN2, TNF) in 
perilesional skin at Week 12 (Figure 6A). IL-17A is an inducer of LCN2 284-286. Since IL-17A 
serum concentration are commonly measured as evidenced by its commercial use, we asked 
whether we could use baseline IL-17A expression to identify patients that will have a greater 
molecular response in the skin. Patients with higher IL-17A expression in serum also had a greater 
decrease in inflammatory cytokines in perilesional skin at week 12 (Figure 6B). Taken together, 
these data suggest that patients with high baseline expression of neutrophil-related LCN2 in the 
skin and IL-17A in the serum may have a greater molecular response to brodalumab therapy. 
 
 

 
 
Figure 55: Correlation of potential markers with molecular disease activity at week 12. 
A) Expression of LCN2 levels in lesional skin and B) expression level of IL-17A in serum 
correlates with a decrease of inflammatory markers at Week (W) 12 in perilesional skin. r is 
Spearman correlation. X axis is log2(Expression). 
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6.2.7 IL-17RA blockade with brodalumab decreases tunnel size and drainage  
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  203. 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 (Figure 56A). Following treatment, 
the tunnel wall thickness as well as the tunnel diameter was significantly decreased following 
treatment (p<0.001) (Figure 56B-C). There was also less power Doppler intensity following 
treatment, suggesting that tunnels displayed less inflammation with IL17-RA blockade (p<0.001) 
(Figure 56D).  
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Figure 56: Tunnels are therapeutically targetable. 
A) Tunnels in HS dermis express IL-17 family cytokines. B) Doppler Ultrasonography 
representing reduction in tunnel diameter and doppler intensity following 12 weeks of treatment 
with IL-17 receptor antagonist. C) There is a significant decrease in tunnel wall D) tunnel 
diameter and E) dermal doppler intensity 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<0.00199. 
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6.3 Discussion 
A pathogenic role for IL-17 and Th17 T-cells is suggested by preliminary studies 

conducted with secukinumab and brodalumab, which demonstrated clinical improvements 63-65, 71, 

186, 203, 271. IL-17 effects on epithelial cells in epidermis and tunnels may be particularly important 
in HS as there are marked upregulation of products including IL-17C, CXCL8/IL-8 and IL-36 
isoforms that are produced in IL-17 activated epithelial cells 42, 99, 148, 151, 152, 168. However, in the 
context of the disease that displays connective tissue pathology and significant B cell infiltration, 
IL-17 may also have important effects on these cell types101, 102, 182, 287-292. Consistent with this, we 
identify several pathways significantly modulated by brodalumab in HS including overall decrease 
of inflammatory response and psoriasis-related pathways. In addition to decreased neutrophil 
pathways in the skin, we also observed a reduction in granulocyte and neutrophil chemotaxis and 
migration pathways in the serum with treatment. Dermal IL-17 can recruit neutrophil migration 
towards affected areas293.  Consistent with this, IL-17 pathway antagonists have been shown to be 
effective in patients with generalized pustular psoriasis, a disease that is also dominated by 
neutrophilic inflammation101.   

 
Recent work has reported the attenuation of a B cell response following anti-TNF therapy 

101, 102. Involvement of B cells, plasma cells and fibroblasts only recently became acknowledged 
as potentially important in HS pathogensis47, 101, 102, 107, 182. Our data demonstrates a decrease in 
infiltration of naïve B cells following treatment with brodalumab. The multitude of pathways 
modulated by IL-17RA blockade suggests that IL-17A may be a critical node in the 
multidimensional axis underlying HS pathogenesis. Furthermore, previous mechanistic studies of 
skin and/or serum following treatment with apremilast, infliximab and ustekinumab in HS were 
not able to identify a significant singular biomarker of treatment response 115, 170, 205, 294. Beyond 
interaction of IL-17 pathway with innate cytokines, inflammation in HS may also be contributed 
by B cells and complement activated cascades, making the identification of cohesive treatment 
biomarkers more difficult than it is in psoriasis which is driven a singular inflammatory axis. As 
such, research looking at pathways rather than individual gene/protein biomarkers may be useful. 
In our study we found treatment response biomarkers that satisfied individual p value thresholds 
but did not meet the specified FDR threshold. However, many individual markers are interrelated  
by inflammatory response pathways that  are well understood from other diseases. Thus, the 
pathway approach that we took has more power to determine disease associated or treatment 
associated changes in inflammation. 

 
Further work is needed to determine whether innate cytokines interact with IL17 to produce 

a feed forward inflammatory pathway as is the case in psoriasis, or whether these are independent 
inflammatory pathways that may be dominant in different subset of patients, leading to the 
question of whether targeted treatment based on HS subtypes may be needed in HS. In our cohort, 
patients with high LCN2 in lesional skin had greater decreases in neutrophil-related cytokines 
(IL36G, IL1B) following treatment, suggesting that brodalumab likely targets the neutrophil-
related component of HS in this HS subtype. Future larger scale studies are needed to link these 
observations with outcomes but reduction in the overall inflammation in skin would be expected 
to lead to a decreased clinical burden. 

 
The decision of which site to biopsy is critical for assessment of molecular response in 

therapeutic trials. Biopsying a target nodule may hasten its resolution unrelated to the use of a 



 112

therapeutic agent170. Additionally, due to the cyclical nature of HS, the regression to the mean 
phenomenon must be considered at an individual level 170, 230, 295. At a given time, a lesion may 
spontaneously improve, and thus biopsying the index or the lesional site may also produce a false 
positive treatment result. Our biopsy methods are based on proposed lesional definitions and are 
the only suggested biopsy guidelines for therapeutic trials in HS. Biopsy of perilesional skin which 
displays molecular and cellular pathology comparable to the main inflammatory lesion, may be 
preferable and the results of this study show that larger treatment responses can be measured in 
sequential biopsies of the larger area of perilesional skin.  

 
The limitations of this study include a small cohort size and the lack of a placebo-controlled 

group. Another limitation is that kinetics of IL-17RA saturation by brodalumab have not been 
established and it is possible that our posttreatment biopsies were performed at a timepoint when 
IL-17 receptor saturation was incomplete as patients tended to have an increase of clinical 
symptoms towards the end of a two-week treatment cycle, which is when biopsies were collected. 
Receptor mediated clearance of brodalumab in HS might be increased due to the high neutrophil 
production and relatively short lifespan of neutrophils, as neutrophils express high levels of IL-
17RA203. Furthermore, the decision to biopsy active inflammatory nodules during brodalumab 
treatment may have limited the ability to define change as active lesions regressed at other sites. 

 
Treatment with brodalumab modulates several pathways consistent with multi-axis disease 

pathogenesis. Our data demonstrates that neutrophil-related biomarkers can be used to identify 
patients that may have a better molecular response to Brodalumab. Furthermore, this study 
demonstrates that perilesional skin may be used to assess molecular response  in therapeutic trials 
of HS. Given that perilesional skin is roughly ten times the area of a lesional nodule, this allows 
for a greater area for biopsying without the concern of a biopsy hasting resolution of an active 
inflammatory nodule. 
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CHAPTER 7. General Discussion 
7.1 Overview 

Despite the reported prevalence 0.03-8%, the heavy burden on the quality of life and an 
increased risk of all-cause mortality, HS remains a poorly understood and greatly understudied 
disease 1-3, 5.  As of 2018 there have been only 17 clinical trials specific to HS, with only one 
approved biologic therapy - a stark comparison to other chronic skin diseases with hundreds of 
reported trials in psoriasis and AD 296. This highlights the dire need for translational studies into 
disease pathogenesis that will lead to the development of novel biomarkers and therapeutic targets 
in HS. 

 
The accepted pathogenic model of HS is shifting away from the idea of a primary follicular 

occlusion event to a model of complex interplay of several inflammatory axes and an aberrant 
immune response driving disease pathogenesis. Unlike other systemic inflammatory skin diseases, 
HS has a strong dermal involvement marked by inflammatory infiltration and immunologically 
active epithelialized tunnels 99. Until recently, there has been no standardized approach to study 
HS skin 86. This was particularly limiting in the setting of HS as a superficial biopsy may miss 
dermal inflammation and tunnels, while lack of site matched biopsies may overestimate the 
inflammatory contributions in the setting of topographical variation of IL-17-associated mediators. 
 
7.2 Dermal tunnels are active contributors to disease pathogenesis 

HS tunnels, also known as sinus tracts, are associated with more advanced disease30, 38. 
This concept is incorporated by all three major HS staging systems, and most underscored by the 
IHS4 scale, which assigns a 4x weighted score to the presence of a tunnel compared to an 
inflammatory nodule28. However, whether HS tunnels are immunologically active has not been 
studied in detail. One study identified the presence of active biofilms, suggesting that sinus tracts 
may serve as anoxic cavities creating an excellent environment for bacterial growth196. This was 
further supported by increased expression of IL-8, IL-16, VEGF, IL-1β in the gelatinous material 
in HS tunnels as well as MMPs and TNF-positive cells 189, 297. These studies first introduced the 
idea that these cytokines could lead to the recruitment of neutrophils, T cells and macrophages into 
the tunnel’s epithelium. However, whether the tunnel epithelium itself is immunologically active, 
or is a merely anatomic feature caused by tissue destruction that serves as a conduit for drainage 
has been unanswered by previous research. Furthermore, it was unknown whether tunnel 
epithelium produces these pro-inflammatory cytokines or if they are a byproduct of the immune 
response to the bacterial biofilm. 

 
Our work is the first to perform an in-depth characterization of tunnel epithelia. We show 

that tunnels are immunologically active contributors to disease pathogenesis. The IL-17 axis has 
been implicated in both HS and psoriasis, and our work expands on this by demonstrating that a 
similar feed-forward mechanism is observed within the tunnel epithelium (Figure 57) 53. The 
response of keratinocytes to IL-17 is self-amplifying, and leads to the development of epidermal 
hyperplasia, recruitment of immune cells and overproduction of IL-17 induced keratinocyte-
derived molecular products including S100A7 and LCN2, both of which are elevated in HS 
patients and even more so in patients with tunnels. The CXCL1 and CXCL8 gradient likely drives 
transepithelial neutrophil recruitment and the feed-forward inflammatory loop, and also 
contributes to the development of IPGM observed in HS (Figure 57). This has direct relevance to 
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therapeutic strategies. Studies have shown that patients with dermal tunnels require a longer time 
to achieve a clinical response with adalimumab 169, 204. In this context, our work suggests that either 
higher-dose (as seen with high-dose infliximab treatment) or combination therapies are needed for 
patients with tunnels due to the increased inflammation generated by both the epidermal and tunnel 
epithelia 66, 99. Currently, biologics are reserved for patients whose disease did not respond to 
alternative therapies such as antibiotics 298-302. Given that the tunnels are active contributors to 
disease and are therapeutically targetable, this raises the question of whether biologics which target 
cytokines identified in the tunnel epithelium (including IL-17 family cytokines) may be useful in 
earlier stages of disease in order to prevent tunnel growth and subsequent disease progression that 
is at least partially contributed to by the amplification of cytokines within the tunnel epithelia.   

 
Mechanisms underlying tunnel formation remain poorly understood. One study suggested 

that keratinocyte outgrowth from the follicular outer root sheath may contribute to tunnel 
formation182. Given that tunnel deroofing leads recurrence in 14.5% of cases, regenerative 
properties of tunnel epithelia must be considered303. We observed an increase of growth factors 
(including HGF, which is a known inducer of epithelial cell migration) and wound healing 
pathways in our skin transcriptomic and serum proteomic data130, 132. Whether these factors 
contribute to tunnel formation and recurrence following deroofing (likely due to potential 
regenerative properties associated with the epithelia) must be explored.  
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Figure 57: Model of inflammation in HS dermal tunnels and epidermis. 
Dermal tunnels in HS are epithelial structures that likely drive recruitment and infiltration of 
neutrophils through the production of CXCL1 and CXCL8 chemokines, which is further 
amplified by IL-17 99. 
 
 
7.3 Stratification of HS into a neutrophil-rich tunnel-high endotype and implications for 

targeted therapy  
Precision medicine in the context of phenotypes, endotypes and genotypes has been best 

studied in allergic disease and AD. Disease phenotype can be classified based on visible 
manifestations including age of onset, lesion type, and inflammatory subset. However, disease 
phenotypes are often fluid and subject to change over time, and do not give insight into the 
pathogenic mechanism304, 305. As such, the field of AD has shifted towards defining disease 
endotypes, in which the pathogenic mechanism underlying the visible phenotype becomes the 
center of therapeutic targeting 306 307. 
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Our data argues for the presence of a neutrophil-rich, tunnel-positive endotype in HS. There 
are multiple layers of evidence that suggest a neutrophil-high HS subtype (and potentially 
endotype). Resting neutrophils can be primed by several cytokines and chemokines including 
TNF, G-CSF, CXCL8/IL-8 and IFNγ, all of which are elevated in HS skin and blood. We identify 
LCN2 as a biomarker associated with neutrophil-high subtype. LCN2 is a secreted protein found 
in neutrophil secondary granules and is also expressed by granulocytes and keratinocytes in HS 
308, 309. LCN2 can stimulate neutrophils to produce proinflammatory cytokines including IL-6, 
CXCL8/IL-8, TNF, all of which are elevated in HS 286. TNF can then induce LCN2 expression in 
keratinocytes. Together, this creates a feed-forward loop where LCN2 promotes downstream 
secretion of proinflammatory cytokines which in turn can stimulate further LCN2 expression. Our 
work and others have reported positive correlations between LCN2 and disease severity (as 
measured by Sartorius score and IHS4) and the number of body areas affected by HS 58. We expand 
on this finding by demonstrating that patients with high LCN2 levels in the serum have 
histologically confirmed deep dermal tunnels, further highlighting the blood-skin interaction and 
tunnels as a contributor to inflammatory burden. 

 
Evidence has shown that LCN2 promotes neutrophil recruitment through induction of 

granulocyte colony-stimulating factor (G-CSF/CSF3) during acute and chronic mycobacterial 
pulmonary infections310. CSF3 is a major cytokine regulator of neutrophils which stimulates 
production of neutrophils in bone marrow as well as neutrophil mobilization in the circulation 311. 
Consistent with the elevated LCN2 levels in HS skin, our work and a previous study identified an 
elevation of CSF3 in HS skin and blood, respectively 167. Similar to LCN2, IL-17 (which is also 
elevated in HS skin) can induce production of CSF3 by keratinocytes and fibroblasts 167. Taken 
together, our data argues for a model wherein increased production of CSF3 by fibroblasts and 
keratinocytes (including tunnel keratinocytes) in the skin contributes to ongoing inflammation 
within lesional skin, neutrophil production/recruitment, as well as tissue destruction 167. CSF3 in 
the blood can contribute to neutrophil production and release at bone marrow. Neutrophils may 
then be recruited to lesional skin by increased CXCL1 and CXCL8 produced by epidermis and 
tunnel epithelial (Figure 58). In addition,  other (non-chemokine) inflammatory factors that attract 
neutrophils including complement fragments (complement C3a and C5a), leukotriene (LTB4), and 
matrix metalloproteinases (MMPs) are also elevated in HS 41, 44, 311, 312.   

 
Our work identified several targetable molecules in the LCN2 high HS endotype including 

Janus Kinase (JAK)-3313. Inflammatory signaling pathways rely on JAK3 signal transducers and 
activators of transcript (STAT) pathway for signaling314. Cytokines that signal through JAK3 
include IL-2, IL-4, IL-7, IL-9, and IL-15, and some of these have been elevated in our 
transcriptomic data. Inhibition of JAK3 may provide therapeutic benefit, as cytokines that signal 
through this transducer broadly support T cell activation and survival. These cytokines also signal 
through receptors that utilize JAK1 as a co-signaling molecule. JAK1/2 inhibitor baricitinib and 
JAK1/3 inhibitor tofacitinib have shown efficacy in dermatologic diseases including psoriasis315, 

316. There is preliminary evidence for the role of JAK inhibition in HS, with a small case series 
demonstrating efficacy of tofacitinib in patients who did not respond to infliximab317.   

 
 Taken together, our data suggests that the neutrophil-rich tunnel-positive subtype of HS 
may be an endotype that is driven by the LCN2 -CSF3-neutrophil signaling axis (Figure 58). Our 
clinical study provides the first evidence for the utility of such HS stratification in the context of 
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treatment response. Because we are largely limited by our patient size in this clinical study (n=10), 
a lack of placebo-controlled arm and no long-term outcome data, we focused on molecular change 
rather than correlation with clinical response. Our data demonstrates that patients with high 
expression of LCN2 in the skin and IL-17A in the serum have a greater reduction of known HS 
mediators in the skin at week 12. The reduction of these inflammatory mediators is likely also 
responsible for the decreased clinical activity we observed during the trial. Further large-scale 
clinical trials are necessary to assess whether patients with this HS endotype respond better to IL-
17 blockade.  

 
 
Figure 58: Crosstalk between HS skin and blood. 
HS nodules produce IL-17A and G-CSF. G-CSF may travel to the blood and act on the bone 
marrow to promote increased production and release of neutrophils, which are then recruited 
back into HS lesions213. 
 
7.4 Perilesional and lesional skin share overlapping features 

HS lesional skin is characterized by a large and cellularly-diverse immune infiltration. 
Whether this infiltration extends to the surrounding perilesional skin has remained inconclusive. 
There are preliminary reports suggesting that perilesional and lesional skin may be similar with 
studies reporting elevated level of IL-17A and IL1β mRNA even in healthy-appearing perilesional 
skin 41, 42. Our detailed transcriptomic, proteomic and histological profiling demonstrated that there 
were no statistically significant differences between mRNA and protein expression between 
perilesional and lesional skin. Consistent with our works, others have reported increased levels of 
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inflammatory mRNA even healthy appearing nonlesional HS skin 42. This suggests that there is a 
low-grade immune response occurring globally in HS skin.  

 
Whether perilesional skin represents ‘pre-lesional’ areas that are developing inflammation 

prior to the development of visible nodules or is instead a spillover of lesional inflammation 
remains unknown. Histological and molecular profiling of early-stage (Hurley Stage 1) disease is 
necessary in order to address the question of whether the inflammation in perilesional and 
nonlesional skin is a spill-over of disease or precedes (and is an active) contributor of the 
development of visible nodules and abscesses. If nonlesional and perilesional skin is inflamed even 
prior to the development of widespread visible lesions, this would suggest that the underlying low-
grade inflammation precedes the development of visible lesions, which based on the presented 
evidence seems likely. 
 
7.5 HS is associated with systemic inflammation 

While previous epidemiological studies have suggested a link between HS and systemic 
metabolic disorder, whether these factors contribute to a proinflammatory state as observed in 
psoriasis, atopic dermatitis, arthritis, rheumatoid arthritis and atherosclerosis has not been well 
defined206, 207, 318-320.The inflammatory milieu in HS skin is characterized by several cytokines that 
are also pro-atherosclerotic, including IL-1, IL-6, IL-8, IL-17A and TNF. Previous studies have 
identified elevation of these cytokines in HS serum or plasma, however, whether these cytokines 
readily exchange with the circulation has been undescribed. 

 
We identified greater dysregulation of several proteins involved in atherosclerotic 

signatures even in a direct comparison to BMI-matched healthy controls and psoriasis patients 
further suggesting that  the increased risk of cardiovascular disease in HS  patients is due to the 
underlying inflammation rather than present co-morbidities. To further strengthen this point, we 
identified strong correlations of known markers associated with cardiovascular risk (CHI3L1, 
PLA2G2A, MMP9 and others) and disease severity (as measured by IHS4). We also observed a 
strong Th1 signature in both HS skin and serum. Th1 cells have been identified in atherosclerotic 
plaques and may lead to plaque instability as well as recruitment of other cytokines into the 
plaques321. Interestingly, these signatures were decreased with brodalumab treatment suggesting 
that treatment of disease activity may be beneficial to  patients’ long-term cardiovascular risk. We 
also found a strong skin-blood association suggesting likely diffusion of cytokines between skin 
and blood. Further studies are necessary to assess whether there is increased permeability of HS 
vessels allowing for increased communication between skin and blood.  

 
Our data argues that the increased risk of cardiovascular-associated disease in HS may be 

attributed to HS-induced global immune activation in addition to the known contribution of co-
existing comorbidities. Several guidelines have been put forward in recent years suggesting that 
psoriasis is a cardiovascular-enhancing condition, highlighting the need for increased screening 
and earlier engagement with primary care doctors/cardiologists 322, 323. Given the inflammation 
observed in HS skin and blood, the increase of several pro-atherosclerotic and cardiovascular-risk 
factors, the role of this inflammation as the causal and underlying factors of cardiovascular events 
in HS must be explored. Furthermore, long-term outcomes studies are necessary to address 
whether targeting inflammation in HS reduces long-term cardiovascular risk. Our work with 
brodalumab provides the direct evidence that modulation of these inflammatory pathways has an 
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impact on both the skin and blood. Outcome studies are necessary to address whether HS treatment 
and subsequent decrease of overall inflammation lowers the risk of cardiovascular development. 
 
7.6 Conclusions 

In this work, we characterized HS pathogenesis with a particular focus on elucidating the 
neutrophil- and tunnel-rich disease endotype. We demonstrate that epithelized dermal tunnels are 
active contributors to disease pathogenesis and are therapeutically targetable. We also demonstrate 
that HS perilesional skin is similarly inflamed as  lesional skin, which has direct impact on the 
design of future clinical trials. Taken together, the findings of this thesis set the basis for exploring 
targeted therapies specific to disease endotypes, which will translate to better treatment for patients 
suffering from this burdensome disease.  
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CHAPTER 8. Materials and Methods 
 
8.1 Study subject recruitment 

Subjects were enrolled under two protocols approved by the Rockefeller University’s 
Institutional Review Board. Written informed consent was obtained from all subjects and the study 
was performed according to the Declaration of Helsinki Principles. All subjects underwent a 
rigorous screening, which included medical history, physical examination and complete blood 
count and chemistries. Study inclusion criteria for HS patients was confirmed diagnosis of HS by 
the study dermatologist (J.W.F.) in adults (≥18 years of age). Exclusion criteria included a history 
of Human Immunodeficiency Virus (HIV), Tuberculosis or Inflammatory Bowel Disease, active 
Hepatitis B or C infection and Pregnancy/Breastfeeding. Patients were required to have a negative 
test result for HIV, Hepatitis B virus surface antigen, Hepatitis C virus antibody, tuberculosis 
(measured by QuantiFERON Gold) and pregnancy. Patients had to undergo a washout period of 
≥5 half-lives from disease modifying therapies including systemic antibiotics, 
immunosuppressants or biologics prior to enrollment in the study. 

 
A total of ten patients completed the open-label single center pilot cohort study 

(clinicaltrials.gov identifier: NCT03960268). On-study patients were administered 210mg/1.5mL 
subcutaneous injection of Brodalumab (Siliq, Valeant Pharmaceuticals/Ortho Dermatologics). The 
loading dose involved two weekly injections (Week 0, Week 1) followed by one dose every 2 
weeks until the study endpoint (12 weeks). Clinical assessments, blood work (routine hematologic 
values including hemoglobin, leukocyte and platelet count, and blood collection for biomarker 
analysis) as well as punch skin biopsies were taken at intervals. HS severity was assessed by the 
attending dermatologist at baseline, and each visit.  Additional patients were enrolled as part of a 
natural progression of disease study where no treatment was administered.  Samples (blood and 
biopsies) were collected from these patients according to the above guidelines. For both studies, 
assessment of HS severity was undertaken using several methods including: HiSCR, IHS4,  as 
well as patient- and physician-measured visual analogue scales (VSA) of pain, itch and global 
severity 26, 28. Quality of life measurement was assessed by the Dermatology Life Quality Index324. 
Age, BMI or site-matched healthy controls were also enrolled in the study. 

 
Psoriasis lesional and nonlesional tissue for IHC and RT-PCR was from deidentified 

residual samples of plaque-type psoriasis vulgaris from previous studies in our laboratory, from 
which clinical characteristics are not available. A psoriasis area severity index (PASI) ≥ 12 
(moderate-severe psoriasis vulgaris with ≥10% body surface area involvement) was required for 
study enrollment. 

 
8.2 Ultrasound-guided biopsies 

Cutaneous sonographical assessment of skin and biopsy sites was performed using a multi-
frequency linear GE LOGIQ probe (10-22 MHz, GE Healthcare) by the attending dermatologist 
(J.W.F.). Ultrasound measurements were performed in triplicates, and average values were used 
for calculations. Power doppler intensity was assessed using semiquantitative method with 1 being 
no or minimal focal intensity and 3 indicating diffuse high intensity. Dermal tunnel measurement 
was calculated using the maximum transverse dimension. Skin punch biopsies of 6mm in diameter 
were obtained under ultrasound guidance from lesional, perilesional and nonlesional skin of HS 
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patients, and site-matched skin from healthy control volunteers 86. All samples were de-identified 
prior to molecular characterization.  

 
8.3 Immunohistochemistry  

Frozen slides with skin sections were allowed to air dry for 10 minutes. Slides were fixed 
in cold acetone for 3 minutes, and then were allowed to air dry again for 5 minutes. Slides were 
washed for 5 minutes in 1xPBS (0.1M, pH 7.5), and blocked in 10% blocking serum corresponding 
to the species the primary antibody was produced in. Slides were then fixed in primary antibody 
diluted in 1%  blocking serum overnight at 4°C. The following day, slides were washed in PBS 
and incubated in biotinylated secondary antibody (1:200 dilution) for 30 minutes at room 
temperature (RT) (Vector Laboratories, Burlingame, CA). Endogenous peroxidase was quenched 
with 0.3% H2O2. Slides were washed in PBS, and then incubated for 40 minutes in Vectastain Elite 
ABC (Vector Laboratories, Burlingame, CA) for 40 minutes at RT. Signal was developed with 
chromogen 3-amino-9ethylcarbazole (AEC, Sigma-Aldrich, Burlington, MA). Antibodies used for 
immunohistochemistry are listed in Table 3.   
 

Epidermal thickness and cellular infiltration (positive cells per mm) were counted using 
ImageJ software (V1.42; National Institute of Health, Bethesda, MD).  
 
8.4 Immunofluorescence 

Frozen skin sections were dried at RT, fixed with acetone, blocked and incubated with 
primary antibody overnight as described above. Sections were then co-stained with a second 
primary antibody overnight and developed using the appropriate secondary antibody. Slides were 
imaged using appropriate filters of a Zeiss Axioplan 2 wide-filed fluorescence microscope 
(Thornwood, NY). We thank the Bio-Imaging Resource Center at the Rockefeller University for 
the resources and guidance. Antibodies used for immunofluorescence are listed in Table 3. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 124

Table 3: List of antibodies used for immunohistochemistry and immunofluorescence 
Name  Company  Catalogue #  Dilution 

Syndecan1 Abcam ab181789 [1:10,000] 

BDCA1  
Miltenyi 
Biotech AD5-8E7 

[1:20]-
[1:100] 

c-Kit Invitrogen ma5-12944 [1:100] 

CD11c 
BD 
Pharmingen 550375 

[1:100] 

CD177 LSBio  LS-B1953-50 [1:200] 
CD20 Abcam ab9475 [1:10] 

CD3  
BD 
Biosciences SK7 

[1:100] 

CXCL1 Abcam ab86436 [1:500] 
CXCL8 LSBio c8048 [1:100] 

Filaggrin Abnova MAB3538 [1:100] 

IL-17C LS Bio LS-C406475 [1:300] 

Keratin 16 LSBio LS-B14481 

[1:500]- 
[1:1000] 

Ki-67 Sta. Cruz sc-101861 [1:25] 

Laminin Santa Cruz sc-130542 [1:10,000] 

Langerin  
BD 
Pharmingen 564789 

[1:500] 

Lipocalin-2 Abcam ab23477 [1:50] 

Loricrin Abcam ab24722 [1:1000] 
Melan A Novacastra cl-l-melan [1:40] 
Neutrophil Elastase NP57 DAKO [1:200] 
S100A7 Abcam 47C1068 [1:1000] 

Trichohyalin Abcam ab58755 [1:10] 
 
 
8.5 Isolation of peripheral blood mononuclear cells  

Blood was diluted 1:1 in PBS, and Ficoll was added (4:3 diluted PBS/Blood: Ficoll) by 
slowly underlaying the blood. The mixture was centrifuged at 400g for 20 minutes. Peripheral 
blood mononuclear cell (PBMC) layer (cloudy interphase) was collected, washed in PBS, and 
centrifuged at 100g for 10 minutes. Pellet was collected and stored at -80°C until processing. 
 
8.6 Peripheral blood activation 

For intracellular cytokine staining assays, blood was resuspended 1:1 in RPMI media 
(Thermofisher Scientific, Waltham, MA).  Cells were activated using 25ng/ml phorbol myristate 
acetate (PMA) and 2μg/ml ionomycin, and 10μg/mL Brefeldin A (all from Sigma Aldrich, St. 
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Louis, MO) for 4 hours in the 5% CO2 incubator at 37°C. Unactivated controls were treated with 
Brefeldin A only, and also incubated at 37°C for 4 hour. 50mM EDTA was added, blood was 
vortexed and incubated at RT for 15 minutes to stop activation. Blood was then incubated with 
FACS lysing solution at RT in the dark for 10 minutes. Cells were washed with 1x PBS. Pellet 
was collected and stored -80°C. 
 
8.7 Flow cytometry 

Cells were stained in the appropriate antibody cocktail for 20 minutes at 4°C in staining 
buffer (1% FBS in PBS), washed and fixed in 4% paraformaldehyde for 20 minutes on ice. 
Appropriate isotypes and un-activated controls were used.  
 
8.8 Serum preparation 

Blood was collected in speckle top tubes and centrifuged at 400g for 10 minutes. Serum 
was collected and stored at -80°C. 
 
8.9 Mesoscale analysis 

Meso Scale Discovery (MSD, Rockville, MD) cytokine assay was used to measure target 
protein levels in the serum. Individual assays were performed according to the manufacturer’s 
instructions. In brief, serum was diluted, and incubated on the plate at RT for 2 hours. The plate 
was washed, and 1X detection antibody solution was applied at RT for 2 hours. The plate was 
washed and read. 
 
8.10 Protein extraction from frozen skin biopsy sections 

Skin samples were frozen in Optimal Cutting Temperature compound (OCT, Thermofisher 
Scientific, Waltham, MA). 15μM sections were cut on the cryostat and placed into prechilled low-
binding Eppendorf tube in buffer (RIPA, phenylmethylsulfonyl fluoride (PMSF, Thermo fisher 
Scientific, Waltham, MA) and cOmplete Protease inhibitor (Roche, San Francisco, CA)). Hand 
hold tissue grinder homogenizer was used to homogenize the samples on ice for one minute. The 
sample was then incubated on a rotating wheel at 4°C for 30 minutes, and centrifuged at 15 minutes 
at 10,000 rpm at 4°C.  The supernatant was then stored at -80°C. 
 
8.11 Olink panel 

Samples were analyzed using the proteomic Olink Proseek multiplex assay (Uppsala, 
Sweden). 10 μl of serum and 10ng of tissue were used for proximity extension assay which uses a 
real-time polymerase chain reaction to detect oligonucleotide-labeled antibody probe pairs to 
individual targets, as previously described 325, 326. Samples were assessed using the Olink 
Inflammation (92 analytes), Cardiovascular II (92 analytes) and Cardiovascular III (92 analytes) 
and Cardiometabolic panel (92 analytes), or the novel Explore 1,536 analyte panel. Only the 
samples that met the quality control and had detectable protein expression were included in the 
analysis.    

8.12 RNA extraction 
RNA from biopsies was isolated with miRNeasy Mini kit (Qiagen, Hilden, Germany). 

DNA was removed using on-column DNase digestion (RNase-free DNase Set, Qiagen Hilden, 
Germany). The total amount of RNA extracted was assessed using Nanodrop 1000 
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spectrophotometer (Thermo fisher Scientific, Waltham, MA). Prior to RNA-sequencing, quality 
of the RNA was assessed using the Agilent Bioanalyzer 2100 (Agilent Technologies, Palo Alto, 
CA).  
 
8.13 Real time PCR 

A total of 10ng of RNA was used per reaction. 4x TaqMan Fast Virus 1-Step Mastermix  
was prepared according to the manufacturer’s instruction (Thermo fisher Scientific, Waltham, 
MA).  RNA was reverse transcribed at 50°C for 5 minutes, inactivated/denatured at 95°C for 20 
seconds and amplified for 40 cycles at alternating between 95°C for 15 seconds and 60°C for 60 
seconds. 200ng of RNA was used for the Taqman gene expression array cards which are listed in 
Table 4 (Thermo fisher Scientific, Waltham, MA). 
 
 
Table 4: List of primers. 

Assay ID 
Gene 
Symbol 

Species 

Hs00171074_m1 CCL17 Human 

Hs00171149_m1 CCL19 Human 

Hs00355476_m1 CCL20 Human 

Hs00171076_m1 CCL21 Human 

Hs00171146_m1 CCL26 Human 

Hs04187715_m1 CCL8 Human 

Hs00360669_m1 CD177 Human 

Hs01047413_g1 CD19 Human 

Hs00998488_m1 CD22 Human 

Hs99999901_s1 18s rRNA Human 

Hs01120071_m1 CD38 Human 

Hs00998119_m1 CD79A Human 

Hs01567026_m1 CD86 Human 

Hs00175480_m1 CTLA4 Human 

Hs00236937_m1 CXCL1 Human 

Hs00757930_m1 CXCL13 Human 

Hs00601975_m1 CXCL2 Human 

Hs00171061_m1 CXCL3 Human 

Hs00174103_m1 CXCL8 Human 

Hs00171065_m1 CXCL9 Human 

Hs00823638_m1 DEFB4A Human 

Hs01057148_m1 EBI3 Human 

Hs01085834_m1 FOXP3 Human 
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Hs00738432_g1 CSF3 Human 

Hs00929873_m1 CSF2 Human 

Hs00989184_m1 GZMA Human 

Hs00188051_m1 GZMB Human 

Hs99999902_m1 RPLP0 Human 

Hs00157950_m1 HLA-DOB Human 

Hs00359999_m1 ICOS Human 

Hs00961622_m1 IL10 Human 

Hs01073447_m1 IL12A Human 

Hs01011518_m1 IL12B Human 

Hs00174379_m1 IL13 Human 

Hs01003716_m1 IL15 Human 

Hs00913644_m1 IL16 Human 

Hs00174383_m1 IL17A Human 

Hs00975262_m1 IL17B Human 

Hs00171163_m1 IL17C Human 

Hs01028648_m1 IL17F Human 

Hs01038788_m1 IL18 Human 

Hs00604657_m1 IL19 Human 

Hs00174092_m1 IL1A Human 

Hs01555410_m1 IL1B Human 

Hs00174114_m1 IL2 Human 

Hs00218888_m1 IL20 Human 

Hs00222310_m1 IL21R Human 

Hs01574154_m1 IL22 Human 

Hs00372324_m1 IL23A Human 

Hs01114274_m1 IL24 Human 

Hs03044841_m1 IL25 Human 

Hs00218189_m1 IL26 Human 

Hs00377366_m1 IL27 Human 

Hs01098710_m1 IL31 Human 

Hs00992441_m1 IL32 Human 

Hs04931857_m1 IL33 Human 

Hs00205367_m1 IL36A Human 

Hs00758166_m1 IL36B Human 

Hs00219742_m1 IL36G Human 
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Hs01104220_g1 IL36RN Human 

Hs00367201_m1 IL37 Human 

Hs00544661_m1 IL1F10 Human 

Hs00174122_m1 IL4 Human 

Hs00174131_m1 IL6 Human 

Hs00174125_m1 IL9 Human 

Hs01101168_g1 ILK Human 

Hs01075529_m1 NOS2 Human 

Hs00178427_m1 LCK Human 

Hs01008571_m1 LCN2 Human 

Hs06633590_s1 LTA Human 

Hs00242739_m1 LTB Human 

Hs00914334_m1 LTF Human 

Hs00236988_g1 MIF Human 

Hs00899658_m1 MMP1 Human 

Hs00968305_m1 MMP3 Human 

Hs00236952_m1 ELANE Human 

Hs00292281_m1 
PRKCQ-
AS1 

Human 

Hs00942835_g1 S100A12 Human 

Hs01923188_u1 S100A7 Human 

Hs00752780_s1 S100A7A Human 

Hs00374264_g1 S100A8 Human 

Hs00610058_m1 S100A9 Human 

Hs01691258_g1 SERPINB4 Human 

Hs01086000_m1 TGFB3 Human 

Hs00174128_m1 TNF Human 

Hs00963364_m1 TNFRSF13B Human 

Hs00171292_m1 TNFRSF17 Human 

Hs00937195_g1 TNFRSF4 Human 

Hs00165362_m1 NCF1 Human 

Hs01891184_s1 CXCR2 Human 

Hs99999149_s1 CCR5 Human 

Hs00934033_m1 CD69 Human 

Hs00376160_m1 JCHAIN Human 
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8.14 RNA-sequencing and analysis 
Transcriptome-wide sequencing was performed using the NovaSeq 6000 (Illumina, San 

Diego, California). Only samples that passed quality control were included in the RNA-seq 
analysis. Libraries were constructed with TruSeq RNA Sample Prep Kit (Illumina, San Diego, 
California). Libraries were sequenced in pair-end mode to generate 100bp reads. Raw reads were 
aligned to the human genome build GRCH37 with STAR v2.4.2 aligner and then summarized to 
gene level counts using features of Ensembl (release 70) gene model with featureCount. 
Differential expression was estimated with DESeq2, and vst was used to log2 transform the 
normalized counts.  
 
8.15 Laser capture microdissection 

Samples were mounted onto metal frame slides (Molecular Machines and Industries, 
Haslett, MI). One section was stained with H&E for reference. Laser capture microdissection 
(LCM) was performed using the CellCut system (Molecular Machines and Industries, Haslett, MI). 
Reticular dermis, basal epidermis and suprabasal (spinous, granular, cornified layers) epidermis as 
well as dermal tunnels were isolated using LCM. Cap tubes (Molecular Machines and Industries, 
Haslet, MI) were used to capture tissue. Tissue was frozen and stored at -80°C until processing. 
 
8.16 Enrichment analysis 

Enrichment analysis was performed using the eXploring Genomic Relations Tool using the 
Gene Ontology terms 327. Canonical pathways and upstream regulators were identified using the 
Ingenuity Pathway Analysis (Qiagen).  
 
8.17 Statistical analysis 

Statistical analysis was performed in R (R-project.org, R foundation, Vienna, Austria) 
using publicly available Bioconductor packages (www.bioconductor.org). Gene expression 
profiles were modeled with using mixed-effect models of disease status (HS vs healthy) as fixed 
factors and random effect for each patient using the R limma framework 328. Multiple hypotheses 
testing was adjusted using the Benjamini-Hochberg procedure. Fold-changes (FCH) for 
comparisons were estimated, and hypothesis testing was conducted under the general framework 
for linear models in limma package. Unsupervised clustering of healthy control volunteer, 
nonlesional, perilesional and lesional means were conducted using Euclidean distance and the 
average agglomeration criteria. Krueger laboratory and previously published pathways were 
quantified using a gene-set variation analysis (GSVA) z-score 329 121, 122.  

 
Undetected RT-PCR values were estimated as 20% of the minimum across all of the 

samples for each gene. Comparison between samples was performed using least squared means of 
log2-transformed hARP normalized expression values. P values for t-tests were adjusted for 
multiple hypothesis testing using the Benjamini-Hochberg procedure. Total counts of IHC markers 
and means of each group were analyzed using least squared means.  
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