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Thesis Summary 

Hidradenitis Suppurativa (HS) is a chronic inflammatory skin disease, the molecular 

pathogenesis of which is incompletely defined. A number of knowledge gaps in the field 

of HS exist. These include: an incomplete understanding of molecular disease 

pathogenesis; the lack of a clear pathogenic paradigm in line with the extant literature; a 

complete understanding of genetic basis of disease; the identification of factors 

influencing therapeutic efficacy in HS, and the reasons underlying high placebo 

response rates in clinical trials. Additionally, there is an urgent need for the identification 

of novel therapeutic modalities in HS. 

The publications included for presentation in this thesis address these six knowledge 

gaps. Bibliometric and Altimetric evidence supports the importance and high impact of 

these works to the field. The specific knowledge gaps each group of publications 

address are as follows: 

1) Three publications with novel critical evaluation of the extant literature pertaining to 

inflammatory cytokines, immunohistochemical studies, as well as mechanisms of action 

of known therapeutic modalities. 

2) Six publications, presenting critical discussion of poorly defined aspects of HS 

pathogenesis, namely- fibroblasts, complement and B cells, with the development of 

testable hypotheses about their role in HS. Additionally, novel molecular data regarding 

the inflammatory characteristics of epithelialized tunnels and inflammatory 

heterogeneity are presented. These data are integrated into an alternate 

‘autoinflammatory’ pathogenic paradigm of disease pathophysiology. This paradigm is 
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critically evaluated against the current follicular occlusion paradigm and data from the 

extant literature. 

3) Five Publications, Discussing the limited and conflicting evidence surrounding genetic 

predisposition to disease- and examining the molecular basis of polymorphisms in the 

gamma secretase complex. Additionally, results of the first genotype-phenotype 

analysis in HS demonstrates that the current assumptions of the genetics of HS may be 

incorrect. In-silico analysis of gene expression data in HS suggest that specific gamma 

secretase substrates other than Notch may play a significant role in disease 

pathogenesis and is an area which required further research.  

4) Three Publications, identifying clinical predictors of clinical response to medical 

therapies. With regards to the efficacy of current treatment modalities, little is known in 

order to predict response to therapy. Given that predictive biomarkers in HS are still in 

their infancy, epidemiological data from recent Phase 3 clinical trials provide novel 

robust data to demonstrate that epithelialized tunnels, Body Mass Index and family 

history contribute significantly to the clinical response to Adalimumab across a variety of 

clinical outcome measures and endpoints. 

5) Four Publications, critically evaluating the design and analysis of clinical trials in HS 

which have led to a number of unsuccessful therapeutics not progressing to the clinic. 

Important recommendations regarding biopsy definitions for clinical trials, the link 

between specific outcome measures and elevation in placebo response rates in HS, 

primary imputation methods in existing trials as well the first analysis of baseline 
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variability of disease activity in HS which hold great significant for the design of future 

studies are presented. 

6) Two publications describing two open-label clinical trials of Brodalumab in HS. 

Brodalumab is a novel therapeutic target for disease activity showing high levels of 

clinical response in these small pilot studies. 

In summary, the twenty-three publications presented in this thesis critically evaluate and 

summarise the extant literature, provide novel evidence regarding the molecular 

pathogenesis and genetics of disease, identify variables associated with clinical 

response to current therapeutics, explain the reasons underlying elevated placebo 

response rates in HS clinical trials and present evidence of a novel therapeutic for use 

in this disease. 
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CHAPTER 1: INTRODUCTION: 

1.1 Hidradenitis Suppurativa: Clinical Presentation 

Hidradenitis Suppurativa (HS) is a chronic inflammatory skin disease1 first described by French 

surgeon Aristide Verneuil in 18542. It manifests clinically as painful deep-seated inflamed 

lesions, with a predilection for the flexural portions of the skin1,3. Whilst it has traditionally been 

considered a disease of young women4, HS can affect both men and women of all ages, 

including children5. It typically manifests in areas such as the axillae, inguinal folds and sub-

mammary regions although can affect any part of the body6,7.  

The clinical presentations of HS can be varied8. The typical presentation involves nodules and 

abscesses1,3, however comedones, including pathognomonic double-ended pseudo-comedones 

can occur9, as well as hypertrophic scarring, pyoderma-gangrenosum like ulceration and 

hypertrophic scarring10. Additionally, dermal epithelialized tunnels (previous known as sinus 

tracts) can develop which are chronically painfully and drain a malodorous purulent discharge11. 

Only recently have global consensus definitions of these lesion types been published10 in order 

to standardise the description of lesions in HS for use in trials and in the clinic. 

Hurley staging is most commonly used to stratify the severity of disease (Figure 1.1.1). Hurley 

Stage I is defined as solitary or multiple, isolated abscess formation without scarring or sinus 

tract formation. Hurley Stage II is defined as recurrent abscesses, single or multiple widely 

separated lesions with/without sinus tract formation. Hurley Stage III is defined as diffuse or 

broad involvement, with multiple interconnected sinus tracts and abscesses. 
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Figure 1.1.1: Hurley Stage I; Hurley Stage II; Hurley Stage III Hidradenitis Suppurativa. 

 

1.2 Demographics of Hidradenitis Suppurativa 

The prevalence of HS is estimated at between 0.03%-4% of the population12 with a significant 

underdiagnosis and diagnostic delay13. The average diagnostic delay from first symptoms to 

formal diagnosis ranges from 7-10 years13. 

HS has a bimodal age of onset14, with peaks in late adolescence as well as middle age. Pre-

pubescent onset is less common but associated with more severe disease and a family history 

of HS5. 

A major limitation to understanding the prevalence of HS globally are the sources of current 

datasets. Most publications are based upon North American or European based cohorts of HS 

patients, with little large-scale data available from other geographic regions15. Many datasets 

are based upon insurance claims-based data which excludes participants of lower socio-

economic status who are unable to access certain forms of health care. Indeed, there is 
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evidence to suggest that lower socioeconomic populations may have higher rates of HS due to 

associated factors such as obesity and smoking16.  Certainly, there is evidence to suggest that 

the female predilection to HS is not seen in East Asian populations17. HS in Asian populations 

tends to be young male smokers, but few registry-based studies exist to validate this claim. 

 

1.3 Diagnosis of Hidradenitis Suppurativa 

Diagnosis of HS is currently clinical and based upon the modified Dessau criteria18. The 

modified Dessau criteria is currently the only widely accepted, validated diagnostic criteria for 

the disease18. (Table 1.3.1) A diagnosis can be made is all three obligatory criteria are present. 

 

Obligatory Diagnostic Criteria for Hidradenitis Suppurativa 

 (Modified Dessau Criteria) 

 

History: Recurrent Painful or Purulent lesions more than twice within 6 months 

 

Location: Groin, Armpit, perimeun, buttock area, submammary/intermammary fold 
(women) 

 

Primary Lesions: follicular papule/pustule, nodule, abscess 

(Secondary Lesions: cyst, tunnel*, double pseudocomedone, scar) 

Table 1.3.1: Obligatory diagnostic criteria as per the modified Dessau criteria18.  

*NB: in the original text ‘tunnel’ is referred to (as per the pre-consensus nomenclature) as sinus 

tract/fistula. 
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There is a strong need for the development of diagnostic biomarkers in the disease19. Many 

investigations have identified non-specific markers of cutaneous and systemic inflammation20,21 

however very few studies have examined the validity of any proposed biomarkers. A deeper 

understanding of the pathogenesis of the disease is needed in order to identify what markers 

can differentiate HS from other inflammatory disorders in order to develop a consistent 

diagnostic biomarker to address the issues with diagnostic delay19. 

 

1.4 Impact of HS upon Quality of Life 

HS has a significant impact upon the quality of life of individuals suffering from the disease22. It 

has been reported that the burden of HS is greater than that of many other inflammatory skin 

diseases including psoriasis vulgaris and atopic dermatitis23. Flares from HS can have 

significant impact upon day-to-day functioning and HS has been documented to have high rates 

of worker absenteeism24. Direct and indirect costs to patients and the health system are 

significant (>$10,000AUD per patient annually) and vary according to severity of disease25. 

 

1.5 Current Treatments for Hidradenitis Suppurativa 

Treatment for HS is multimodal and needs to consider both the physical cutaneous 

manifestations of disease, but also the associated comorbidities, psychological and 

psychosexual impacts of the disease (Figures 1.5.1 and 1.5.2). Medical treatments for HS are 

varied and include topical, intralesional, antimicrobial, hormonal and immunomodulating 

therapies26. (Figure 1.5.1) Treatments are often targeted based upon the presenting severity of 

disease, most commonly by Hurley staging. Non-pharmacologic therapies and lifestyle 



 

 14 

management including smoking cessation, weight loss and management of inflammatory 

comorbidities (arthropathy, diabetes, Polycystic Ovarian Syndrome) are important aspects to 

management of all patients27-30.  

Pharmacological treatments such as topical antiseptics and topical antibiotics are used 

successfully in Hurley stage 1 disease, with more extensive disease requiring the addition of 

intralesional corticosteroids, oral antibiotics and intermittent surgical management such as 

incision and drainage or deroofing of epithelialised tunnels27-30. Moderate to severe disease can 

be managed with combination antibiotic therapy with progression to monoclonal antibody 

therapy alongside minor surgical procedures28,31. Severe (Hurley Stage 3) disease requires 

multimodal management including monoclonal antibody therapy (most commonly Adalimumab 

and Infliximab although other agents such as IL-1, IL-17 and IL-23 antagonism are reported32), 

wide excision or laser ablation of recalcitrant disease31 and management of associated 

comorbidities. 

Management of the associated psychological33 and psychosexual dysfunction34 is also an 

important part of the overall management of the patient, and multidisciplinary management is 

highly recommended for effective management of the disease. 
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Figure 1.5.1: The range of therapeutic options in the management of Hidradenitis Suppurativa. 

(Adapted with permission from Alikhan et al 2019) 

 

Current available therapies often result in incomplete disease control, with current 

recommendations indicating multiple treatment approaches are often needed to achieve 

remission27-30. A number of therapies used in HS are adopted from other inflammatory disorders 

such as psoriasis vulgaris. Despite the superficial similarities in epidermal pathology between 

HS and Psoriasis, there are important differences which however our lack of understanding of 

disease pathogenesis hampers our ability to identify novel effective therapies for HS for clinical 

development19. 
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Figure 1.5.2: Multiple Aspects to the management of patients with Hidradenitis Suppurativa. 
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1.6 Current Knowledge Gaps in HS 

There are multiple, significant knowledge gaps in the field of HS which have been previously 

identified and discussed as priority targets for future mechanistic and clinical research35. (Table 

1.6.1)  

 

Major Gaps in Understanding and Treatment of Hidradenitis 
Suppurativa (Adapted from Hoffman et al 201735) 

Diagnosis of HS 

Description of HS Clinical Presentations  

Natural History of HS 

HS Phenotype-Genotype Correlation 

HS Clinico-Pathological Correlation 

Pathophysiology of HS 

Optimal Treatments for HS 

HS Treatment Response Outcomes 

Table 1.6.1: Significant knowledge gaps in the field of HS (Adapted with permission from 

Hoffman et al 2017) 

A number of these identified knowledge gaps are interlinked. An increased 

understanding of the pathogenesis of disease would lead to the potential for diagnostic 

biomarkers, the ability to develop clinic-pathological correlation of disease and identify 

optimal therapeutics. Additionally, the identified therapeutics can only be adequately 

tested in randomised, placebo controlled clinical trials if consensus regarding clinical 

presentations are established and adequately validated outcome measures are 

established. 
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1.7 Incomplete Understanding of HS Pathophysiology Hampers 
Addressing Knowledge Gaps 

Our incomplete understanding of disease pathogenesis in HS is the major barrier to 

developing more reliable screening and diagnostic techniques, to understanding the 

relationship between genetics and clinical presentations, as well as to identifying and 

trialling novel therapies19. An additional complexity in HS is that disease presentation 

can be quite heterogeneous8,9, which has led some authors to speculate that different 

therapies may be more beneficial to different subsets of patients36-38. Investigating and 

understanding the molecular heterogeneity in the disease is also vital to move forward 

with the development of more effective therapeutics19. 
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CHAPTER 2: AIMS UNDERPINNING THE PUBLICATIONS: 

The remainder of this dissertation will present a total of 23 publications which address a number 

of the knowledge gaps as previously outlined in Chapter 1 (Table 2.1).  

 

Knowledge Gap(s) in HS35 Dissertation Chapter 

Clinico-Pathological Correlation Chapter 4.1 

Pathophysiology of HS Chapters 4.1,4.2,4.3,4.6 

Phenotype-Genotype Correlation Chapter 4.3 

Optimal Treatments for HS Chapters 4.4,4.6 

HS Treatment Response Outcomes Chapter 4.5 

Table 2.1: Identified Knowledge Gaps In HS and the corresponding dissertation chapters 

addressing these knowledge gaps. 

 

Firstly, chapter 4.1 will summarise and critically evaluate the extant literature as to the 

pathogenic mechanisms underlying HS through both systematic reviews of the literature 

and therapeutic mechanisms of current HS therapies. This will aid in clarification as to 

the current understanding of disease pathogenesis as well as limitations to current 

mechanistic investigations. 

Chapter 4.2 will then review, discuss and critique the potential role of as-yet 

underappreciated cell types and immune pathways in HS (fibroblasts, complement and 

B cells). This will result in novel hypotheses being generated. Additionally, chapter 4.2 
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presents novel mechanistic data regarding the immunological nature of epithelialised 

tunnels and the inflammatory heterogeneity of serum proteomics in HS. 

Chapter 4.3 presents a review and critical interpretation of identified genetic 

polymorphisms in HS, providing novel insights into the molecular mechanisms of 

genetics in HS. Additionally, the first study of genotype-phenotype correlation and in-

silico analysis of gamma secretase substrates in HS is included.  

Chapter 4.4 identifies clinical factors (including BMI and presence of epithelialized 

tunnels) associated with clinical response to Adalimumab therapy, as identified in re-

analyses of Phase 3 clinical data, are presented. This data has direct clinical relevance 

to the individuals most likely to respond favourably to TNF-alpha inhibition in the 

disease.  

Chapter 4.5 examines the multiplicity of issues currently facing effective clinical trial 

design and outcome measures in HS trials. Recommendations on biopsy definitions 

along with novel data on placebo response rates, primary imputation methods and 

baseline variability in untreated HS will be presented.   

Finally, chapter 4.6 will present the results of two open label clinical trials of an IL-17RA 

antagonist (Brodalumab) in HS. These studies provide evidence for the benefit of IL-

17RA blockade in this disease as a novel therapeutic strategy. 

Overall, the publications presented within this dissertation provide a comprehensive 

review and critique of the existing knowledge gaps regarding the pathophysiology of 

HS. Additionally, they present novel mechanistic data regarding the disease. 
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Furthermore, links between the molecular pathophysiology of HS and the clinical 

manifestations of disease and implications for therapeutics are established. This is 

achieved primarily through the identification of epithelialised dermal tunnels as an 

important covariate in clinical response in the setting of current HS therapeutics. Further 

novel data analysis regarding issues in current HS clinical trial design are then 

presented with the dissertation concluding with novel clinical data regarding the efficacy 

of IL-17RA antagonism in a small open-label cohort.   
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CHAPTER 3: PRESENTED PUBLICATIONS 

Included below are synopses of the important and novel aspects of the included 

publications. Further explanation of the context of these manuscripts and how their 

novel aspects contribute to the overall understanding of the disease are addressed in 

Chapter 4. In Chapter 6 article-level bibliometric measures are presented and 

discussed. This provides objective evidence regarding the exposure and impact of the 

included publications since their public release. 

3.1 Synopses and Documentation of Contributions to Included 
Publications. 

 

For all of the included publications in this thesis I: 

• Conceived or co-conceived the study design 

• Developed, wrote and submitted all ethics committee submission applications 

• Conducted the recruitment, clinical data collection and biological sample (tissue, 

blood and serum) samples from all patients 

• Conducted or co-conducted the data compilation and analysis  

• Lead the manuscript writing and editing for all manuscripts - with the exception of 

manuscript 2-S2.  
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Of the 23 publications included in this thesis, 22 are either sole-author, first author or 

last author publications. In one of the publications (2-S1) the author position is shared 

as co-first author. In one publication (2-S2) the author position is second-to-last author. 

• 3 are sole-author publications 

• 18 are first-author publications 

• 1 is a last author publication. 

• 1 is a second-to-last author publication. 

 

Specific details of authorship and formal documentation of my contributions to each 

manuscript are presented in below in line with the CRediT contributor role taxonomy39. 

Complete lists of all author contributions (in line with CRediT contributor role 

taxonomy39) are presented in appendix A. Definitions for each of the contributor roles 

are presented in appendix A.  

 

Publication 1-1: Frew JW, Hawkes JE, Krueger JG “A Systematic Review and Critical 

Evaluation of Inflammatory Cytokine Associations in Hidradenitis Suppurativa” 

F1000Research (2018); 2018 Dec 13;7:1930 

Synopsis: A systematic review critically evaluating the role of inflammatory cytokines in 

tissue and serum in reported studies of HS. Demonstrates high variability and need for 

standardized methods. 

Authorship: First Author, Corresponding Author 
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CRediT Contribution: Conceptualisation; Data Curation; Investigation; Formal Analysis; 

Visualisation; Writing-Original Draft; Writing- Reviewing and Editing 

 

Publication 1-2: Frew JW, Hawkes JE, Krueger JG “A Systematic Review and Critical 

Evaluation of Immunohistochemical Associations in Hidradenitis Suppurativa” 

F1000Research (2018); 2018, 7:1923 

Synopsis: A systematic review critically evaluating the immunohistochemical findings in 

studies examining HS. Demonstrates high variability between studies and need for 

standardized methods. 

Authorship: First Author, Corresponding Author 

CRediT Contribution: Conceptualisation; Data Curation; Investigation; Formal Analysis; 

Visualisation; Writing-Original Draft; Writing- Reviewing and Editing 

 

Publication 1-3: Frew JW, Hawkes JE, Krueger JG “Topical, Systemic and Biologic 

Therapies in Hidradenitis Suppurativa: Pathogenic Insights Through Examination of 

Therapeutic Mechanisms” (2018) Therapeutic Advances in Chronic Disease 2019; 10: 

2040622319830646 

Synopsis: A systematic review of the therapeutic mechanisms of reported therapeutics 

in HS suggesting that therapeutics function through primarily anti-inflammatory 

mechanisms 

Authorship: First Author, Corresponding Author 
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CRediT Contribution: Conceptualisation; Data Curation; Investigation; Formal Analysis; 

Visualisation; Writing-Original Draft; Writing- Reviewing and Editing 

 

Publication 2-1: Frew JW, Navrazhina K, Maroun M, Lu PJ, Krueger JG Contribution of 

Fibroblasts to Tunnel Formation and Inflammation in Hidradenitis Suppurativa Exp 

Dermatol 2019 28(8):886-891 

Synopsis: A Viewpoint article exploring the evidence underpinning the role of fibroblasts 

in HS and associated comorbidities including Pyoderma Gangrenosum and HS-

associated Squamous Cell Carcinoma 

Authorship: First Author, Corresponding Author 

CRediT Contribution: Conceptualisation; Data Curation; Investigation; Formal Analysis; 

Visualisation; Writing-Original Draft; Writing- Reviewing and Editing 

 

Publication 2-2: Grand D, Navrazhina K, Frew JW Integrating Complement into the 

Molecular Pathogenesis of Hidradenitis Suppurativa Exp Dermatol 2020; 29(1): 86-92 

Synopsis: A Viewpoint article exploring the evidence underpinning the role of 

complement in HS including in associated comorbidities including PCOS and 

Hyperlipidaemia 

Authorship: Last Author, Corresponding Author 

CRediT Contribution: Conceptualisation; Data Curation; Investigation; Formal Analysis; 

Visualisation; Writing-Original Draft; Writing- Reviewing and Editing 
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Publication 2-3: Frew JW, Grand D, Navrazhina K, Krueger JG “Beyond Antibodies: B-

cells in Hidradenitis Suppurativa: Bystanders, Contributors or Therapeutic Targets?" 

Exp Dermatol 2020; 29(5):509-515 

Synopsis: A Viewpoint article exploring the evidence underpinning the role of B cells in 

the disease including in draining epithelialised tunnels and interactions with neutrophils. 

Authorship: First Author, Corresponding Author 

CRediT Contribution: Conceptualisation; Data Curation; Investigation; Formal Analysis; 

Visualisation; Writing-Original Draft; Writing- Reviewing and Editing 

 

Publication 2-4: Frew JW. Hidradenitis Suppurativa is an Autoinflammatory 

Keratinization Disease: A Review of the Clinical, Histological and Molecular Evidence: 

JAAD International 2020;1(1):62-72 

Synopsis: A revision of the pathogenic paradigm of the development of HS- positioning 

it as an autoinflammatory keratinization disease rather than a disease of follicular 

occlusion. 

Authorship: Sole Author 

CRediT Contribution: Conceptualisation; Data Curation; Investigation; Formal Analysis; 

Visualisation; Writing-Original Draft; Writing- Reviewing and Editing 
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Publication 2-S1: Navrazhina K*, Frew JW*, Garcet S, Krueger JG. Epithelialized 

Tunnels Contribute to Inflammation in Hidradenitis Suppurativa. J Allergy Clin Immunol 

2020; doi:10.1016/j.jaci.2020.12.651 

Synopsis: Novel data pertaining to the structure and immunological function of 

epithelialised tunnels in HS. First identification of these structures re-capitulating the 

cellular structure and immunological function of the overlying epidermis. 

Authorship: Co-First Author 

CRediT Contribution: Data Curation; Investigation; Visualisation; Writing- Reviewing and 

Editing 

 

Publication 2-S2: Navrazhina K, Garcet S, Gonzales J, Grand D, Frew JW, Krueger JG 

In-Depth Analysis of the Hidradenitis Suppurativa Serum Proteome Identified Distinct 

Inflammatory Subtypes. J Invest Dermatol 2021; doi:10.1016/j.jid.2021.02.742 

Synopsis: Novel data pertaining to the heterogeneity in serum proteomic profile of 

individuals with HS stratified by neutrophilic inflammation with LCN2 as a potential 

biomarker of disease severity associated with epithelialised tunnels. 

Authorship: Second-to-last author 

CRediT Contribution: Data Curation; Investigation; Writing- Reviewing and Editing 
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Publication 3-1: Frew JW, Vekic DA, Woods J, Cains GD (2017) “A Systematic Review 

and Critical Evaluation of Reported Pathogenic Sequence Variants in Hidradenitis 

Suppurativa” British Journal of Dermatology 2017; DOI:10.1111/bjd.15441 

Synopsis: A systematic review of pathogenic sequence variants associated with HS 

demonstrating that the impact of documented variants is likely the extracellular 

compartment questioning the current paradigm of Notch dysregulation in the disease 

Authorship: First author, Corresponding Author 

CRediT Contribution: Conceptualisation; Data Curation; Investigation; Formal Analysis; 

Visualisation; Writing-Original Draft; Writing- Reviewing and Editing 

 

Publication 3-2: Frew JW, Hawkes JE, Sullivan-Whalen M, Gilleaudeau P, Krueger JG 

“Inter-Relater Reliability of Phenotypes, and Exploratory Genotype- Phenotype Analysis 

in Inherited Hidradenitis Suppurativa” Br J Dermatol 2019; 2019 Jan 28. doi: 

10.1111/bjd.1769 

Synopsis: The first Genotype-Phenotype correlation in HS finding no solid link between 

identified gnotypes and clinical presentation questioning the monogenic nature of HS. 

Authorship: First Author, Corresponding Author 

CRediT Contribution: Conceptualisation; Data Curation; Investigation; Formal Analysis; 

Visualisation; Writing-Original Draft; Writing- Reviewing and Editing 
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Publication 3-3: Frew JW, Navrazhina K, In-Silico Analysis of Gamma-Secretase-

Complex Mutations in Hidradenitis Suppurativa Demonstrates Disease-Specific 

Substrate Recognition and Cleavage Alterations Front Med 2019; DOI: 

10.3389/fmed.2019.00206 

Synopsis: In silico analysis of Gamma Secretase Complex associated substrates in 

tissue RNAseq of HS tissues identifying a number of potential dysregulated substrates 

which are potential targets for important pathogenic players in HS aside from Notch. 

Authorship: First Author, Corresponding Author 

CRediT Contribution: Conceptualisation; Data Curation; Investigation; Formal Analysis; 

Visualisation; Writing-Original Draft; Writing- Reviewing and Editing 

 

Publication 3-4: Frew JW “We Need to Talk About Notch: Notch Dysregulation as an 

Epiphenomenon in Inflammatory Skin Disease” (2018) Br J Dermatol 2019 

Feb;180(2):431-432 

Synopsis: A review of the existing mechanistic literature regarding Notch dysregulation 

in various inflammatory diseases- proposing that Notch dysregulation is an 

epiphenomenon associated with keratinocyte proliferation. 

Authorship: Sole Author 

CRediT Contribution: Conceptualisation; Data Curation; Investigation; Formal Analysis; 

Visualisation; Writing-Original Draft; Writing- Reviewing and Editing 
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Publication 3-5: Frew JW Navrazhina K No Evidence that Impaired Notch Signalling 

Differentiates Hidradenitis Suppurativa from other Inflammatory Skin Diseases Br J 

Dermatol 2020;182(4):1042-1043 

Synopsis: An in-silico analysis of Notch dysregulation in various inflammatory skin 

diseases showing no HS-specific signature of Notch dysregulation in large scale 

genomic datasets. 

Authorship: First Author, Corresponding Author 

CRediT Contribution: Conceptualisation; Data Curation; Investigation; Formal Analysis; 

Visualisation; Writing-Original Draft; Writing- Reviewing and Editing 

 

Publication 4-1: Frew JW, Jiang CS, Singh N, Grand D, Navrazhina K, Vaughan R, 

Krueger JG Dermal Tunnels Influence Time to Clinical Response and Family History 

Influences Time to Loss of Clinical Response in Hidradenitis Suppurativa Patients 

Treated with Adalimumab. Clin Exp Dermatol 2020; 46(2):306-313 

Synopsis: Results of a post-hoc analysis of individual patient data of the placebo arm of 

two Phase 3 clinical studies (PIONEER 1 and PIONEER 2) demonstrating presence of 

tunnels and family history are clinical variables associated with time to achieve clinical 

response. 

Authorship: First Author; Corresponding Author 

CRediT Contribution: Conceptualisation; Data Curation; Investigation; Formal Analysis; 

Visualisation; Writing-Original Draft; Writing- Reviewing and Editing 
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Publication 4-2: Frew JW, Singh N, Jiang CS, Navrazhina K, Vaughan R, Krueger JG. 

The Impact of Body Mass Index Upon the Efficacy of Adalimumab in Hidradenitis 

Suppurativa. Front Medicine 2021;8:603281 

Synopsis: Results of a post-hoc analysis of individual patient data of the placebo arm of 

two Phase 3 clinical studies (PIONEER 1 and PIONEER 2) demonstrating that BMI is a 

confounder in the setting of lower baseline disease activity further clarifying the role of 

BMI in clinical response. 

Authorship: First Author, Corresponding Author 

CRediT Contribution: Conceptualisation; Data Curation; Investigation; Formal Analysis; 

Visualisation; Writing-Original Draft; Writing- Reviewing and Editing 

 

Publication 4-3: Frew JW, Jiang C, Singh N, Grand D, Navrazhina K, Vaughan R, 

Krueger J “Malignancy and Infection Risk During Adalimumab Therapy in Hidradenitis 

Suppurativa” Clin Exp Dermatol 2020; 45(7):859-865 

Synopsis: Results of a post-hoc analysis of individual patient data of the placebo arm of 

two Phase 3 clinical studies (PIONEER 1 and PIONEER 2) indicating that infection and 

malignancy risk are likely associated with baseline disease rather than treatment. 

Authorship: First  Author, Corresponding Author 

CRediT Contribution: Conceptualisation; Data Curation; Investigation; Formal Analysis; 

Visualisation; Writing-Original Draft; Writing- Reviewing and Editing 
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Publication 5-1: Frew JW, Navrazhina K, Byrd AS, Garg A, Ingram JR et al Defining 

Lesional, Perilesional and Unaffected Skin in Hidradenitis Suppurativa: Proposed 

Recommendations for Clinical Trials and Translational Research Studies Br J Dermatol 

2019; 181(6):1339-1341 

Synopsis: Consensus Proposals of consistent reproducible definitions of lesional, 

perilesional and non-lesional tissue for use in future translational investigations in 

Hidradenitis Suppurativa. 

Authorship: First Author, Corresponding Author 

CRediT Contribution: Conceptualisation; Data Curation; Investigation; Formal Analysis; 

Visualisation; Writing-Original Draft; Writing- Reviewing and Editing 

 

Publication 5-2: Frew JW, Jiang C, Singh N, Grand D, Navrazhina K Vaughan R, 

Krueger JG Clinical Response Rates, Placebo Response Rates and Significantly 

Associated Covariates Are Dependent Upon Choice of Outcome Measure in 

Hidradenitis Suppurativa: A Post-Hoc Analysis of PIONEER 1 and 2 Individual Patient 

Data J Am Acad Dermatol 2019; 82(5):1150-1157 

Synopsis: Results of a post-hoc analysis of individual patient data of the placebo arm of 

two Phase 3 clinical studies (PIONEER 1 and PIONEER 2) examining how placebo 

response rates vary across different primary outcome measures (HiSCR vs IHS4) and 
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associated covariates which influence clinical response between these two outcome 

measures. 

Authorship: First Author, Corresponding Author 

CRediT Contribution: Conceptualisation; Data Curation; Investigation; Formal Analysis; 

Visualisation; Writing-Original Draft; Writing- Reviewing and Editing 

 

Publication 5-3: Frew JW “Primary Imputation Methods Impact Efficacy Results in 

Hidradenitis Suppurativa Clinical Trials” J Am Acad Dermatol 2020; 83(2):663-665 

Synopsis: Review and Analysis of different primary imputation methods in published 

clinical trials of biologic therapeutics in HS, demonstrating significant differences when 

Non-Responder Imputation is used. 

Authorship: Sole Author 

CRediT Contribution: Conceptualisation; Data Curation; Investigation; Formal Analysis; 

Visualisation; Writing-Original Draft; Writing- Reviewing and Editing 

 

Publication 5-4: Frew JW, Jiang CS, Singh N, Navrazhina K, Vaughan R, Krueger JG 

Quantifying the Natural Variation in Lesion Counts over time in Untreated Hidradenitis 

Suppurativa: Implications for Outcome Measures and Trial Design. JAAD International 

2020; 1(2):208-221 
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Synopsis: Results of a post-hoc analysis of individual patient data of the placebo arm of 

two Phase 3 clinical studies (PIONEER 1 and PIONEER 2) examining the natural 

variability of lesion counts over a 12-week period. 

Authorship: First Author, Corresponding Author 

CRediT Contribution: Conceptualisation; Data Curation; Investigation; Formal Analysis; 

Visualisation; Writing-Original Draft; Writing- Reviewing and Editing 

 

Publication 6-1: Frew JW, Navrazhina K, Grand D, Sullivan-Whalen M, Gilleaudeau P, 

Garcet S, Ungar J, Krueger JG The Effect of Subcutaneous Brodalumab upon Clinical 

Disease Activity in Hidradenitis Suppurativa: An Open Label Cohort Study. J Am Acad 

Dermatol 2020; 83(5):1341-1348 

Synopsis: Results of an Open-Label Clinical Study of Brodalumab 210mg/1.5mL 

q2weekly for 24 weeks in Moderate to Severe Hidradenitis Suppurativa. 

Authorship: First Author 

CRediT Contribution: Data Curation; Investigation; Formal Analysis; Visualisation; 

Writing-Original Draft; Writing- Reviewing and Editing 
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Publication 6-2: Frew JW, Navrazahina K, Garcet S, Sullivan-Whalen M, Gilleaudeau 

P, Krueger JG Weekly Administration of Brodalumab in Hidradenitis Suppurativa: An 

Open Label Cohort Study. Br J Dermatol 2020; 184(2):350-352 

Synopsis: Results of an Open-label clinical study of Brodalumab 210mg/1.5mL weekly 

for 24 weeks in Moderate to Severe Hidradenitis Suppurativa 

Authorship: First Author 

CRediT Contribution: Data Curation; Investigation; Formal Analysis; Visualisation; 

Writing-Original Draft; Writing- Reviewing and Editing 
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CHAPTER 4: THE EXISTING FIELD OF KNOWLEDGE AND 

CONTRIBUTIONS BY SELECTED PUBLICATIONS: 

The pathogenic paradigm of Hidradenitis Suppurativa has undergone numerous 

reiterations and alterations since the first reporting of the condition in 18641,2. Initially 

considered as an infectious disorder, histological observations in the mid 20th century 

led to the consideration of HS as a disorder of inflamed apocrine glands40. Seminal 

papers by Shelley and Cahn40 demonstrated that apocrine follicular epilation followed by 

belladonna impregnated tape occlusion led to perifollicular inflammation and apocrinitis. 

Only in the 1990’s was it conclusively demonstrated that apocrine gland inflammation 

was a secondary phenomenon41 and that the follicular infundibulum is the central site of 

inflammation in the disease. Melnik’s seminal 2013 paper42 began to shift the 

pathogenic paradigm of HS away from an apocrine-gland based inflammatory or 

infectious disorder, to a disorder of follicular occlusion and proposed dysregulated 

Notch signaling42,43 as the unifying feature of HS pathogenesis.  

Emerging evidence as to the role of the inflammasome44-47, complement48,49 and IL-1 

isoforms 50-53  has led to the suggestion of HS as an autoinflammatory keratinisation 

disease54. Evidence of systemic inflammation55,56, activation of B cells57,58 and plasma 

cells57,59,60 have raised the possibility of HS having an autoimmune or antibody-

mediated component However, follicular occlusion is still considered the ‘primem 

movens’ of HS1,61 preceding the inflammatory drive of disease.  
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Until relatively recently, no cohesive pathogenic paradigm supported by mechanistic 

evidence has existed as to the molecular mechanisms of disease in HS. Investigations 

into the inflammatory signature of HS in tissue and serum were hampered by 

mechanistic heterogeneity as well as a lack of defined sampling and analytical 

techniques. An in-depth critical evaluation of the extant literature from the perspective of 

mechanisms of investigation was lacking. This was required to identify the most robust 

methods for analysing the inflammatory nature of the disease and in order to ensure 

high quality reliable results from future translational investigations.  
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4.1: Inflammatory Cytokines, Immunohistochemical Studies, and 

Mechanisms of Current Therapeutics in HS: 

Table 4-1-1 Publications Presented in this chapter 

Systematic Reviews aim to be unbiased, reproducible, evidence-based collations and 

critical evaluations of data pertaining to a topic of interest62. Often in the setting of 

randomized clinical trials they may provide meta-analyses of treatment effect to inform 

clinical decision making. Such reproducible reviews are essential tools in understanding 

the breadth of evidence and quality of data surrounding a subject62. The three 

publications comprising this first chapter (Table 4-1-1) are systematic reviews pertaining 

to the pathophysiological aspects of Hidradenitis Suppurativa (Cytokine Associations, 

Immunohistochemical Associations and Mechanisms of Therapeutics). As mentioned in 

the introduction, a systematic review and critical evaluation of the literature was a 

mandatory first step in order to analyse how the molecular evidence can be interpreted 

in the context of the prevailing pathogenic paradigm of the disease. 

 

Manuscript Manuscript Reference 

1-1 Frew JW, Hawkes JE, Krueger JG “A Systematic Review and Critical 
Evaluation of Inflammatory Cytokine Associations in Hidradenitis 

Suppurativa” F1000Research (2018); 2018 Dec 13;7:1930 

1-2 Frew JW, Hakes JE, Krueger JG “A Systematic Review and Critical 
Evaluation of Immunohistochemical Associations in Hidradenitis 

Suppurativa” F1000Research (2018); 2018, 7:1923 

1-3 Frew JW, Hawkes JE, Krueger JG “Topical, Systemic and Biologic 
Therapies in Hidradenitis Suppurativa: Pathogenic Insights Through 

Examination of Therapeutic Mechanisms” (2018) Therapeutic 
Advances in Chronic Disease 2019; 10: 2040622319830646. 
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Given the incomplete understanding of the pathogenesis of Hidradenitis Suppurativa, an 

understanding of the inflammatory characteristics of HS tissue is paramount. This 

involves the identification and acknowledgement of contradictory results between 

different studies. The influence of specific laboratory methods, tissue sampling 

techniques and data interpretation upon contradictory results can be discussed, leading 

to the development of standardized methods for the conduct of clinical and translational 

trials in HS. 

The identification of various different sampling techniques, including the differences in 

definitions between “lesional”, “perilesional” and “non-lesional” tissue is one major 

contributor to heterogeneity in inflammatory analysis between studies. Additionally, the 

variability in control cytokines (cytokines presumed to not be involved in the 

pathogenesis of disease and hence not alter between involved and uninvolved tissue) 

such as IL-15, IL-16; as well as high levels of heterogeneity in age, gender, 

comorbidities and sites of control tissue also play a contributing role to the statistical 

heterogeneity identified.  

The most important acknowledgement is that the central limitation to all observational 

studies in HS pathogenesis is that the results are only indicative of a single timepoint in 

the disease process. No studies have accurately assessed the longitudinal changes in 

inflammatory markers throughout the natural history of untreated disease. The absence 

of an accurate animal model of HS makes obtaining this knowledge challenging but is 

essential in order to understand which components of identified inflammation in HS 

serum and tissues have clinical relevance. 
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An alternate approach to understand the clinical relevance of inflammatory mediators in 

HS is to examine the mechanism of action of commonly used and successful 

therapeutics in the disease. In the third presented publication in this chapter (1-3), a 

systematic review of published therapeutics in HS was undertaken. Mechanistic data 

regarding the molecular action of such therapeutics, analysed in a qualitative manner, 

identify that anti-inflammatory effects are a common theme across the spectrum of 

therapies reported. Specifically, modulation of the innate immune system is an 

important contributor to the mode of action of many drugs. It is acknowledged however, 

that significant variability exists between which therapies work for specific patients. This 

links in to pre-existing concepts of disease heterogeneity in the disease. Certainly there 

is a dearth of publications mechanistically examining the heterogeneity of inflammation 

in HS. This is an important missing link in order to understand the reasons why certain 

patients respond to specific therapeutic modalities. 
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4.1.1: Publication 1-1 

 

Frew JW, Hawkes JE, Krueger JG “A Systematic Review and Critical Evaluation of 

Inflammatory Cytokine Associations in Hidradenitis Suppurativa” F1000Research 

(2018); 2018 Dec 13;7:1930 
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Introduction
Hidradenitis Suppurativa (HS) is a chronic inflammatory disease, 
the exact pathophysiology of which remains poorly defined1.  
Dysregulation of the T

h
17: Treg axis2, IL-36 signalling pathways3 

and keratinocyte-mediated inflammatory cytokines4 have been  
demonstrated in lesional skin, blood, serum, and exudate5–8  
although contradictory results exist4,9. Given the variable and 
incomplete response of patients to treatment, including mono-
clonal antibodies1, some authors have proposed clinical10,11, and  
immunological5 subtypes of HS in an effort to better predict 
treatment outcome and response. Thus far, no current schema  
accurately predicts treatment efficacy.

In order to develop and implement effective treatment strategies 
in HS, a deeper understanding of the underlying inflammatory 
pathophysiology is needed. However, due to the heterogeneity 
of sampling methods, laboratory processing methods and data 
analysis, comparison across studies is problematic and potentially 
biased or inaccruate12. Heterogeneity of tissue sampling and  
laboratory techniques alone may explain the inconsistent and 
conflicting results regarding specific cytokines,4,9 however, no 
systematic analysis of cytokine studies has been undertaken to  
compare results, methodology, and analytical techniques.

An additional complicating factor is that clinical comorbidi-
ties, which are strongly associated with disease activity in HS, 
such as obesity13, diabetes14, inflammatory bowel disease15, and 
smoking16, also produce pro-inflammatory cytokines, which 
affect multiple organ systems including the skin15,17–19. Hence, it 
remains unclear whether the presence or absence of these condi-
tions confound the findings of cytokine studies in HS, and whether  
clinical stratification of patients is necessary to identify signifi-
cant pathogenic pathways, which may be amenable to pharmaco-
logical intervention. Critical evaluation and analysis of existing 
studies may also enable meta-analysis, which may identify 
cytokines, which, in smaller studies, do not have sufficient power  
to meet statistical significance when compared to controls.

Objectives
The objectives of this systematic review are:

1)   �To collate and describe all published reports of human 
cytokine studies in HS including those in skin, blood, 
serum and exudate.

2)   �To critically evaluate the sampling, laboratory and anal-
ysis techniques used in each study to assess whether  
comparisons can be made across individual studies.

3)   �To analyze the heterogeneity of published studies enable 
meta-analysis

Methods
This systematic review was registered with PROSPERO20  
(Registration number CRD42018104664) and was conducted in 
line with the PRISMA checklist21 

Data sources
Information sources for this review included PubMed (1946-July 
1 2018), Scopus (2004- July 1 2018) and Web of Science (1990-
July 1 2018) as shown in Figure 1. Search strategy is presented in 
Table 1 

Study eligibility criteria
Eligibility criteria for this review included cohort studies, case- 
control studies and other observational studies with no restrictions 
of patient age, sex, ethnicity or language of publication. Eligible 
studies included:

1)   �Studies reporting the results of cytokine investiga-
tions (in cutaneous tissue, serum, blood or exudate) in 
human subjects clinically diagnosed with hidradenitis  
suppurativa.

Studies deemed not eligible included those which:

1)   �Provide no new data but a review or summary of previously 
published data

2)   �Provide no comparison with controls or non-lesional  
tissue

Appraisal and synthesis methods
Data collection was performed independently by 2 authors (JWF 
& JEH), with any disagreements regarding inclusion of citations 
being referred to a third author (JGK) for mediation. Informa-
tion was collected using a standardized data collection form 
(available as Extended data22) with the principal outcomes  
of interest being the cytokine of interest, measured level of 
cytokine in lesional HS skin or serum. Comparison data against 
either peri-lesional, unaffected or control skin or serum was 
also collated. If data from individual patients was not available 
then the aggregate data including average change and statistical  
analyses of the significance of change was collected.

For each individual cytokine, where more than one study reported 
results, heterogeneity was assessed using the chi-squared tests 
for homogeneity. Homogeneity was defined as a chi squared 
value >0.05. All statistical analysis was undertaken using  
R (version 3.5.1)

Potential sources of bias in the identified studies are acknowl-
edged including the small size of patient cohorts, the variability 
in sampling, laboratory techniques and the inclusion of patients 
being treated with a wide-variety of medications including  
immunosuppressants. Bias was also assessed using the NIH quality 
assessment tool for observational studies23.

Results
A total of 367 non-duplicated citations were identified in the  
literature review (Figure 1). 343 of these articles were removed 
upon review of titles and abstracts against the pre-defined eligibil-
ity criteria. Full text review of the remaining 24 articles excluded 
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Table 1. Search Strategy.

Resources:

1)   Pubmed (1946-July 1 2018), 
2)   Scopus (2004- July 1 2018) 
3)   Web of Science (1990-July 1 2018) 
4)   Published Abstracts 
5)   Contact with Authors for abstracts without full text for clarification of data and methodology

Pubmed Search Strategy:

acne inversa OR apocrine acne OR apocrinitis OR Fox-den disease OR hidradenitis axillaris OR HS OR 
pyodermia sinifica fistulans OR Velpeau’s disease OR Verneuil’s disease OR Hidradenitidis Suppurative 
AND 
Cytokine OR chemokine OR inflammatory mediator

Figure 1. PRISMA Flowchart.

5 review articles providing no new data. The remaining 19  
studies2–9,24–33 included the results of 564 individual HS patients 
and 198 control patients, which were included in this systematic 
review.

Demographics
The summarized demographic data of the patients and con-
trols comprising this review are included in Table 2. The 
564 reported cases comprised of 231 males (40.9% reported 
cases) and 333 females (59.0%). 24 cases were unreported  
(4.1%). The average age was 38.5 years (n=560, 18 cases 
unreported). 141 individuals were current smokers (82.4% 

reported cases), 8 ex-smokers (4.7% reported cases), 22 non-
smokers (12.8% reported cases) and 407 unreported. Obes-
ity (BMI>30) was reported in 85 individuals (42.5% reported 
cases), with 115 (57.5%) individuals non-obese (BMI<30) and 
unreported in 378 cases. 8 cases reported diabetes mellitus out 
of 24 reports (33% of reported cases). 12/38 cases reported a  
positive family history of HS (31.6% reported cases). Hurley 
Stage was reported as stage 1 in 68 individuals (17.4% reported), 
stage 2 in 199 individuals (51% reported cases) and stage 3 in 
123 individuals (31.6% reported cases) with 188 cases going 
unreported. The average mHSS (modified hidradenitis suppura-
tiva score) was 78.1 (n=247 cases). Biopsies were largely taken  

Pubmed (Medline)
1946- July 1 2018

248 Citation(s)

Scopus
2004-July 1 2018
254 Citation(s)

Web of Science
1990- July 1 2018

216 Citation(s)

367 Non-Duplicate
Citations Screened

Inclusion/Exclusion
Criteria Applied

Inclusion/Exclusion
Criteria Applied

19 Articles Included

24 Articles Retrieved

344 Articles Excluded
After Title/Abstract Screen

- 174 Review Articles with no New Data
- 170 Articles Regarding Other Inflammatory Conditions (Crohns Disease, Psoriasis, Arthritis)

5 Articles Excluded
After Full Text Screen

- 5 Articles describing  Immunohistochemical markers, not cytokines

0 Articles Excluded
During Data Extraction
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from the axillae (n=32, 43.8%) and groin (n=35, 48.0%), 
with a minority of samples being taken from the genital and  
perianal region (n=6, 8.2%). At the time of sampling patients  
were on treatment including Clindamycin+ Rifampicin (n=18);  
adalimumab (n=26); Metformin (n=2); levothyroxine (n=1); 
MABp1 (n=10); tetracyclines (n=12) Infliximab (n=2); other 
antibiotics (n=4). Treatment was not specified in 74 cases, 
with no treatment in 86 individuals and treatment withheld in  
85 patients.

Only 5/19 (26.3%) studies analysed both lesional tissue and 
serum levels of cytokines, enabling direct comparison between 
these two compartments. 8/19 (42.1%) studies provided age and 
sex matched controls, 5/15 (33.3%) studies stratified by disease 
severity and no studies stratified by lesion site or comorbidi-
ties. 8/19 (42.1%) studies stratified or accounted for treatment or 
reported discontinuing treatment up to 3 weeks prior to sample  
collection (Table 3).

Cytokine analysis
A total of 81 discrete cytokines were analysed over the 19  
studies (presented in Table 4). 6 studies provided a total of 78  
outcomes from tissue of lesional or peri-lesional biopsies, 4 
studies provided a total of 30 results from serum analysis and  
1 study provided 15 results from exudate analysis. The remain-
ing 8 studies did not provide quantification of cytokine levels 
but did provide analysis of the change and significance between 
lesion and control samples. The degree of change between 
lesional and control samples varied widely from 1.5 times the 
control level (IL-1RA p=0.0112) to 149 times the control level 
(IL-17 p<0.05). 33 cytokines were evaluated in more than one 
study. Only IL-1β, IL-6, IL-8, IL-17A and TNF-α had data from  
5 or more separate studies.

Cytokines and inflammatory proteins which were elevated in  
more than one study in lesional tissue included IL-1β, IL-6R, 
IL-10, IL-17A, IL-36α, IL-36β, IL-36γ, IL-36RA, TNF-α,  
sTNFR2, hBD1, hBD2, hBD3, s100A7, LL37/Cathelicidin,  
CCL3, CCL5, CCL27 and BLC. Cytokines and inflammatory  
proteins elevated in peri-lesional tissue included IL-1β, IL-17, 
IL-36β, IL-36RA, IL-37, IL-38 and TNF-α. IL-37 was the 
only cytokine identified which showed significant differences 
between lesional and peri-lesional tissue, with a 1.81 times  
elevation in lesional compared to peri-lesional tissue (p=0.0002)3. 
IL-17 was elevated in unaffected HS tissue compared to control 
patient tissue (p<0.05) in one study31. In HS tissue, S100A9, 
hBD1 and hBD2 were reduced but this data did not meet statis-
tical significance. Two studies measuring IL-1β levels showed 
no statistically significant difference between lesional and con-
trol skin7,25. No significant elevation of IL-6 was seen in lesional 
tissue compared to control with the exception of 1 study25.  
IL-8 levels only just made significance in two studies5,7, with 
one study showing significant elevation of IL-8 in lesional  
compared to control tissue24. Two additional studies showed no  
significant difference4,8. TNF-α levels were significantly elevated  
compared to control tissue in two studies7,31 but not significantly 
in 2 additional studies4,24. sTNFR1 was significantly elevated in 
one study26 whilst showing a non-significant difference in a second  

study25. CCL5 was significant in 2 studies in lesional tissue 
compared with controls4,26. One methodology using muramyl 
dipeptide (MDP) did not reach statistical significance compared 
to stimulation with Pam2CSK4 Lipopeptide, and non-treated  
(NT) cells. IFN-γ was elevated in lesional tissue with no  
significance in one study28 and significance in another4.

Elevated cytokines and inflammatory proteins in HS serum 
included IL-1β, IL-6, IL-8, IL-10, IL-12p70, IL-17, TNF-α, 
sTNFR1, CRP, ESR, LC2, and MMP2. TNF-β, and IFN-γ were 
elevated in wound exudate from active HS lesions. IFN-γ was 
noted to be decreased in HS patient serum compared to healthy 
control serum, despite the elevation in wound exudate. Conflict-
ing results were seen in serum findings in IL-10, IL-17 and IFN-γ. 
One study demonstrated elevated serum IL-10 levels compared 
to control5 whereas two other studies8,27 showed no significant 
difference. Whilst two studies4,5 illustrated elevated IL-17 
Serum levels in HS patients, one study7 showed no significant  
difference between patients and controls. IFN-γ showed no 
statistically significant decrease in the serum of HS patients  
compared to control in one study9 but a significant difference in a  
larger, higher powered study4.

Because adalimumab improves HS through TNF antagonism1,2, 
this cytokine must be classified as pathogenic. TNF mediates 
inflammation in a classic “sepsis” cascade in tissues—in this 
pathway LPS from gram negative bacteria activates TNF release 
from cells, and then TNF stimulates production of IL-1b, IL-6, 
and IL-8, leading to neutrophil attraction into sites of infection2,4.  
Increases in IL-1β and IL-8 measured in HS, as well as  
neutrophil accumulation, could result from this pathway. Alter-
natively, in psoriasis, TNF is a major cytokine that acts on the  
IL-23/Type 17 T-cell pathway at two points. First TNF induces 
IL-23 synthesis in myeloid (CD11c+) dendritic cells in the  
skin34. Second, TNF (as well as other cytokines that also  
activate NF-kB) act synergistically with IL-17A or IL-17F to 
increase synthesis of many other cytokines, chemokines, and  
inflammatory molecules in keratinocytes and other cell types. 
There are several clues that an IL-23/Type17 T-cell pathway 
may be active in HS which include detection of T

h
17 T-cells in 

skin infiltrates, increased production of IL-17A, and increased 
production of LL-37/cathlecidin, S100A7, S100A8, S100A9, 
LCN2, IL-8, beta-defensins and IL-36; which are all molecules 
induced by IL-17 in keratinocytes, as also the presence of pso-
riasis-like epidermal hyperplasia in some reports. The increased  
production of CCL204, would be predicted to increase tissue 
infiltration of both T

h
17 T-cells and CD11c+ DCs, which have 

both been observed in HS, and increased production of TGF-β 
could increase differentiation of T

h
17 T-cells from precursors  

and/or influence scarring in skin lesions. If IL-17 is driving  
inflammation in HS, one would expect to see increased produc-
tion of additional chemokines that regulate neutrophil chemoat-
traction (CXCL1, CXCL2, CXCL3). Epidermal hyperplasia 
is not presently explained in HS, but this could be related  
potentially to increased expression of IL-19, IL-20 or IL-22, 
which are associated with the IL-23/Type 17 T-cell axis. If  
IL-22 is produced in HS lesions, this would implicate T

h
22  

T-cells as a T-cell type also associated with the IL-23/Type 17  
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T-cell axis. There is an uncertain role for other T-cell subsets in HS.  
Increased production of CXCL9 and IP-10 (CXCL10) are 
often linked to production of IFN-γ from T

h
1 T-cells in inflam-

matory sites, but IL-26 or IL-29, which are also cytokines  
produced by T

h
17 T-cells are alternative activators of STAT1 

and CXCL9 production. IL-32 production in HS may also be  
linked to a T-cell subset that produces this cytokine. Low 
production of T

h
2 associated cytokines (IL-4, IL-5, or IL-

13) has been measured in HS, suggesting an unlikely role  
of this T-cell subset. Likewise, the presence and function of T  
regulatory cells (Tregs) in HS lesions needs further study. IL-10 
which is elevated in HS could be produced by either Tregs or 
the cDC1 (BDCA3+) DC subset, but levels may be inadequate  
to control tissue inflammation. At present, dendritic cell sub-
sets are also incompletely characterized in HS. Potential sources 
of IL-12 or IL-23 are CD11c+ DCs, which includes the tissue  
resident BDCA-1+ (cDC2) subset and less mature inflammatory 
DCs, which are abundant cells in inflammatory lesions of  
psoriasis or atopic dermatitis but have not been investigated in 
HS. Cytokine contributions by other cell types such as innate  
lymphoid cells, macrophages, mast cells, and other leukocytes  
also remains to be determined.

Cytokine analysis methods
The methodologies of cytokine analysis varied widely (Table 5). 
92 results were produced using electrochemical luminescence 
(ECL) procedures from three separate systems and manufacturers. 
62 results were produced using ELISA. 18 results4 were per-
formed with either ELISA or ECL but not further specified. 15 
results were produced using polymerase chain reaction (PCR) 
with three separate systems from three manufacturers. Four 
discrete cytokines (IL-10, IL-17, TNF-α and IFN-γ) were ana-
lysed using all three techniques (ECL, ELISA and PCR), whilst 
15 discrete cytokines (IL-6, IL-8, IL12p40, IL-17A, IL-22,  
IL-23, S100A7, S100A8, S100A9, RNAse7, IP-10, CCL5, CCL20, 
CCL27) were analysed using ELISA and ECL only. We note  
IL-17 levels may well be below the lower limit of quantification 
with ELC and ELISA based approaches, with only the Singulex 
platform having the ability to quantify levels of IL-17 present in 
blood and serum of normal subjects.

Assessment of bias
Assessment of bias is presented in Table 6. Two of the 14 ques-
tions regarding participation rate and loss to follow up were 
considered not applicable. All included studies identified clear 
objectives and a clearly defined study population. No clear 
inclusion or exclusion criteria were specified for 17 of the 19  
studies. Power estimation was made for one study33, and record-
ing of all exposures (disease activity, comorbidities etc) were 
made prior to assessment of the outcomes (cytokine levels). The  
timeframe of analysis was sufficient to identify an asso-
ciation, but only 10 of the 19 studies (52.6%) documented  
different levels of exposures (disease severity, metabolic comor-
bidities, family history etc). There were no serial measures of  
cytokine levels in the majority of studies. Only three studies5,25,33, 
examining cytokine levels after monoclonal antibody adminis-
tration has measurements at two distinct time points. Outcomes 
of interest (cytokine levels) were measured consistently within 

studies, however there was great variance in the methods of 
measurement and analysis between studies (Table 5). No studies 
took into account known confounding variables into analysis  
of their results by stratification or regression analyses.

Assessment of heterogeneity
36 of the 81 identified cytokines or inflammatory proteins were 
assessed by more than 1 study. 23 of those cytokines had raw 
data available. No studies had sufficient measures of spread in 
order to calculate I2 measure of heterogeneity and so chi-squared 
statistic was used as an alternate marker of heterogeneity  
(Table 7) along with a funnel plot (Figure 3). In total, 18 indi-
vidual cytokines (78.2%) were found to demonstrate hetero-
geneity. Only eight cytokines (Serum IL-10, Lesional IL-1α, 
IL-12p70, hBD1, hBD2, hBD3, S100A9 and GMCSF) illus-
trated homogeneity. Due to this high level of heterogeneity 
and concerns regarding the methodological quality of included  
studies, meta-analysis was not deemed appropriate to perform.

Discussion
The overall quality of reporting in the identified studies was low 
with little consistency between methodologies and cytokines 
examined. There was also great variability in the ages, genders, 
comorbidities, associated conditions and treatments of the patients 
included in these studies. This was again reflected in the high 
number of cytokines with statistical heterogeneity (Table 7).  
The studies presenting conflicting data are often those stud-
ies with lower numbers of patients as well as lack of matched  
controls and/or lack of stratification by treatment. Meta-analysis 
using individual patient data would be required in order to 
account for these factors and re-assess the relationship between  
lesional and control cytokine levels.

In assessing the relationship between lesional and peri-lesional 
tissue, it has been demonstrated by many authors that different 
cytokines are present in peri-lesional tissue as opposed to 
lesional tissue. The definition of peri-lesional tissue is fairly  
consistent in the studies examined being 2cm from an active HS 
nodule on unaffected skin. However, no studies reported ultra-
sound examination of the peri-lesional skin to ensure that sub-
clinical extension of the adjacent nodule (either in the dermis 
or the subcutaneous tissue) was being inadvertently sampled.  
This is an important differentiation to make in terms of identi-
fying the subclinical pathogenic processes that precipitate this  
disease.

The raw data collated illustrates a number of paradoxically ele-
vated levels of control cytokines (IL-15, IL-16) (Table 4). Many 
of these control readings lie near the lower detection limit of 
specific assays in individual papers, and thus the possibility of  
erroneously elevated control readings cannot be excluded. The 
wide interquartile ranges of studies which did report individ-
ual patient data7, suggest that analyzing aggregate data is not  
optimal and is prone to misrepresentation of the relationship 
between clinical disease, comorbidities and cytokine levels. Fur-
thermore, high levels of heterogeneity within the measurements 
of individual cytokines suggest that examination of and correction  
for other variables or confounders is required.
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Table 7. Table of heterogeneity of cytokine 
studies by chi-squared tests for homogeneity.

Cytokine Chi Squared P

IL1a Lesional 0.3525 p=0.552705

IL1b Lesional 153.5947 p<0.00001

IL4 Lesional 4.3992 P=0.035955

IL5 Lesional 15.1692 P=0.000098

IL6 Lesional 461.9724 P<0.00001

IL8 Lesion 846.6251 P<0.0001

IL8 Serum 94.4212 P<0.0001

IL10 Lesion 90.3211 P<0.0001

IL10 Serum 0.1595 P=0.689624

IL12p40 Lesional 4.9618 P=0.025913

IL12p70 Lesional 2.2116 P=0.136973 

IL13 Lesional 5.4163 P=0.019949

IL15 Lesional 39.2837 P<0.00001

IL16 Lesional 126.1959 P<0.00001

IL17A Lesional 22.6668 P<0.00001

IL17A Serum 19.1621 P=0.000012

TNFa Lesional 6.9761 P=0.030561

TNFb Lesional 7.4004 P=0.006521

hBD1 Lesional 2.3317 P=0.311656 

hBD2 Lesional 0.6488 P=0.722954 

hBD3 Lesional 1.0314 P=0.597084 

S100A7 Lesional 621.2537 P<0.00001

S100A8 Lesional 19.6371 P=0.000054

S100A9 Lesional 1.27 P=0.529927 

RNAse 7 6.7263 P=0.034626

GMCSF Lesional 1.9405 P=0.163611

Methodological quality
Regarding methods of cytokine analysis, a number of authors 
have identified variability in cytokine levels measured with  
different forms of multiplex assays as well as traditional ELISA 
methods35–39. Different methods of cytokine analysis are known 
to be prone to variability, with some cytokines more sensitive  
than others. For example, IFN-γ and IL-1β were overesti-
mated compared with ELISA methods37, whilst IL-6 levels were  
underestimated37. IL-6 levels when compared across four differ-
ent multiplex assays showed significant variation in detectable 
range, accuracy and responsiveness36. The correlation of TNF-α 
between ELISA and Multiplex assays was also poor (r=0.31)36. 
Issues also exist with minimum detectable levels of cytokines with  
specific bead-based arrays36 As an example, minimal detect-
able dose readings reported for IL-12p70 using some multiplex  
arrays39 are higher than the levels reported in lesional HS  
samples6. Therefore, whilst the general trends in the level of  

consistently elevated or suppressed cytokines in HS are  
reliable, the quantification of individual cytokines as well as the  
relationship between comorbidities and cytokine levels requires  
further research with consistent, reliable and accurate method-
ologies in order to further dissect the inflammatory cascade in  
this disease.

Keratinocyte mediated inflammatory pathways
The majority of elevated cytokines and inflammatory proteins 
identified in lesional skin of HS (TNF-α, IL-1β, IL-6, IL-8, IL-11, 
IL-23, IL-17A, IL-33, IL-36, LL-37, S100A7, S100A8, S100A9, 
GM-CSF, TGF-β, hBD2, hBD3, CCL3, CXCL9, CXCL11, PDGF, 
CCL5, CCL-20, MIF, GM-CSF and LCN2) are those known 
to be produced by keratinocytes, as well as perpetuating a self-
amplification pathway34 (Figure 2). Additionally T-cells produce  
IL-17A, IL-17F, IL-26, IL-29, and IFN-γ; dendritic cells produce 
IL-12, IL-23 and possibly IL-39; neutrophils produce S100A8 
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Figure 2. Inflammatory pathways in hidradenitis suppurativa, a schematic representation of the results identified in this systematic 
review. Immunological ‘priming’ occurs due to the contribution of adipose tissue, genetic susceptibility, smoking-related inflammatory 
mediators and obesity related pro-inflammatory signals and the composition of the microbiome. Increased activity of cDC1, cDC2 and  
T cells lead to both keratinocyte hyperplasia via the actions of IL-12 and IL-23, as well as a Th17 predominant immune response. Alterations 
of antimicrobial peptides (AMP’s) also occur throughout the epidermis. The dermal inflammation interacting with the hyperplastic epidermis 
result leads to a self-perpetuating inflammatory feed forward mechanism mediated by IL-36, Il-1B and TNF-a. The development of scarring 
and sinus tracts is associated with MMP2, ICAM-1 and TGF-Beta, with possible augmentation of ICAM-1 and TGF-B signaling via specific 
components of the microbiome. TNF-a, PGE2 and CXCL2 then lead to additional feed forward mechanisms perpetuating the inflammatory 
cycle.

Figure 3. Funnel plot of selected cytokine in lesional and control samples of hidradenitis suppurativa. IL-1a = Red, IL-10 = Blue,  
IL-12p70 = Green, hBD1 = Purple, hBD2 = light purple, hBD3 = Black, S100A9 = White, GMCSF = Yellow.
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and S100A9 (calgranulin); and innate lymphoid cells also  
contribute IFN-γ, IL-17A and IL-17F. This inflammatory model 
has been well documented and explored in both psoriasis and 
atopic dermatitis34,40. The psoriasiform epidermal hyperplasia 
seen in HS (mediated by IL-17 and maintained by IL-23-mediated  
T

h
17 stimulation)34 reflects this common inflammatory pathway.

The other elevated non-keratinocyte produced cytokines in HS 
(IL-4, IL-5, IL-10, IL-16, IL-17A, IL-22, IL-32, IL-36, hBD1), 
are produced by a combination of dendritic cells, monocytes, 
neutrophils and CD4+ T cells. IL-4 and IL-5 as key cytokines 
in the T

h
2 axis are consistent with the findings of Mast cells  

in HS41, as well as the pruritus, which is frequently reported 
by patients. IL-10 in HS is produced by Treg cells2 (although 
dendritic cells may also be a source), and whilst quantita-
tively the IL-10 signal appears paradoxically elevated, it can be 
explained by the up-regulation of T cells including Treg cells,  
which although significantly elevated from baseline, are not 
elevated enough in comparison to T

H
17/IL-17/IL-22 signal to 

counteract this strong pro-inflammatory cascade2. Further explo-
ration of these cytokines may reveal the initial trigger(s) of 
the inflammatory cascade in HS, or correlations with known  
pro-inflammatory comorbidities.

Insights into pathogenesis of HS
In light of investigations in psoriasis and atopic dermatitis, the 
role of dendritic cells in HS needs to be clarified, as dendritic 
cell influx has been reported in histological studies41,42, and they 
may contribute to the high IL-10 and IL-15 levels reported.  
IL-32 is a second cytokine produced by dendritic cells, but has  
only been reported in one study29. Further research into the  
functional role of IL-32 in the activity of dendritic cells in HS  
would be of value. The role of IL-20, IL-22, IL-24 and IL-26  
needs further clarification. IL-19, TSLP and CCL17 (TARC)  
have not yet been examined in HS and this is required in order 
to further explore the role of dendritic cell, monocyte and T cell  
activation and migration in this disease.

It is well established that smoking, obesity and diabetes are 
strongly associated with HS13–19,42,43. The immunological effects of 
smoking include increase in number and responsiveness of den-
dritic cells, altered function of Treg cells and activation of Th17 
pathways44, whilst obesity and diabetes can result in produc-
tion of IL-1β, IL-6 and TNF-α through activated macrophages  
in adipose tissue45,46. These potential mechanistic pathways 
(which may prime or contribute towards inflammation in HS) 
require validation in functional studies. However, if they are a 
significant contributor to inflammation, the presence or absence 
of these comorbidities need to be considered in future cytokine 
studies as confounding variables in order to identify significant  
biochemical markers independent of these other pro-inflammatory 
states that reflect the pathogenesis of HS.

The role of the microbiome42,43 in stimulating chronic inflam-
mation has parallels in diabetes47 and colonic inflammation48 

and the presence of Porphyromonas and Peptoniphilus species 
has been associated with a subpopulation of patients with HS42.  
Porphyromonas has been associated with systemic inflamma-
tion and atherosclerosis through aberrant toll-like-receptor 4  
signalling48 and is not part of the natural cutaneous flora43. Altered 
cutaneous and gastrointestinal microbiome can also act via  
microbiome metabolites (including lipopolysaccharides, short 
chain fatty acids and bile salts)49 through stimulation of mye-
loid dendritic cells via G Protein Coupled Receptors (includ-
ing GPR41, GPR43 and GPR109A)49,50. The microbiome may 
be implicated as a trigger factor for the initial inflammatory  
cascade in HS in a proportion of patients. Similarly, the presence 
of genetic polymorphisms as reported in HS51 have the potential to  
up-regulate inflammatory activity through shedding of IL-6R, 
IL-15R, TNF-α52 as well as up-regulating the response of  
dendritic cells to LPS stimulation via ADAM17 (which has 
been demonstrated to be elevated in a published gene expres-
sion study of HS)53. These pathways may be involved prior to the  
activation of keratinocyte-mediated inflammation, and hence, may 
reveal novel targets for new interventions to control the disease  
prior to the onset of destructive inflammation.

Limitations, interpretation and generalisability
The limitations to this study include the high degree of meth-
odological variability (Table 5) and high impact of bias (Table 6)  
within the included studies. The lack of individual patient data 
has also prevented any further analysis into the contribution of  
comorbidities such as smoking and obesity to variable levels 
of cytokines in lesional tissue and/or serum. This, along with 
the high level of heterogeneity in many cytokines (Table 7), has  
resulted in analyses of the collated data being limited to  
descriptive analyses only and limited the generalisability of 
results.

Conclusions
Through this review we have catalogued the various cytokines 
that have been reported as elevated in lesional, peri-lesional tis-
sue, serum or exudate of HS patients. We have also identified 
those cytokines with inconsistent results and identified methodo-
logical factors that may explain variability in findings. We have  
identified a number of missing links in disease pathogenesis 
with respect to cytokine actions and pathways that must be 
addressed in future work. Areas for further investigation include 
the role of dendritic cells in HS, the contribution of obesity,  
smoking, diabetes and the microbiome to cytokine profiles in 
HS, and examining the natural history of the disease through  
longitudinal measurements of cytokines over time.
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This is a long time needed review trying to shed light in the pathogenesis of hidradenitis suppurativa (HS).
My concerns are coming from the biggest hurdle the authors had to overcome from the very beginning of
their attempt i.e. the great heterogeneity of the existing evidence. Due to this, I find over-exaggerated the
conducted approach to set-up a mechanistic interpretation for the disease. I believe that the heterogeneity
is so vast that it is almost impossible to suggest the pathways implicated in the pathogenesis of HS. To
this end, I suggest that the mechanistic parts are omitted and Figure 2 as well.

Are the rationale for, and objectives of, the Systematic Review clearly stated?
Yes

Are sufficient details of the methods and analysis provided to allow replication by others?
Yes

Is the statistical analysis and its interpretation appropriate?
Yes

Are the conclusions drawn adequately supported by the results presented in the review?
Partly

 No competing interests were disclosed.Competing Interests:

Reviewer Expertise: Immunology, genetics, hidradenitis, anti-cytokine therapies

I have read this submission. I believe that I have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard, however I have significant reservations, as outlined
above.

 25 February 2019Reviewer Report
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© 2019 Nassif A. This is an open access peer review report distributed under the terms of the Creative Commons
, which permits unrestricted use, distribution, and reproduction in any medium, provided the originalAttribution Licence

work is properly cited.

   Aude Nassif
Institut Pasteur, Medical Center, Paris, France

This very instructive study aims at analyzing previous cytokine studies in HS patients, in skin tissue,
blood, serum and exudates, to assess relevancy and reliability of these studies.

The authors have performed an extensive work, methods seem perfectly appropriate. The authors are
very critical and rigorous in their approach, looking for confounding factors, which is highly desired.

The authors could also mention that genetic heterogeneity may play a role in the diversity of results and
encourage using similar phenotypes for future studies.

This analysis brings up a very important and honest contribution to the current knowledge in cytokines
involved in HS and therefore deserves indexing.

Are the rationale for, and objectives of, the Systematic Review clearly stated?
Yes

Are sufficient details of the methods and analysis provided to allow replication by others?
Yes

Is the statistical analysis and its interpretation appropriate?
I cannot comment. A qualified statistician is required.

Are the conclusions drawn adequately supported by the results presented in the review?
Yes

 No competing interests were disclosed.Competing Interests:

Reviewer Expertise: microbiology, genetics, therapeutics, clinical forms of HS and associated diseases

I have read this submission. I believe that I have an appropriate level of expertise to confirm that
it is of an acceptable scientific standard.

 07 February 2019Reviewer Report
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   Barbara Horváth
Department of Dermatology, University of Groningen, Groningen, The Netherlands

 Lisette Prens
Department of Dermatology, University of Groningen, Groningen, The Netherlands

Thank you for the opportunity to review this manuscript and congratulations to the authors for their great
efforts in putting this systematic review together. Research on the role of cytokines in HS is important, as
it may lead to new targets for therapy and a better understanding of the pathophysiology of HS.
 
Summary

This systematic review focused on collecting all data published on cytokine studies in tissue, blood,
serum and exudate in hidradenitis suppurativa. 81 discrete cytokines were examined in HS patients
(n=564) and control patients (n=198) in 19 studies. Methodology varied greatly among studies, which
were generally of low quality. When measuring levels of cytokines, substantial variance was found and
the majority of cytokines showed heterogeneity. IL-17 signalling appeared to be a significant component.
Suggestions for further research were discussed.
 
Questions

Are the rationale for, and objectives of, the Systematic Review clearly stated?
Yes.
 
Are sufficient details of the methods and analysis provided to allow replication by others?
Yes. However, I wonder why the term ‘hidradenitis suppurativa’ is not in the search strategy and
‘hidradenitidis suppurative’ is? ‘Hidradenitidis’ is not an existing word, as far as I know and will not provide
any search results. Please adjust.
 
Is the statistical analysis and its interpretation appropriate?
Yes, as far as I can judge as a non-statistician. The analyses used are ones I have little experience with
myself. I’ll refrain from commenting on this section.
 
Are the conclusions drawn adequately supported by the results presented in the review?
Partly. The last conclusion ‘examining the natural history of the disease through longitudinal
measurements of cytokines over time’ is not discussed anywhere else in this article. First, I suggest
changing ‘history’ to ‘course’. Moreover, I am wondering, how the authors propose to do this. Monitoring
the natural course of the disease, would mean patients cannot receive any treatment for their HS, during
this proposed study. Depending on how long the natural course is meant to be monitored, I don’t think it is
ethical to withhold patients from treatment.
Please elaborate on this conclusion with a specific proposal or otherwise rephrase or maybe leave out
this conclusion.
 
Other comments
Page 9 last paragraph/Page 28 – 1  paragraph: You state that ‘psoriasiform epidermal hyperplasia is
seen in HS’. Please provide a reference for this statement. The reference provided only references to the
pathway likely responsible for this in psoriasis.
 
Page 28 – 4  paragraph: ‘These potential mechanistic pathways (which may prime or contribute towards

inflammation in HS) require validation in functional studies.’ Could you please provide an example on how
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inflammation in HS) require validation in functional studies.’ Could you please provide an example on how
such a functional study should be designed to produce reliable results?
 
Table 4: the abbreviation ‘Lpa’ is not clarified in the key section of the table. Does ‘Le’ (page 11, IL-1a, first
row) mean lesion exudate? 
 
Table 6: the number four of question four is missing in the top row of the table on both pages (24-25).
Please insert.

Are the rationale for, and objectives of, the Systematic Review clearly stated?
Yes

Are sufficient details of the methods and analysis provided to allow replication by others?
Yes

Is the statistical analysis and its interpretation appropriate?
Yes

Are the conclusions drawn adequately supported by the results presented in the review?
Partly

 No competing interests were disclosed.Competing Interests:

Reviewer Expertise: Hidradenitis suppurativa

We have read this submission. We believe that we have an appropriate level of expertise to
confirm that it is of an acceptable scientific standard.

The benefits of publishing with F1000Research:

Your article is published within days, with no editorial bias

You can publish traditional articles, null/negative results, case reports, data notes and more

The peer review process is transparent and collaborative

Your article is indexed in PubMed after passing peer review

Dedicated customer support at every stage

For pre-submission enquiries, contact   research@f1000.com
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   A systematic review and critical evaluation of
 immunohistochemical associations in hidradenitis suppurativa
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John W. Frew ,   Jason E. Hawkes , James G. Krueger
Laboratory for Investigative Dermatology, Rockefeller University, New York, NY, 10065, USA

Abstract
Hidradenitis suppurativa (HS) is a chronic inflammatoryBackground: 

disease with significant morbidity and impact on quality of life. Our
understanding of the pathophysiology is incomplete, impairing efforts to
develop novel therapeutic targets. Immunohistochemistry studies have
produced conflicting results and no systematic evaluation of study methods
and results has been undertaken to date.

This systematic review aimed to collate and describe all reportsMethods: 
of immunohistochemical staining in HS. This systematic review was
registered with PROSPERO and conducted in line with the PRISMA
reporting guidelines. Potential bias was assessed using the NIH Criteria
and antibodies used across various studies were tabulated and compared.

: A total of 22 articles were identified describing results from 494Results
HS patients and 168 controls. 87 unique immunohistochemical targets were
identified. The overall quality of studies was sub-optimal with staining
intensity confounded by active treatment. Conflicting data was identified
and able to be reconciled through critical evaluation of the study
methodology.

: Keratinocyte hyperplasia with loss of cytokeratin markersConclusions
co-localizes with inflammation comprising of dendritic Cells, T-lymphocytes
and macrophages, which are known to play central roles in inflammation in
HS. Primary follicular occlusion as a pathogenic paradigm and the principal
driver of HS is unclear based upon the findings of this review. Inflammation
as a primary driver of disease with secondary hyperkeratosis and follicular
occlusion is more consistent with the current published data.

Keywords
Hidradenitis Suppurativa, Cytokeratin, Immunohistochemistry,
Pathogenesis, Inflammation, Follicular Occlusion
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Introduction
Hidradenitis suppurativa (HS) is a chronic inflammatory dis-
ease, the exact pathophysiology of which remains incompletely 
defined1. Numerous inflammatory mediators including TNF-α2, 
IL-172,3, IL-324 and IL-36 subtypes5,6 have been implicated in  
the disease. However, there is an incomplete understanding 
of the source and triggers of these mediators and how they sus-
tain the chronic inflammation that characterizes this disease1,2. 
The pathogenic paradigm of HS has evolved dramatically since 
the first description by Velpau in 18397. First thought of as an  
apocrinitis of infectious aetiology, it is now considered a disor-
der of follicular occlusion and more recently an inflammatory 
disease characterised by a keratinocyte mediated inflammatory  
response6. However, the variable response to topical, systemic 
and biologic therapies in HS8 indicate our understanding of dis-
ease pathophysiology is incomplete when compared to other 
cutaneous inflammatory diseases such as psoriasis9 and atopic 
dermatitis10. Existing studies examining the histology and immu-
nohistochemical profiling of HS tissues represent conflict-
ing results, for example in the degree of dermal dendritic cell  
infiltration11,12 and the production of TNF-alpha in the follicu-
lar unit13,14. These results may be influenced by heterogeneous 
sampling methods, laboratory processing methods and data  
analysis15. An additional complicating factor is that clinical comor-
bidities which are strongly associated with disease activity in HS, 
such as obesity16, diabetes17, inflammatory bowel disease18, and 
smoking19 also impact inflammatory cell activity in the skin18,20–22. 
Hence it remains unclear whether the presence or absence of these 
conditions may confound the findings of immunohistochemical 
studies in HS15,23 and whether clinical stratification of patients is 
required to identify distinct pathogenic pathways, which may be 
amenable to pharmacological intervention. This variability across 
studies makes comparing data problematic. To date no systematic 
analysis of immunohistochemical studies has been undertaken  
to compare results, methodology and analytical techniques.

Objectives
The objectives of this systematic review are:

1)   �To collate and describe all published reports of  
immunohistochemical studies in HS

2)   �To critically evaluate the sampling, laboratory and analysis 
techniques used in each study to determine if comparisons 
can be made across studies.

Methods
This systematic review was registered with PROSPERO24  
(Registration number CRD42018104763) and was conducted in 
line with the PRISMA25. The STROBE statement26 was used to  
assess the observational studies included in this study.

Data sources
Information Sources for this review encompassed Pubmed  
(1946-July 1 2018), Scopus (2004- July 1 2018) and Web of  
Science (1990-July 1 2018) as shown in Figure 1. Search strategy 
is presented as Table 1.

Study eligibility criteria
Eligibility criteria for this review included cohort studies, case-
control studies and other observational studies with no restric-
tions of patient age, sex, ethnicity or language of publication. 
Eligible studies included those reporting the results of immu-
nohistochemical findings in HS. Studies deemed not eligible  
included articles which provided no new data, only a review or 
summary of previously published data.

Appraisal and synthesis methods
Data collection was performed independently by 2 authors 
(JWF & JEH), with any disagreements regarding inclusion of 
citations being referred to a third author (JGK) for mediation.  
Information was collected using a standardized data collection 
form (available as Extended data27) with the principal outcomes 
of interest being the immunohistochemical stain of interest, the  
site and rated intensity of staining (as described by authors), and 
comparison with perilesional/ unaffected/ control tissue. If data 
from individual patients was not available then the aggregate  
data was collected.

Potential sources of bias in the identified studies are acknowl-
edged including the small size of patient cohorts, the variability 
in sampling and laboratory techniques, antibodies published and 
reactants used. Therefore these variables (where available) were 
collated to assess the heterogeneity of studies. Bias was also 
assessed using the NIH quality assessment tool for observational  
studies28.

Results
A total of 425 non-duplicated citations were identified in the  
literature review (Figure 1). 398 of these articles were removed 
upon review of titles and abstracts against the pre-defined  
eligibility criteria. Full text review of the remaining 27 articles 
excluded 5 articles providing no new data. The remaining 22  
studies4–6,11–14,29–43 reporting the results of 494 individual HS 
patients and 168 control patients were used as the basis of this  
systematic review.

Descriptive analysis
The demographics of the patients of the included studies are pre-
sented in Table 2. Of 494 HS patients, 180 were male (38.3%) 
and 290 female (61.7%) with 24 cases unreported. Ages ranged 
from 15–72 years. 47/50 (94%) of reported cases were smok-
ers, 12/30 (40%) had a BMI >30, and there was no information 
pertaining to diabetes or family history of HS. Of the 200  
documented biopsy sites 93 were axillae (46.5%), 69 were 
inguinal (34.5%), and 38 were genital (19%) (Table 3). 64 patients  

            Amendments from Version 1

Based upon the comments of reviewers the following changes 
have been made:

1.   �The conclusions which previously read: “…primary 
follicular occlusion as a pathogenic paradigm and the 
principal driver of HS is not consistent with the findings of 
this review…”, has been altered to now read: “…primary 
follicular occlusion as a pathogenic paradigm and the 
principal driver of HS is unclear based upon the findings 
of this review…” 

2.   �Minor points raised including the sentence which 
read: “Increased K16 expression was increased....”, 
has now been corrected to read: “K16 expression was 
increased....”

See referee reports

REVISED
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had Hurley staging with 7/64 (10.9%) Stage 1, 40/64 (62.5%) 
Stage 2 and 17/64 (26.6%) Stage 3. No individual Sartorius 
scores were reported. Where current treatment was reported, 6 
patients (4.5%) were on adalimumab, 42 (31.6%) were untreated,  
85 patients (63.9%) had treatment withheld prior to biopsy, and 
357 cases were unreported. Lesional biopsies were taken from 
all studies, with 3 individual studies also taking perilesional  
biopsies6,30,41. Age and Sex matched controls were present in 3 
studies29,31,43 and results were stratified in a minority of studies. 
2 studies stratified by disease severity4,12, 7 studies stratified by  
lesion site13,33–37,39, 5 studies stratified by treatment4,5,12,29,32, and 
no studies stratified by comorbidities. Analysis of immunohis-
tochemical staining methodology varied and included quan-
titative analysis (3 studies)14,30,32, semi-quantitative analysis  
(14 studies)4,5,11–13,29,34,37–43, and the presence or absence of staining 
(5 studies)6,31,33,35,36. A total of 87 distinct immunohistochemical 
staining targets were identified (Table 4, Table 5 and Table 6).

Immunohistochemistry results
Epidermis. The epidermis of HS lesional tissue expressed 
the normal array of keratins (K) in the basal (K5, K14) 
and suprabasal (K1, K2e, K10) layers. K6, K16 and K17  
staining were increased compared to healthy controls in the  
suprabasal epidermis in one study30, however, K6 and K17 stain-
ing was not increased in the epidermis (only in non-keratinized 
portions of sinus tracts) in a second study38. Where K6 and K17 
were positive in suprabasal epidermis, K17 staining was more  
pronounced than K6 staining30. K19 was weakly positive in 
acanthotic epidermis37. Ki67 staining was elevated in basal and 
suprabasal epidermis. Normal staining patterns of desmoplakin,  
plakophilin and plakoglobin were seen38. Cells staining posi-
tive for CD1a, CD206, CD207 and CD209 were seen throughout 
the epidermis40. CD3, CD4, CD8 and to a lesser degree CD68 
positive cells demonstrated epidermotropism in sites of epider-
mal acanthosis30,33. CD29 and cholera toxin (double positive) 

Table 1. Search Strategy for Systematic Review Entitled “A Systematic Review and Critical 
Evaluation of  Immunohistochemisty Studies in Hidradenitis Suppurativa.

Resources:

1) Pubmed (1946-July 1 2018), 
2) Scopus (2004- July 1 2018) 
3) Web of Science (1990-July 1 2018) 
4) Published Abstracts 
5) Contact with Authors for abstracts without full text for clarification of data and methodology

Pubmed Search Strategy:

acne inversa OR apocrine acne OR apocrinitis OR Fox-den disease OR hidradenitis axillaris 
OR HS OR pyodermia sinifica fistulans OR Velpeau’s disease OR Verneuil’s disease OR 
Hidradenitidis Suppurative 
AND 
IHC OR Immunohistochemistry OR Histology

Figure 1. PRISMA flowchart.

Pubmed (Medline)

1946- August 1 2018

231 Citation(s)

Scopus

2004- August 1 2018

267 Citation(s)

Web of Science

1990- August 1 2018

206 Citation(s)

425 Non-Duplicate

Citations Screened

Inclusion/Exclusion

Criteria Applied

Inclusion/Exclusion

Criteria Applied

27 Articles Retrieved

22 Articles Included

5 Articles Excluded

After Full Text Screen

5 Articles describing serum inflammatory mediators, not tissue IHC

0 Articles Excluded

During Data Extraction

398 Articles Excluded

After Title/Abstract Screen

- 180 Review Articles with No New Data

- 196 Articles Regarding other inflammatory conditions (Crohns disease, Psoriasis, Arthritis)

- 22 describing cytokines or gene expression, not IHC
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staining cells were seen on the slopes of papillae of the  
epidermis35. hBD2 (human beta defensin) staining was decreased 
throughout the epidermis in two studies13,41 whilst hBD3  
staining was increased throughout the suprabasal epidermis14,42, 
however only significantly in Hurley Stage 1 and 2 patients  
(p=0.045)42. hBD4 was decreased in suprabasal epidermis com-
pared to healthy controls (p=0.001)41. Contradictory findings were 
seen in toll like receptor (TLR) 2 staining with an increase in the  
epidermis co-localizing with dendritic cells and macrophages in 
one study40 but suppressed in a second study41. Levels of TLR3,  
TLR4, TLR7, TLR9, ICAM-1, TGF-Beta and IGF-1 were only 
assessed by one study and all were suppressed throughout the  
epidermis compared with controls41. RNAase7 was increased 
in expression compared to healthy controls (p<0.05)42. MMP2 
was positively expressed in keratinocytes throughout the  
epidermis13 and MMP8 in neutrophils within the epidermis43. 
TNF-α was highly expressed in macrophages and lymphocytes 
present in the epidermis, particular in the basal layers13,14 and 
NLRP3, MIF, S100A7, LL37/Cathelicidin and α-MSH all positive 
in suprabasal keratinocytes30,41. IL-6 and IL-10 were reported as  
suppressed compared to healthy control skin41, however, IL-36 
subtypes were highly expressed in epidermal keratinocytes (more 
suprabasal than basal)5,6 with IL-32 also positive in the stratum  
granulosum4.

Dermis. CD1a, CD11c, CD206, CD207, CD209 and Fac-
tor XIIIa positive cells were identified in the dermis in three 
separate studies12,30,40, however the degree of infiltration varied.  
Dermal infiltrates of CD3, CD4, and CD8 positive cells, con-
tinuous with the epidermal infiltrates were a consistent feature of  
lesional HS dermis and were increased over controls30,33. The  
distribution of these cells was most pronounced in the interfol-
licular dermis (ie. towards the papillary slopes) and perifol-
licularly (ie. peri-infundibularly)30,33. CD56, CD68 and CD138 
positive cells were diffusely seen throughout the dermis40. 
CD19 and CD20 positive pseudolymphoid follicles have been 
noted in other studies30,40. Single keratinocytes have also been  
identified in the dermis which stain with pancytokeratin mark-
ers (AE1/AE3/PKC26)36. Inflammatory cells in the dermis 
co-localized with TNF-α13,14, LL-37/cathelicidin29, IL-1232,  
IL-2332, IL-1730,32, IL-324, TLR240 and MMP843. MMP2 co- 
localized with macrophages and fibroblasts13. IL-36 was not identi-
fied in the dermis5,6.

Hair follicle. Cytokeratin staining of the follicular apparatus 
is consistent with normal K14, K16 and K17 staining. CD29 
positive cells were identified in the infundibulum35. CD3, CD4, 
CD8, CD68, Factor XIIIa positive cells were seen within the 
outer root sheath (ORS) contiguous with dense peri-follicular  
inflammation in the adjacent dermis30,33. The presence of inflam-
matory cells co-localized with MMP213, TNF- α13,14, and  
LL37/cathelcidicin13,29. hBD313,42 and MIF13 also stained positive 
in the ORS. One conflicting study reported no change in TNF-α  
staining of the follicular unit13.

Sinus tracts. Staining patterns differed between superficial kerati-
nized sinus tracts and deeper, inflamed non-keratinized sinus 
tracts. Normal epidermal cytokeratin staining was seen in the 

keratinized superficial portion of sinus tracts including K1, K10, 
K1436–38. Ki67 was elevated and CD29 positive cells were also  
identified in sinus tracts35. Ki67 stained in both keratinized and 
non-keratinised portions of the sinus tract38. K19 staining was  
absent in keratinized portions of sinus tracts37. In deeper, inflamed, 
non-keratinized portions of the sinus tracts, K16, K17 and K19  
were positive, with loss of K1, K10 and adhesions molecules  
including DG1 (desmoglein 1)and DSC1 (desmocollin 1)37,38. 
Apocrine gland nuclei stained weakly positive for estrogen  
receptor39 and androgen receptor39, and these results were  
reported as no different from control specimens39. Lysozyme  
staining of apocrine glands was seen in cases of vulval HS only34.

Immunohistochemistry methods. The list of antibodies used 
for IHC staining is presented in Table 6. Consistent antibod-
ies were used for CD1a; CD20 and tryptase staining, whilst dif-
ferent antibodies were used for other staining targets. Antibodies  
used were not described in two studies34,36.

Assessment of Bias. The result of bias assessment using NIH 
criteria is presented in Table 7. All 22 articles clearly stated the 
research question of interest with well-defined study popula-
tions. The application of inclusion and exclusion criteria, or the 
calculation of sample size, or effect estimates were not described  
in any study. Exposures (ie. the presence of disease) were estab-
lished and measured in all studies prior to the outcome measures 
(IHC staining) being assessed and the disease was established 
for such a time that a relationship between exposure and  
outcome would be identified if one existed. Different levels of  
exposure (severity of disease) was taken into account in only 
two studies4,12 and was consistently measured using Hurley  
staging across all studies. No articles accounted for all possible 
confounding variables such as obesity, diabetes, family history or 
smoking status (Table 3).

Discussion
Quality of data and risk of bias
The overall quality of data in this systematic review was sub-
optimal with poor correction for potential confounding factors 
with only two of the 22 studies using objective measurement 
systems for IHC staining intensity4,12. The proportion of smokers 
was elevated (94%) compared to the rates of smoking in the HS  
population at large (70–89%)45. A number of studies (17/22) 
did not stratify results by treatment therefore there is a risk that 
staining intensity of pro-inflammatory mediators may be reduced 
due to concomitant treatment at the time of biopsy. The use of 
de-paraffinized tissue in retrospective studies30,33,34 can lead to  
false negatives in IHC dependent upon the preparation method 
of the original sample and the de-paraffinization process15. 
Hence there are factors in the population studied in this review  
which may bring into question the reliability of staining quan-
tification. However, the presence or absence of IHC staining,  
particularly when confirmed in multiple studies is still considered 
reliable despite the risks of bias.

Conflicting results
Conflicting results were identified in dermal CD1a staining12,30,40, 
dermal CK19 staining36–38, Epidermal TLR2 staining40,41 and 
TNF alpha staining in the follicular infundibulum13,14. Regarding 
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CD1a staining, two of the studies reported only a mild  
dermal infiltrate of CD1a positive cells30,40, with a third study  
demonstrating a significant infiltration of these cells12. This third 
study clearly documented all treatment was withheld 3 weeks  
prior to the biopsies being taken12, whereas there is no descrip-
tion in the other two articles regarding the discontinuation or 
ongoing use of treatments30,40. Therefore, with the possibility of 
partially treated disease, an artificial reduction in the number  
of dermal dendritic cells is a possibility as treatment for HS 
(such as adalimumab) has been demonstrated to effectively 
reduce the infiltration of dendritic cells in vivo12. Similarly, 
studies examining TNF-alpha staining also differed in their  
stratification of patient based upon active treatment13,14. Sig-
nificant reductions in TNF alpha staining were seen in the study 
with no documentation of treatment cessation14 when compared 
to the one study with clear documentation that all patients had 
treatment ceased prior to biopsy13. K19 staining was reported 
negative in all areas of the sinus tracts in one study37, whereas 
two additional studies36,38 described positive K19 staining in 
sinus tracts (one study non-specifically36 and the second in the 
deep inflamed, non-keratinized epithelium of the tract38). The  
difference between these staining patterns may be explained 
by the presence of inflammation. Kurzen et al.38 described the 
presence of K19 staining in non-keratinized epithelium of the 
deep sinus tracts only when associated with inflammation (Type  
3 epithelia), staining was negative when no inflammation was 
present (Type 2 epithelia)38. Kurokawa et al. did not differentiate 
between inflamed and non-inflamed non-keratinized epithelium  
in their study37, and noted that the lesser degree of inflamma-
tion seen histologically may explain their differing results in  
comparison to Kurzen’s study37.

Localization of production of inflammatory mediators
IHC staining, in particular co-staining with cellular markers and 
cytokines has enabled the localization of inflammatory media-
tors in order to ascertain the functional aspects of infiltrating 
inflammatory cells in HS, particularly highlighting the strong 
T

h
17 polarity of inflammation in HS3. A schematic representa-

tion of the pathogenesis of HS based upon the findings of this  
review is presented in Figure 2. This highlights the inter-
relationship between inflammation and hyperkeratinization. 
Localization of TNF-α13, IL-1232, IL-2332 and IL-324, TLR240,  
MMP213, MMP843 and LL-37/cathelicidin14,29 production to 
infiltrating dermal macrophages and lymphocytes as well as  
localization of IL-36 subtypes5, LL-37/cathelicidin14,29, IL-1β32 and 
IL-2232 to keratinocytes illustrate the feed forward mechanisms  
similar to those seen in psoriasis9 and atopic dermatitis10 which  
likely contribute to persistent inflammation in HS. Rather than 
keratinocytes being innocent bystanders, these IHC findings 
demonstrate the central role keratinocytes play as producers of 
key inflammatory mediators as well as mediators of products 
(such as TGF-β and ICAM)41 that may contribute to fibroblast 
dysregulation and hypertrophic scarring46. A remain-
ing unanswered question includes the temporal relationship 
between keratinocyte hyperproliferation and the activation of  
inflammatory cells infiltrating the dermis and epidermis in HS.

Insights into pathophysiology of HS
The current pathophysiological paradigm of HS is one of  
follicular infundibular occlusion leading to follicle rupture and 

a resultant inflammatory cascade1. This paradigm was based 
on the pivotal work of Shelley and Cahn in 195547, whom dem-
onstrated the induction of HS after application of belladonna 
impregnated tape to manually epilated axillae of 12 men.  
Only 3 of the 12 men developed the lesions described, and 
infection from the manual epilation procedure could not be 
excluded as a cause of the lesions, but this study enabled the  
paradigm to slowly shift away from one of apocrinitis, 
which had been in place since the original descriptions of the  
disease7. Detailed descriptions of infundibular hyperkeratosis 
(also termed poral occlusion) were made by Jemec et al.7 and  
demonstrated the secondary involvement of apocrinitis in HS 
lesions. Jemec noted that poral occlusion was seen to occur  
alongside inflammation, but there was no suggestion of causation  
in one direction or another7.

Although individual cases of epidermal hyperkeratosis in the 
absence of inflammation are noted7,33, these cases are estab-
lished or chronic lesions associated with significant fibrosis 
which is documented to be associated with reduce inflammatory  
infiltrate7,33. A consistent finding in all studies of this review is the  
co-localization of infundibular ORS keratinocyte hyperplasia  
with CD3, CD4, CD8 and CD68 positive inflammatory cells 
expressing TNF-α, IL-12, IL-23 and IL-324,13,32,40,43. K19 is 
also documented as positive in the infundibulum suggesting  
keratinocyte hyperplasia36–38. However, it remains unclear 
whether keratinocyte hyperplasia induces the inflammatory cas-
cade or if the inflammatory cascade induces the keratinocyte 
hyperplasia. The presence of inflammation in clinically normal,  
peri-lesional HS skin is well documented4,30,33 implying the  
existence of a pre-clinical inflammation preceding symptoms 
of follicular occlusion. This is consistent with recent findings in 
acne pathogenesis that suggest that inflammation precede fol-
licular hyperkeratosis and development of microcomedones48 
and is also pivotal in the ongoing development of nodulo-
cystic acne and acne scars49. This pre-clinical inflammation is  
also consistent with the pathogenic paradigm in psoriasis and 
atopic dermatitis9,10 with inflammation driving epidermal hyper-
keratosis and alterations in keratinocyte maturation, consistent 
with the spongiform infundibulfolliculitis seen in established 
lesions of HS50. Our disparate findings in K19 staining in 
deep non-keratinized sinus tract epithelia with and without  
inflammation37,38 also fit with this paradigm. In contrast, find-
ings which would hold consistency with the current follicu-
lar occlusion paradigm would include infundibular occlusion  
preceding the development of inflammation, as well as altera-
tions to desmosomal and hemidesmosomal proteins which would 
allow for rupture of the occluded follicles in order to drive the 
development of dermal inflammation and sinus tract formation.  
Although Danby et al.51 reports reduced PAS positivity in the base-
ment membrane zone at the sebo-follicular junction associated 
with inflammation in HS, it is likely that the reduced basement  
membrane integrity is secondary to inflammation and release 
of TGF-β and MMP252 (cytokines known to be altered in HS 
lesional skin and consistent with an abnormal wound healing  
response) rather than the follicular rupture being the primary  
driver of inflammation.

A more consistent hypothesis which accounts for the observed 
results of this review would be that of subclinical inflammation 
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(due to a variety of triggers and immunological primers 
as illustrated in Figure 2) driving keratinocyte proliferation 
in the interfollicular epidermis and the follicular ORS, with  
follicular occlusion being a secondary phenomenon (medi-
ated by TLR2 and IL-1α as documented in the development 
of comedones)53. The development of sinus tracts and hyper-
trophic scarring may also be mediated by the keratinocyte  
inflammatory response given the alterations in important wound 
healing mediators including TGF-β, ICAM-1 and compari-
sons by other authors of an altered wound healing response8 in 
HS. This comparison would be appropriate given the high levels 

of dermal MMP213 and MMP843; the loss of keratinocyte  
maturation markers (K2e, K10, K19)36–38 adhesion molecules 
(DG1 and DCN2)38 in the non keratinized inflamed epithelium 
of the deep dermis; suppressed levels of ICAM-141 (seen 
impaired wound healing54) and TGF-β41 which leads to the  
dysregulation of TGF- β receptor ratio on fibroblasts which is  
linked with the development of hypertrophic scarring46,54 seen in 
HS. These alterations to keratinocyte maturation are reminis-
cent of epithelial mesenchymal transition (EMT)52 which may 
also explain the presence of free keratinocytes in the dermis in 
established lesions of HS7,36. Indeed, as ICAM-1 is up-regulated  

Figure 2. Schematic Representation of Immunohistochemical findings in hidradenitis suppurativa. Immunological ‘priming’ occurs due 
to the contribution of adipose tissue, genetic susceptibility, smoking-related inflammatory mediators and obesity related pro-inflammatory 
signals and the composition of the microbiome. Increased activity of cDC1, cDC2 and T cells lead to both keratinocyte hyperplasia via 
the actions of IL-12 and IL-23, as well as a Th17 predominant immune response. Alterations of antimicrobial peptides (AMP’s) also occur 
throughout the epidermis. IHC staining localize Langerhan cells and activated dendritic cells to the epidermis and the dermo-epidermal 
junction. A population of epidermotropic CD8 T cells are also present. IHC staining indicates a mixed inflammatory infiltrate in the dermis, with 
contributions from Dendritic cells, B cells, T cells and plasma cells. Within sinus tracts, adhesion molecules are preserved, but inflammation 
in associated with non-keratinised sinus tracts leads to a loss of K19. The development of scarring and sinus tracts is associated with MMP2, 
ICAM-1 and TGF-Beta, with possible augmentation of ICAM-1 and TGF-B signaling via specific components of the microbiome. TNF-a, PGE2 
and CXCL2 then lead to additional feed forward mechanisms perpetuating the inflammatory cycle.
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by pro-inflammatory mediators54, the low level of ICAM-1 
noted appears paradoxical, however specific bacteria (including  
Porphyromonas species) which have been associated with 
HS44,55 can suppress ICAM-1 production as an immune evasion  
strategy56. This implies that exogenous triggers (possibly includ-
ing bacterial stimuli) can be a common cause for the initial  
inflammatory cascade as well as the development of tunneling  
and hypertrophic scarring in HS.

Conclusions
This systematic review of immunohistochemical staining of 
lesions in HS has highlighted the heterogeneity of studies and 
the methodological issues, which bring into question some of 
the results of IHC staining in HS lesions. The design of studies 
and variable reporting of potential confounding factors (such as 
ongoing or previous treatments) makes it impossible to compare  
staining intensity across studies. The results of existing stud-
ies suggest a florid inflammatory reaction comprising of  
T-lymphocytes, macrophages and dendritic cells with a strong 
Th-17 signature along with a keratinocyte mediated IL-36 inflam-
matory loop associated with keratinocyte hyperproliferation. The  
follicular occlusion paradigm as a primary driver of HS is 
unclear given the findings of this review and other histological 
and cytokine studies and inflammation as a primary driver  
of disease with secondary hyperkeratosis and occlusion is a  
plausible hypothesis.
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The authors provide a systematic review of immunohistochemical studies of hidradenitis suppurativa
(HS).
The clearly stated objectives are:

To collate and describe all published reports of immunohistochemical studies in HS.
To critically evaluate the sampling, laboratory and analysis techniques used in each study to
determine if comparisons can be made across studies.

The review was registered with PROSPERO and conducted in line with the PRISMA. The STROBE
statement was used to assess the observational studies included in the study. A PRISMA flow chart and a
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The authors adequately discuss the confounding factors and risk of bias, which both are significant
weaknesses identified in the literature by this manuscript based on limited studies. 

Only 22 articles were identified describing results from 494 HS patients (average 22 pts/study) and only
168 controls. Furthermore, 87 unique immunohistochemical targets were identified adding to the scarcity
of hard data. It is therefore less surprising that conflicting data were found. The authors are however able
to provide a realistic analysis of the data taking these limitations into account, and, in addition, provide
coherent analyses and a testable paradigm for the pathomechanisms of HS.

The paper provides an excellent overview of the limited number of explorative immunohistochemical
studies of HS, and thus provides an important stepping-stone to further studies.
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Background
Hidradenitis suppurativa (HS) is a chronic inflam-
matory disease of the skin, manifesting in chronic, 
recurrent, painful pustules, nodules, boils and 
purulent draining abscesses.1 It commonly affects 
the flexural areas of the axillae, sub-mammary 
folds, inguinal and gluteal regions. It has an esti-
mated prevalence of 1–4%2 similar to other com-
mon dermatoses such as atopic dermatitis and 

psoriasis. Representative clinical manifestations of 
HS are presented in Figure 1.

HS affects women three times more than men, with 
those of lower socioeconomic status disproportion-
ately affected.1,2 Up to one-third of cases of HS  
are associated with pathogenic sequence variants 
identified in gamma secretase subunits as well  
as the inflammatory pathways associated with 

Topical, systemic and biologic therapies 
in hidradenitis suppurativa: pathogenic 
insights by examining therapeutic 
mechanisms
John W. Frew , Jason E. Hawkes and James G. Krueger

Abstract:  Hidradenitis suppurativa (HS) is a chronic inflammatory disease of the skin, 
manifesting in chronic, recurrent painful pustules, nodules, boils and purulent draining 
abscesses. Our current understanding of the pathogenesis of the disease is incomplete. This 
review aims to identify available treatment options in HS and discuss the pharmacological 
mechanisms through which such agents function. Identifying common pathways may inform 
our understanding of the pathogenesis of HS as well as identify future therapeutic targets. The 
pharmacological mechanisms implicated in topical therapies, antibiotic, hormonal, systemic 
immunomodulatory and biologic therapies for HS are discussed. Significant differences exist 
between agents and implicated pathways in therapy for mild and severe disease. This is an 
expression of the possible dichotomy in inflammatory pathways (and treatment responses) 
in HS. Studies involving monoclonal antibodies provide the greatest insight into what these 
specific mechanisms may be. Their variable levels of clinical efficacy compared with placebo 
bolsters the suggestion that differential inflammatory pathways may be involved in different 
presentations and severity of disease. Nuclear factor kappa B (NF-κB), tumor necrosis factor 
(TNF)-α and other innate immune mechanisms are strongly represented in treatments which 
are effective in mild to moderate disease in the absence of scarring or draining fistulae, 
however complex feed-forward mechanisms in severe disease respond to interleukin (IL)-1 
inhibition but are less likely to respond to innate immune inhibition (through NF-κB or TNF-
α) alone. It is unclear whether IL-17 inhibition will parallel TNF-α or IL-1 inhibition in effect, 
however it is plausible that small molecule targets (Janus kinase1 and phosphodiesterase 4) 
may provide effective new strategies for treatment of HS.

Keywords:  biologics, cytokines, hidradenitis suppurativa, interleukin-17, inflammation, 
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autoinflammatory diseases.3 Cigarette smoking, 
obesity, diabetes, inflammatory bowel disease and 
arthritis are all associated with HS.1,2 It has a signifi-
cant impact upon quality of life, psychosexual func-
tion, and represents a notable financial and clinical 
burden on healthcare systems.4 Potential complica-
tions include secondary infection, hypertrophic 
scarring, development of squamous cell carcinoma, 
chronic pain, psychological and psychosexual com-
plications.1 It is well documented that a lack of 
awareness and effective treatments contribute to 
diagnostic delay in HS, with an average of 7 years 
between onset and diagnosis.5 For many years, HS 
has been considered an orphan disease with very 
few effective treatments available. Diagnostic crite-
ria for the disease are presented in Table 1.

Over the past decade, a flourish of basic and clini-
cal research has led to an increase of awareness of 

HS, and the treatment options for patients. 
Recent United States Food and Drug 
Administration (US FDA) approval of adali-
mumab for HS7 has led to an increase in treat-
ment options for disease control. However, our 
understanding of the disease pathogenesis 
remains incomplete.8 Multiple ongoing trials are 
testing existing monoclonal antibodies with the 
hope of identifying effective therapies and provid-
ing insight into the pathogenic mechanisms 
underlying HS.9,10 Whilst ‘trial by therapy’ does 
not systematically analyze the cellular mechanism 
underlying HS, alterations in the disease state can 
give inferential data regarding the role of specific 
inflammatory pathways in HS. Such data have 
challenged the existing pathogenic paradigm in 
HS. Currently, HS is considered a disease of fol-
licular occlusion, which leads to the rupture and 
dermal seeding of bacteria and cellular debris1,12 

Figure 1.  Clinical manifestations of hidradenitis suppurativa (HS) demonstrating inflammatory nodules in 
Hurley Stage 1 disease (top left), sinus tracts and inflammatory nodules separated by largely normal skin 
(Hurley Stage 2) (top right); widespread scarring inflammation and interconnected sinus tracts (Stage 3), 
(Bottom left) and follicular scarring and double ended comedones in PASH (Pyoderma Gangrenosum, Acne 
Congolobata and Suppurative Hidradenitis) Syndrome (Bottom right).
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leading to the influx of inflammatory cells and 
mediators. The response of HS to anti-inflamma-
tory therapies has suggested that follicular occlu-
sion may be a secondary phenomenon due to an 
aberrant inflammatory response to the cutaneous 
microbiome.8 A schematic illustration of inflam-
matory pathways in HS is presented in Figure 2.

The purpose of this review is to provide a com-
prehensive overview of available treatment 
options in HS and to discuss the pharmacological 
mechanisms through which these agents func-
tion. This review aims to include a variety of ther-
apies used in HS, not only those used by 
dermatologists, or those supported by clinical evi-
dence, due to the fact that a paucity of high-level 
clinical evidence exists to guide treatment deci-
sions in HS. Evaluations of the level of evidence 
for HS therapies are available from other high-
quality publications.6,13 Through this broad 
review of therapies, we aim to identify common 
mechanistic pathways among these agents, allow-
ing us to present an updated, testable model of 
HS and its immunopathogenesis and identify 
potential future therapeutic targets.

Topical therapies in HS
Topical therapy is seen as the mainstay of treat-
ment in mild to moderate HS,6 although the level 
of evidence for its use is low13 (Table 2). A variety 
of topical medicaments with biocidal as well as 
anti-inflammatory mechanisms are used, with 
varying degrees of benefit dependent upon dis-
ease severity. It is likely that individual patient 
factors (including the relative contribution of the 
microbiome to inflammation in HS) may alter the 

response to topical therapy. Observed benefits 
include reducing the frequency of secondary 
infection14 but little evidence exists as to their effi-
cacy in reducing flares of nodules, pustules, 
abscesses or preventing progression to more 
severe disease.

Chlorhexidine
Chlorhexidine is a biguanide broad spectrum bio-
cide, the efficacy of which is highly pH dependent, 
with a maximum effect occurring within 20 s.16 
Even in high concentrations, decreased biocidal 
activity was seen in the presence of biofilms 
[including Pseudomonas sp., methicillin-resistant 
Staphylococcus aureus (MRSA) and Escherichia 
coli].17 Given the established association of bio-
films18 and Gram-negative bacteria (Porphyromonas 
and Peptidophillus sp.)19 with disease activity in HS, 
chlorhexidine may reduce the stimulation of the 
immune system by resident bacteria, but not in the 
presence of biofilms. Clinical evidence for the use 
of chlorhexidine is low, and benefit is derived only 
from reducing the incidence of bacterial resistance 
compared with oral antibacterial therapy.14

Topical povidone iodine
Povidone iodine is reported in the treatment of 
HS.20 It demonstrates rapid bactericidal, tubercu-
locidal and viricidal effects through the release of 
free iodine radicals which attack free amino acids 
(methionine and cysteine).16 This results in desta-
bilization of membrane fatty acids through reac-
tions with unsaturated carbon bonds. Free 
oxidation of other vital pathogen structures (phos-
pholipid, DNA/RNA/membrane-bound proteins) 

Table 1.  Diagnostic criteria for HS as defined by the European S1 guideline for the treatment of HS/acne 
inversa.6 The presence of primary positive diagnostic criteria (either history or signs) are required and the 
presence of secondary positive diagnostic criteria are supportive of the diagnosis of HS.

Primary positive diagnostic criteria:

•• History: More than two recurrent, painful or suppurating lesions over a period of 6 months
•• Signs: Involvement of axilla, genitofemoral area, perineum, gluteal area and inframammary area of 

women. Presence of nodules, sinus tracts, abscesses, scarring.

Secondary positive diagnostic criteria:

•• History: A family history of HS
•• Microbiology: A negative swab or presence of normal skin microbiota may be indicative of HS.

HS, hidradenitis suppurativa.
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also occurs.21 Iodine also has multiple anti-inflam-
matory properties which function through the inhi-
bition of matrix metalloproteinase (MMP) 

production, reduction in plasmin activity, and 
inhibition of tumor necrosis factor alpha (TNF-
α).21 The role of MMP and TNF-α in HS8 may 

Figure 2.  Pathogenesis of hidradenitis suppurativa and site of action of reported treatment modalities.
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Table 2.  Topical therapies reported in HS and descriptions of antibacterial, keratolytic and anti-inflammatory 
effects. The associated quality of evidence supporting the use of topical therapies is reported in the far-right 
hand side column.

Topical 
therapy

Mechanism(s) of action Quality of 
evidence15

Antibacterial effect Keratolytic 
effect

Anti-inflammatory effect

Chlorhexidine Cell wall binding K+ 
efflux
Poor effect on biofilm

Nil Nil C

Povidone 
iodine

Free radical oxidation 
of DNA/RNA/membrane 
proteins
Some biofilm activity

Nil Inhibition of MMP 
production, TNF-α

C

Pyrithione zinc Bacteriostatic and 
antifungal: disruption 
of ATP and protein 
synthesis.
Modulates cellular copper 
influx.
Effect against yeast 
biofilms

Nil evidence Only in the presence of 
intracellular zinc ions. 
Can increase TNF-α and 
HSP-70 in keratinocytes 
at high concentrations

C

Hydrogen 
peroxide

Free Radical Oxidation 
of DNA/RNA/Membrane 
proteins
Some biofilm activity

Possible direct 
oxidation: nil 
evidence

Decrease ubiquination in 
NFκB pathway but higher 
concentrations display 
deleterious effects

C

Sodium 
hypochlorite

Free radical oxidation 
of DNA/RNA/membrane 
proteins
High biofilm activity

Possible direct 
oxidation: nil 
evidence

Decreases NF-κB 
signaling

C

Triclosan Disruption of bacterial 
wall synthesis

Nil Downregulates TLR 
signaling, IL-6, IL-1ß 
expression

C

Clindamycin Bacteriostatic effect 50S 
ribosomal binding

Nil NF-κB and AP-1 gene 
expression, regulation of 
macrophage function., 
reduction in expression of 
virulence factors

C

Azelaic Acid Bacteriostatic and 
antifungal

Nil Modulation of PPAR-γ 
function, reduction in IL-
6, IL-1ß TNF activity

C

Retinoids Nil Indirect effect 
through AP-1 
and NF-κB 
modulation

NF-κB and AP-1 
modulation,
TLR2, MMP1 and MMP9 
downregulation

C

Resorcinol Membrane damage and 
K+ efflux

Minor at reported 
concentrations

Reported but mechanisms 
not described

C

AP-1, activator protein 1; ATP, adenosine triphosphate; HS, hidradenitis suppurativa; IL, interleukin; MMP, matrix 
metalloproteinase; NF-κB, nuclear factor kappa B; PPAR, peroxisome proliferator-activated receptor; TNF, tumor 
necrosis factor; TLR, Toll-like receptor.
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partially explain the effect. Surprisingly little pub-
lished evidence surrounding the use of oral 
Saturated Solution of Potassium Iodide (SSKI)  
for HS and this would be an area to explore further 
in controlled clinical trials.

Topical pyrithione zinc
Pyrithione zinc is a coordination complex of zinc 
present in a number of anti-dandruff products. It 
has fungistatic and bacteriostatic properties which 
function via the disruption of adenosine triphos-
phate (ATP) levels and protein synthesis.22 
Pyrithione zinc may also have some anti-inflam-
matory properties. Intracellular zinc can modu-
late the lipopolysaccharide (LPS)-stimulated 
maturation of dendritic cells via Toll-like recep-
tors (TLRs);23 however, the action of pyrithione 
zinc is dependent upon adequate intracellular 
zinc and excessive concentrations can exert a pro-
inflammatory effect.24 The clinical significance of 
the anti-inflammatory mechanisms of zinc is 
unclear as there is no evidence correlating the 
intake of dietary zinc to serum inflammatory 
markers in epidemiological studies.25 Other con-
cerns include the pro-estrogenic action of zinc 
pyrithione (ER bioactivity = 0.237) which is 
comparable to the clinically relevant exposure to 
butyl parabens (ER bioactivity = 0.251).26

Hydrogen peroxide
Hydrogen peroxide is a widely available biocide 
with nonspecific activity against viruses, bacteria, 
yeasts and spores.16 It has greater activity against 
Gram-positive organisms; however, catalase posi-
tive organisms are more resistant at lower concen-
trations.16 The risk of air emboli has been reported 
when hydrogen peroxide is used in highly vascular 
enclosed cavities in hypovolemic patients. However, 
this complication has not been reported in HS 
patients. Hydrogen peroxide is 266-times less effec-
tive against biofilms than free bacteria,27 however 
efficacy can be increased with short contact times 
and novel irrigation methods in HS.28 Its use is 
reported in HS28 but no formal clinical studies have 
been undertaken. Alcohol-based formulations 
require longer exposure times to achieve the same 
bactericidal activity.16 Anti-inflammatory effects 
have been described in vitro through decreased 
ubiquitination in the nuclear factor kappa-light-
chain-enhancer of activated B cells (NF-κB) path-
way leading to a reduction in TLR4 signaling after 

LPS stimulation at low concentrations.29,30 
However, increased apoptosis and oxidative stress 
were observed at higher concentrations.31

Bleach baths (sodium hypochlorite solution)
Dilute bleach baths (sodium hypochlorite) are a 
well-established antimicrobial and anti-inflam-
matory treatment for atopic dermatitis,31 and its 
use has been extended to include HS. Dilute 
sodium hypochlorite is bactericidal via direct oxi-
dative reactions with bacterial proteins as well as 
inhibition of bacterial growth with as little as 
5 min of exposure.16 DNA synthesis is much more 
sensitive to sodium hypochlorite than protein 
synthesis at low concentrations32 and this is the 
likely mechanism in HS. It demonstrates some 
activity against biofilms, but has incomplete bac-
tericidal activity even at high concentrations.33,34 
No clinical studies have estimated the efficacy of 
bleach baths in HS; however, it may have anti-
inflammatory activity mediated via modulation of 
NF-κB signaling32,35

Triclosan
Triclosan is a halogenated bisphenol derivative 
with broad spectrum bactericidal activity (exclud-
ing Pseudomonas sp.).36,37 It achieves this through 
disruption of bacterial cell wall synthesis.16,37 The 
efficacy of triclosan is highly dependent upon the 
formulation used, and increased potency is known 
to occur with ethylenediaminetetraacetic acid 
(EDTA).16 Triclosan is recommended in the HS 
literature for Hurley stage 1 and 2 disease.38 
Triclosan exerts an anti-inflammatory effect inde-
pendent of bactericidal activity via downregula-
tion of LPS-stimulated TLR signaling with 
subsequent reduction in interleukin (IL)-6 and 
IL-1ß gene expression.36 Although triclosan mon-
otherapy has poor activity against Pseudomonas 
sp., it has an adjuvant role in Pseudomonas bio-
films when combined with oral aminoglyco-
sides.39 The activity of triclosan as an adjuvant 
therapy in those individuals with known biofilm 
disease is an area of potential future research.

Topical clindamycin
Clindamycin is one of the pillars of treatments for 
Hurley stage 1 and 2 HS as outlined in European 
guidelines.6,40 It is also one of the few treatments 
to be examined in randomized controlled trials in 

https://journals.sagepub.com/home/taj


JW Frew, JE Hawkes et al.

journals.sagepub.com/home/taj	 7

HS.13 Overall, two randomized controlled trials 
have indicated the benefit of topical clindamycin 
over placebo41,42 (Relative Risk [RR] = 0.72, 
0.14–3.64) with a benefit in pain reduction, pus-
tules, and inflammatory nodules, but no signifi-
cant difference compared with tetracyclines.42 
Expert opinion considers it most beneficial for 
superficial pustules and solitary nodules, with 
recommendations to be used in the absence of 
deep-seated abscesses.14,43 Clindamycin is a semi-
synthetic lincomycin derivative with a bacterio-
static effect through the inhibition of protein 
synthesis by 50S ribosomal binding.44 It has broad 
Gram-positive cocci coverage and Gram-negative 
anaerobe coverage.44 The direct antimicrobial 
effects of clindamycin may be relevant to HS, as 
Porphyromonas sp. and Peptidophillus sp. have high 
sensitivity to clindamycin.36 Despite increasing 
reports of MRSA clindamycin resistance,44 clin-
damycin has been shown to reduce the expression 
of virulence factors45 including leucocidin, 
TSST01 and α-hemolysin. They also have direct 
effects on NF-κB and AP1 gene expression.45 
There are also in vitro reports of regulation of 
macrophage function, and response of neutro-
phils to chemokines.

Topical azelaic acid
Azelaic acid is a topical organic acid, traditionally 
used in acne vulgaris and acne rosacea14,46 but has 
recently been recommended for use in HS as an 
adjuvant with topical clindamycin, particularly in 
pediatric cases.14 Azelaic acid functions through 
antifungal and bacteriostatic properties47 but also 
has well-documented anti-inflammatory proper-
ties through the modulation of peroxisome prolif-
erator-activated receptor (PPAR)-γ activity and 
reduction in IL-6, TNF-α and IL-1ß.48 HS is 
associated with altered PPAR-γ signaling8 and 
the use of azelaic acid in early-stage HS lends cre-
dence to the thought of inflammation precedes 
follicular occlusion in HS.8

Topical retinoids
Retinoids are a class of compounds, chemically 
related to vitamin A. Topical and systemic reti-
noids are used in HS based upon their known 
anti-inflammatory properties49,50 and the under-
lying presumption that HS as a disorder of  
follicular occlusion and hyperkeratinization.51  
No formal evaluation of the efficacy of topical 

retinoids in HS exists.52 Despite the follicular 
occlusion paradigm being brought into question,8 
third-generation topical retinoids (adapalene, 
tazarotene) have significant anti-inflammatory 
activity through suppression of macrophage 
response to LPS stimulation, TNF-α, Toll Like 
Receptor 2 (TLR2) on monocytes, MMP1, 
MMP9 and VCAM1.53 All of these pathways are 
documented in the pathogenesis of HS8 The 
degree of cytokine reduction from topical reti-
noids is modest (IL-12 reduction from 840 pg/ml 
to 420 pg/ml) when compared with lesional HS 
cytokine levels.8 Further clinical studies are 
needed to assess the clinical efficacy of topical 
retinoids in early-stage HS.

Resorcinol
Resorcinol is a benzenediol or phenol used as a 
chemical peeling agent as well as having antisep-
tic and antipruritic activity. The 15% resorcinol 
has been reported in one retrospective and one 
prospective study in HS.54,55 Benefit was seen in 
patients with Hurley stage 1 and 2 disease, with 
twice daily application for 30 days with reduction 
in size of visible lesions, pain and erythema. The 
mechanism of action of resorcinol in HS is pro-
posed to be keratolytic at the follicular infundibu-
lum.54 However, given the pharmacokinetics of 
the drug,16 antiseptic properties dominate more 
than keratolytic activities at the concentrations 
used in HS. Resorcinol has potent antiseptic 
activity at a wide range of concentrations due to 
membrane damage resulting in K+ leakage, and 
direct uncoupling of oxidative phosphorylation16 
Some anti-inflammatory activities of resorcinol 
and related compounds have also been proposed, 
although are not described in detail.56

Intralesional therapies

Intralesional triamcinolone
Intralesional triamcinolone is an effective rescue 
therapy to reduce the inflammation, pain and 
swelling from active nodules and abscesses in 
HS.57,58 Uncontrolled case series have identified a 
reduction in physician-assessed erythema, suppu-
ration and size57 as well as the rates of systemic 
antibiotic therapy.58 However, a recent placebo-
controlled trial suggested that intralesional steroids 
were not superior to placebo (saline) injections.59 
This brings into question our understanding of the 
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role of injections in symptom relief in HS as the 
benefit may be due to encourage spontaneous 
lesion rupture following injection rather than the 
pharmacological action of the steroid. Despite the 
lack of clarity regarding the mechanism of intrale-
sional therapies in HS, oral corticosteroids are 
known to provide rapid relief in acute flares of HS 
and are beneficial as a low dose adjuvant with bio-
logics and other immunomodulating agents. 
Therefore, the mechanisms of intralesional therapy 
in HS require further study.

Oral therapeutic agents

Anti-hyperglycemic agents
HS is positively associated with insulin resist-
ance, even in multivariate analyses once adjusted 
for age sex and body mass index [2.51 (0.18) 
versus 1.92 (0.21); p = 0.04].60,61 Hypoglycemic 
agents have been used in the management of HS 
and they have an important role as an adjuvant 
anti-inflammatory therapy and help to address 
underlying proinflammatory comorbidities in 
HS.62 There is no evidence for their efficacy as a 
monotherapy62 (Table 3). They may also be vital 
in addressing microbiome-mediated inflamma-
tory stimuli, given the role of short chain fatty 
acid and bile salt mediators, such as those pro-
duced in HS by Porphyromonas sp. and 
Peptinophillus sp.,63 as stimuli in other chronic 
inflammatory dermatoses.64,65 The proposed 
mechanisms of action include the inhibition of 
mTORC1 activity in metformin,66 leading to a 
decreased expression of IL-6, TNF-α67 as well 
as downregulation of Th17 activity and the 
NLRP3 inflammasome.68 Liraglutide, a gluca-
gon-like 1 peptide analogue, increases the 
expression of transforming growth factor 
(TGF)-ß1 and decreases IL-17 expression.69 
Dipeptidyl peptidase IV (DPP4) inhibitors 
reduce the metabolism of glucagon-like peptide. 
Members of this class include sitagliptin, saxa-
gliptin and linagliptin.70 They have the addi-
tional benefit of slowing gastric emptying and 
promoting weight loss. Other anti-hyperglyce-
mic agents including PPAR-γ agonists71 (piogl-
itazone, rosiglitazone) are known to decrease 
insulin resistance and decrease levels of IL-6, as 
well as having antiproliferative activity.71 Given 
the known role of PPAR-γ in sebaceous gland 
atrophy in HS,8 modulation of PPAR activity 
may be a future therapeutic avenue.

Hormonal therapies
The evidence for the association between HS and 
estrogens, progestins, and androgen activity is 
contradictory. Whilst an epidemiological associa-
tion with polycystic ovarian syndrome is known72 
a recent systematic review did not identify a con-
sistent hormonal abnormality in HS patients,73 
although alterations in hormone levels are associ-
ated with disease flares.73 This has been well doc-
umented in perimenstrual, perimenopausal and 
postpartum women experiencing painful disease 
flares. It has been proposed that end-organ (folli-
cular) activity of sex hormones may play a role in 
disease pathogenesis,74 however immunohisto-
chemical findings show no evidence of dysregu-
lated sex hormone receptors in the lesional skin of 
HS patients compared with healthy controls.8 
Despite this lack of evidence, a clinical benefit is 
seen in HS patients with anti-androgen therapy, 
including finasteride, spironolactone, and antian-
drogenic progestogens (cyproterone acetate, 
chlormadinone acetate, drospirenone;74,75 Table 
3). It is acknowledged that variations in dosages 
and patient characteristics may confound the 
results of individual case reports; however, analy-
sis of individual case reports in hormonal thera-
pies is beyond the scope of this review. Sex 
hormones have immunomodulatory activity 
through their effects upon dendritic cells, T-cells 
maturation, differentiation, and suppression of 
the Th1 immune response.76 Bimodal immune 
activity is dependent upon sex, the specific inflam-
matory site, the cytokine milieu and the endoge-
nous sex hormone levels.76,77 There is also 
evidence to suggest immune-modulating mecha-
nisms of estrogens which are independent of 
canonical estrogen-response elements.76,77 These 
include important immune pathways such as 
NF-κB, SP1 and AP1,76,77 and signal transduc-
tion pathways including PI3K/AKT pathways77 
implicated in HS.78 In line with other inflamma-
tory rheumatological disorders, this may be medi-
ated through estrogen metabolites (16-α 
estrogens), which are known to modulate local 
immune responses in arthritis and encourage the 
development of juxta-inflammatory adipose tis-
sue and insulin resistance77 both seen in HS. 
Hence, identification of 16-α estrogens is a poten-
tial biomarker candidate for individuals that may 
benefit from hormonal therapies in HS.

A number of case reports have documented  
clinical improvements in HS with finasteride, a 
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Table 3.  Mechanism of action of oral agents (including oral antimicrobials) in HS. Canonical effects are 
compared with documented anti-inflammatory effects proposed in HS. The quality of evidence regarding their 
use in HS is also listed in the far-right column.

Oral therapy Mechanism(s) of action Quality of 
evidence15

Canonical effect(s) Documented anti-inflammatory 
effect(s)

Metformin Decreased mTORC1 
activity

Decreased IL-6, TNF-α, TH17, NLRP3 C

DPP4 Inhibitors Reduction of metabolism 
of GLP, slow gastric 
emptying, promote 
weight loss

Reduce adipose tissue associated TNF-
α, IL-6 via NF-κB signaling

C

GP1 Analogues Stimulate GP1 receptor C

PPAR-γ 
Agonists

Stimulate PPAR-γ activity Decrease IL-6 anti-proliferative activity C

Oral 
Contraception

Estrogen-response 
elements on gene 
transcription

Dendritic cell, T-cell,
possible role of 16-α estrogens NF-κB, 
AP-1, PI3/Akt pathway modulation

C

Finasteride 5-α reductase inhibitor IGF-1 dependent: possibly increased 
activity in insulin resistance/diabetic 
patients

C

Spironolactone Aldosterone antagonist Reduction in TNF-α, IL-6, NOS C

Oral 
antimicrobials

 

Doxycycline 30S ribosomal inhibition Decreased IL-1, IL-6, IL-8, TNF-α, 
chemotaxis, lipo-oxygenase inhibition, 
MMP inhibition, NF-κB signaling 
inhibition

B

Minocycline Downregulation of LPS-stimulated TLR2 
activity; upregulated TIMP-1

C

Erythromycin 50S ribosomal inhibition Decreased IL-6, IL-8, TNF-α, GM-CSF 
activity. Downregulated AP-1 and NF-κB 
activity

C

Clindamycin C

Rifampicin Controversial: 
glucocorticoid receptor,

Reduced iNOS transcription, reduced 
NF-κB activity. Reduces TH17 
differentiation

C

Ciprofloxacin Inhibition of DNA gyrase 
and topoisomerase IV

Effects upon cAMP, NF-κB, AP-1, IL-8, 
IL-6 and gastrointestinal microbiome

C

Moxifloxacin Reduction of IL-1ß, IL-8, TNF-α.
Stabilization of IXb protein.
Suppresses NF-κB signaling.
Reduction in IL-17A

C

(Continued)
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5-α reductase antagonist.79 Anecdotally, Clark78 
reports that finasteride is more effective in obese 
patients with HS. Given that 5-α reductase is 
insulin-like growth factor (IGF) 1-dependent, it is 
conceivable that finasteride may have increased 
benefits in individuals with insulin resistance or 
diabetes, although this has not been systematically 
investigated. Spironolactone is an aldosterone 
antagonist and has been associated with reduced 
inflammatory cytokine levels in various tissues,80 
as well as suppression of TNF-α, IL-6 and inhibi-
tion of NF-κB phosphorylation and nitric oxide 
synthesis,80 although the precise mechanism in 
HS is not well described.

Antimicrobial therapies

Oral antibiotics
There is a steady shift away from considering HS 
as a disease of infectious etiology to a chronic 
inflammatory condition.1,19 However the role of 
bacteria as either a driver of disease or a secondary 
bystander is unclear.19,81 Alterations to the cutane-
ous microbiome do influence disease activity, but 
through an aberrant immune response rather than 
a traditional infectious response82 Despite this, the 
role of antibiotics in HS is still seen by some 
patients and physicians as eliminating infection.83 
Examining the types of antibiotics used in HS 
(Table 3) reveals that the most effective options 

include therapies with significant anti-inflamma-
tory effect (carbapenems, aminoglycosides).

Tetracyclines in HS, which have shown clinical 
efficacy also have no effect on HS bacteriological 
cultures, suggesting an effect independent of bac-
tericidal activity.84

Tetracyclines
Tetracyclines are recommended for Hurley stage 
1 or early-stage 2 disease6,40 with one randomized 
controlled trial demonstrating no benefit com-
pared with topical clindamycin.42 Tetracyclines 
have well described anti-inflammatory activities 
aside from their antibacterial role through inhibi-
tion of the 30S ribosomal unit. Tetracyclines 
reduce IL-1, IL-6, TNF-α, and IL-8.85 IL-8 is 
vital for inhibition of neutrophil chemotaxis, the 
inhibition of reactive oxygen species, MMPs and 
lipooxygenases.85 This MMP-blocking ability is 
functional at submicrobial doses and in tetracy-
clines that have been altered to remove their anti-
microbial activity.85 Minocycline has the 
additional benefit of LPS-stimulated TLR2 inhi-
bition and has similar reactive oxygen species 
scavenger activity to tocopherol (vitamin E). It 
also inhibits macrophage function through a 
reduction in oxidized lipids, upregulated tissue 
inhibitor of metalloproteinase (TIMP-1) and 
inhibits NF-κB signaling.86

Oral therapy Mechanism(s) of action Quality of 
evidence15

Canonical effect(s) Documented anti-inflammatory 
effect(s)

Metronidazole Inhibition of nucleic acid 
synthesis

Impacts on gastrointestinal microbiome C

Ertapenem Binding to Penicillin-
binding proteins and 
disruption of cell wall 
synthesis

Reduction in IL-6, IL-12, TNF-α C

Linezolid Inhibition of protein 
synthesis initiation

Reduction in IL-1β, IL-6, IL-8, TNF-α.
Possible ERK1/2 signaling modulation

C

AP-1, activator protein 1; cAMP, cyclic adenosine monophosphate; GLP, glucagon like peptide; GM-CSF, granulocyte-
macrophage colony-stimulating factor; HS, hidradenitis suppurativa; IGF-1, Insulin Like Growth Factor- 1; IL, interleukin; 
iNOS, inducible nitric oxide synthase; LPS, lipopolysaccharide; MMP, matrix metalloproteinase; NF-κB, nuclear factor 
kappa B; NOS, nitric oxide synthase; PPAR, peroxisome proliferator-activated receptor; TLR2, Toll-like receptor; TNF, 
tumor necrosis factor.

Table 3. (Continued)
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Rifampicin
Rifampicin, in combination with clindamycin has 
been established as a beneficial treatment for HS.6 
The anti-inflammatory mechanism of action is 
controversial and may act via the corticosteroid 
receptor.87 It also reduces the transcription of 
inducible nitric oxide synthase (iNOS) and com-
petes with NF-κb for coactivator proteins and 
hence reduces NF-κB activity.87 Rifampicin is also 
known to reduce TH17 differentiation and modu-
lates T-cell responses.88 From a proinflammatory 
standpoint it can also activate NF-κB and sup-
press PPAR-γ expression and activity.87 This sup-
pression of PPAR-γ only occurs in the presence of 
the proinflammatory cytokine milieu88 although 
the clinical relevance of such data is unclear.

Clindamycin and erythromycin
Macrolide antibiotics function anti-microbially 
via the inhibition of the 50S ribosomal unit 
impairing bacterial protein synthesis.89 Macrolides 
also alter the bacterial biofilm structure by alter-
ing polysaccharide synthesis. Other anti-inflam-
matory effects include the decreasing activity of 
TNF-α, IL-8, IL-6 and granulocyte-macrophage 
colony-stimulating factor (GM-CSF) in neutro-
phils and epithelial cells via the augmentation of 
activator protein 1 (AP-1) and NF-κB activity in 
the nucleus.89 There is also some preliminary data 
suggesting augmentation of dendritic cell func-
tion with macrolides, with the effect varying 
between different forms of macrolide.89 A combi-
nation of rifampicin-clindamycin has been a 
widely recommended treatment.6 However, it has 
been recently proposed that rifampicin mono-
therapy may be sufficient for disease suppression 
and can be safely extended beyond the traditional 
10-week mark, whilst the risks of Clostridium dif-
ficile infection remained elevated (coinciding with 
the use of clindamycin) during the 10 weeks of 
combined therapy.90

Moxifloxacin
Moxifloxacin is a fluoroquinolone antibiotic fre-
quently used for the treatment of pneumonia91 
and is part of a recommended combination 
including rifampicin and metronidazole for dis-
ease control.42 It has been demonstrated in vitro 
that moxifloxacin decreases activity of TNF-α, 
IL-8, IL-1ß via stabilization of the IXb protein 
and prevents translocation of NF-κB to the 

nucleus.91,92 However, there is conflicting evi-
dence regarding the clinical relevance of this anti-
inflammatory activity. Animal models indicate 
that IL-1ß and IL-17A are reduced by moxifloxa-
cin in the presence of viable bacteria, but not bac-
teria inactivated by heat.93 Investigation in human 
models is needed to clarify the relevance of these 
results.

Metronidazole
As metronidazole is used as an adjuvant in ther-
apy with moxifloxacin and rifampicin, the indi-
vidual contribution of this drug to inflammation 
in HS is unclear. One unique aspect of metroni-
dazole in comparison with other antibiotics used 
for the management of HS, is that is has well-
documented impacts upon the gastrointestinal 
microbiome, resulting in metabolic dysregulation 
predisposing to obesity and insulin resist-
ance.64,65,94 Therefore in addition to the anti-
inflammatory mechanisms of antibiotics in HS, 
microbiome alterations may also have indirect 
anti-inflammatory effects in HS.

Intravenous antibiotics
The intravenous antibiotics ertapenem and line-
zolid have been reported as highly effective in 
chronic recalcitrant HS95,96 as a temporary bridge 
to definitive surgical management. Both drugs are 
known to have significant effects on the gut 
microbiota.95,96 Despite its efficacy during the ini-
tial 6-week course of therapy, relapses and flares 
are commonly reported after treatment cessation, 
requiring ongoing intermittent dosing, which 
raises concerns regarding emerging resistance of 
Pseudomonas sp. and Enterobacteriaceae sp.97 The 
shared anti-inflammatory activities of both agents 
include a reduction in IL-6, IL-12, TNF-α, as 
well as reduced activity of macrophages.95,97,98 
The risk of antibiotic resistance needs to be 
weighed against the efficacy of alternative anti-
inflammatory therapies in the use of these thera-
pies in HS.

Systemic immunomodulators and biologics
Given the recognized role of inflammation in the 
pathogenesis of HS,8 systemic immunosuppres-
sion has been tested in HS with variable success 
(Table 4). The overall level of evidence for sys-
temic immunosuppression in HS is low,13 with 
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high-level evidence such as randomized con-
trolled trials (RCTs) only available for etaner-
cept99 adalimumab,100 infliximab,101 anakinra,102 
apremilast103 MABp1104 and bermekimab 
(IFX-1).105

Colchicine
Colchicine is an anti-inflammatory agent used in 
the treatment of gout as well as autoinflamma-
tory conditions including familial Mediterranean 
fever.106 It functions via inhibition of tubulin 
polymerization, neutrophil function, suppres-
sion of NALP3 inflammasome, dendritic cell 
maturation as well as VEGF, S100A8, S100A9, 
NF-κB and Caspase 1.106,107 It has demonstrated 
some benefit in prospective trials in HS,107 how-
ever as in gout, it is limited by gastrointestinal 
side effects.

Methotrexate
Methotrexate has been reported in open-label 
studies but has not demonstrated any significant 
improvement in the degree of inflammation or 
frequency of flares in HS.108 Methotrexate is 
useful in the prevention of autoantibodies in the 
setting of adalimumab and infliximab therapy;109 
however there is no indication in the literature 
that adjuvant methotrexate has a significant 
impact upon disease control in HS. Despite the 
fact that methotrexate has been shown to restore 
expression of FOXp3 and Treg function,110 
methotrexate is reported as of ‘limited value’ for 
the treatment of HS108 with no patients in one 
prospective study demonstrating any improve-
ment with the drug. This is suggestive that whilst 
Th17/Treg homeostasis is involved in the patho-
genesis of HS,67 either it is not the sole inflam-
matory mechanism, or only a specific patient 

Table 4.  Effects of systemic immunomodulators in HS including assessment of the quality of evidence in each 
therapy.

Systemic 
immunomodulator

Mechanism of action Quality of 
evidence15

Canonical effect Proposed mechanism in HS

Methotrexate Dihydrofolate reductase 
inhibitor

Correction of FoxP3/Treg 
function leading to correction of 
TH17/Treg ratio

C

Cyclosporine Calcineurin inhibitor JNK p53 NFAT inhibitor, specific 
inhibitor of T-cells

C

Acitretin ATRA prodrug:
RXR/RAR nuclear 
transcription factors.

Alteration in AP-1, NF-κB 
transcription,
Promotes conversion of naïve 
T-cells to Foxp3 regulatory 
T-cells

C

Isotretinoin C

Dapsone Reduction in superoxide 
production and neutrophil 
function

Reduction of neutrophil 
chemotaxis and oxidative damage

C

Apremilast PDE4 inhibitor, reducing 
intracellular cAMP

Direct effect on T-cells dendritic 
cells, macrophages and 
monocytes, reducing IFN-γ and 
IL-2. Increases IL-10

B

INCB 57407 JAK1 inhibitor Multiple sites of action including 
suppression of inflammatory 
activity through alteration in gene 
regulation and expression in 
keratinocytes and leukocytes

Trials ongoing
NCT 03607487

cAMP, cyclic adenosine monophosphate; HS, hidradenitis suppurativa; IFN, interferon; IL, interleukin; NCT, 
ClinicalTrials.gov identifier; PDE4, phosphodiesterase 4; Treg, T regulator cell.
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population may benefit from methotrexate 
therapy.

Cyclosporine
Cyclosporine therapy has been reported to result 
in substantial improvement in recalcitrant HS111 
however the true efficacy is difficult to discern 
given the co-administration of prednisolone and 
oral antibiotics in many cases.112 The largest case 
series of 18 patients included only 2 patients who 
reported clinically significant improvement.112 
Putative mechanisms include the suppression of 
IL-2 and interferon (IFN)-γ via the known mech-
anisms of calcineurin inhibition in cyclosporine.113 
Where cyclosporine was co-administered with 
antibiotics it was unable to be elucidated whether 
the therapeutic effect was due to cyclosporine 
potentiating the effect of antibiotics (via CYP3A4) 
or the additive effects of both agents.

Acitretin and isotretinoin
Acitretin has been used in HS in various case 
series, with contradictory reports of success. A 
review by Blok and colleagues114 reported an 
improvement rate of 73%; however, a recent series 
by Tan and colleagues reported no improvement 
with acitretin monotherapy.115 A prospective 
study by Matusiak116 showed up to half of patients 
treated showed some improvement in symptoms, 
with a large proportion of stage 1 and 2 patients 
demonstrating improvement.116 Regarding the 
mechanisms of acitretin in HS, acitretin has been 
demonstrated to reduce the level of TH17 cells 
and serum IL-17 levels in psoriasis114 and also 
contributes to re-stabilizing the Th17/Treg imbal-
ance proposed to be central to inflammation in the 
disease.67 The tolerability of treatment with reti-
noids has been hampered by the high dosages 
needed to sustain ongoing improvements.

Isotretinoin has been reported to have a moderate 
to significant improvement in younger, female 
patients with facial acne114,117 however no clinical 
benefit has been seen in Hurley stage 3 patients. 
Its mechanism of action in acne has been reported 
to be mediated by multiple metabolites, including 
via the RXR-γ receptor leading to reduction in 
the size of the sebaceous glands. Given the known 
atrophy of sebaceous glands in established HS8 it 
is more likely that it exerts an effect through 
immunomodulatory mechanisms. It is known 
that all-trans retinoic acid (of which isotretinoin is 

a prodrug) modulates the function of T-cells and 
monocytes,118 particularly the induction of TH17 
cells via IL-6.67

Dapsone
Dapsone, similarly to retinoids, provides improve-
ment in mild HS and has no documented response 
in severe Hurley stage 3 disease.119 Dapsone func-
tions via anti-inflammatory and bacteriostatic 
properties.120 Given the sulfone-sensitive nature of 
microbial flora in HS,63 it is possible that the mech-
anism of action of dapsone may be contributed to 
by some antimicrobial effect. The anti-inflamma-
tory effect of dapsone is mediated by suppression of 
superoxide production and it also downregulates 
the LPS-stimulated production of TNF-α and 
IL-8.120 As both of these cytokines are prevalent in 
HS,8 this could provide a mechanism for the partial 
response to dapsone. Dapsone is also known to 
reduce neutrophil chemotaxis120 which may explain 
the additional effect in early-stage disease.

Apremilast
Apremilast is a phosphodiesterase 4 (PDE4) 
inhibitor currently used in psoriasis and psoriatic 
arthritis.121 It has been explored as a potential 
treatment in other inflammatory conditions 
including HS, with one RCT104 of 20 patients, 
with 53% achieving the hidradenitis suppurativa 
clinical response (HiSCR) at week 16. The mech-
anism of apremilast is the accumulation of intra-
cellular cyclic adenosine monophosphate (cAMP) 
resulting in protein kinase A activation and the 
regulation of multiple transcription factors includ-
ing activating transcription factor 1 (ATF-1), 
CREB-binding protein and NF-κB, which results 
in the decreased production of IFN-γ and IL-2. 
IL-10 is also increased with reduced stimulation 
of T-cells, monocytes and macrophages.121,122 
Given the diversity of the effects of apremilast this 
may be a promising avenue of investigation for 
the treatment of the inflammatory dysregulation 
in HS and shows a promising effect in well-estab-
lished disease.

Vitamins, supplements and alternative 
treatments
Vitamins and supplements including zinc,123 
myo-inositol,124 folic acid124 and magnesium124 
have been reported in individual case reports in 
HS; however, there is no evidence to suggest 
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increased efficacy over antibiotic therapy.124 
There are also significant risks of toxicity and 
adverse effects with high dosages.125 In instances 
where anti-inflammatory activity has been identi-
fied, no link to clinically significant response has 
been seen that could not be accounted for by pla-
cebo.123,124 Overall, further investigation is needed 
into the mechanisms and role of alternative thera-
pies in HS.

Monoclonal antibodies (biologics)
Monoclonal antibody therapy has revolutionized 
the treatment of chronic inflammatory disorders, 
such as psoriasis, rheumatoid arthritis and inflam-
matory bowel disease.126 Adalimumab is currently 
the only US FDA-approved monoclonal biologic 
therapy for HS,100 however a wide variety of mon-
oclonal antibodies have been trialed as a therapy 
in HS (Table 5), including in current phase II 
clinical trials. Response rates vary between thera-
pies, and given the specific targets of these drugs, 
this variation offers insights into important patho-
genic pathways in HS. It may also confirm or 
refute the concept of pathogenic heterogeneity in 
HS.127

Elevated levels of TNF-α, IL-17, IL-1 and C5a 
have been identified in lesional tissue of HS 
patients8 and this has been the justification for 
selective targeting of these inflammatory path-
ways. TNF-α, as a nonspecific inflammatory 
cytokine, has inferior clearance and response 
rates to other therapies such as IL-17 and IL-23 
inhibitors in psoriasis128 and the hope is that, sim-
ilarly to psoriasis, novel HS-specific therapeutic 
targets will be identified for which monoclonal 
antibodies can be developed. TNF-α has broad 
anti-inflammatory effect including modulating 
the activity of dendritic cells, monocytes and 
neutrophils.128

The role of IL-17 inhibition in HS is currently 
under investigation in multiple phase II clinical 
trials (Table 5). The underlying premise behind 
IL-17 inhibition includes the presence of Th17 
cells in HS lesional tissue,8 the role of IL-22, 
IL-17 and IL-23 in promoting the epidermal 
hyperplasia seen in HS8 and evidence from case 
reports of efficacy of IL-17 blockade in 
HS.129,130,131 Strong IL-17 signals are seen more 
in moderate and severe disease,8 so IL-17 may be 
beneficial in patients where TNF-α therapy has 

failed. A concern with the use of IL-17 antago-
nism in HS, however, is the association of HS 
with inflammatory bowel disease (IBD)131 and 
the inefficacy (and paradoxical worsening of dis-
ease) with IL-17 blockade in RCTs of IBD.132 
Interestingly, genetic studies identified the 
absence of a minor allele (TNF-like ligand 1A) 
which was associated with a lack of response in 
these patients.132 Therefore, if IL-17 blockade 
does demonstrate an effect in HS, there may be 
pharmacogenomic indicators which may predict 
benefit in patients with HS and IBD. This would 
be an interesting area of further research.

Novel agents including IFX-1,104 targeting C5a 
anaphylatoxin, are purported to indirectly sup-
press TNF-α activity in HS. An RCT including 20 
patients demonstrated response rates of 60% com-
pared with 10% for placebo.104 C5a signaling is 
also involved in IL-17 and IL-23 signaling through 
the modulation of dendritic cell activity.133,134 
However, the unaffected section of the comple-
ment cascade involving C5b-9 and membrane 
attack complex activation leads to multiple signal 
transduction activity including PI3K/Akt activa-
tion, STAT3 phosphorylation and cDC2 activa-
tion.132 The cDC2 activity mediates TNF-α 
activity as well as the modulation of transforming 
growth factor (TGF)-ß activity but does not block 
IL-22 production, which mediates Th17 activ-
ity.133,134 This mechanism may explain persistent 
inflammation in patients not responsive to IFX-1 
and C5a blockade,104 but also gives hope that 
IFX-1 may be more effective in patients with more 
advanced (Hurley stage 3) disease with fistulae, 
hypertrophic scarring and high TGF-ß activity.8

IL-1 blockade has been trialed in HS with the use 
of anakinra,102 an IL-1R antagonist and more 
recently with bermekimab105 a fully human anti-IL-
1α antagonist. Both drugs have been investigated in 
RCTs (Figure 3) with response rates of 78%102 and 
60%105 respectively. Cytokines of the IL-1 family 
(IL-1α, IL-1ß, IL-1R and IL-33) are important 
mediators of T-cell recruitment in inflammatory 
skin disease.8,135 It also has significant potential for 
activation of fibroblasts which may be involved in 
the development of scarring and fistulae in HS.8,135 
The disparate rates in clinical response between 
anakinra and bermekimab also suggests that other 
members of the IL-1 family (such as IL-18 or 
IL-33) may be involved in HS which are targeted 
by anakinra but not by bermekimab.135

https://journals.sagepub.com/home/taj


JW Frew, JE Hawkes et al.

journals.sagepub.com/home/taj	 15

Ustekinumab has been reported in a case reports136 
and an open-label study137 as a therapy for HS, and 
elevation of IL12p40 has been identified in HS.8 
Response rates (HiSCR) are reported as 47% with 

a positive response associated with low levels of 
LTA4H (leukotriene A4 hydrolaze)137 suggesting 
the activity of ustekinumab is more beneficial in the 
presence of active leukocyte activity,138 seen in early 

Table 5.  Monoclonal antibodies reported in HS including drugs under investigation.

Monoclonal antibody Mechanism(s) of action Quality of 
evidence15

Therapeutic target Proposed mechanism in HS

Adalimumab TNF-α Reduction in TNF-α
associated inflammation as well as 
keratinocyte-mediated feed-forward 
mechanisms.

A

Etanercept TNF-α B

Infliximab TNF-α B

Anakinra IL-1R Interruption of keratinocyte-mediated 
feed-forward mechanisms as well as 
microbiome-associated inflammatory drive.

B
NCT 01516749
NCT 01558375

Bermekimab (MABp1) IL-1α B
NCT 02643654

Secukinumab IL-17A Preferential suppression of keratinocyte-
induced feed-forward mechanisms and 
correction of Th17/Treg dysfunction

Trials ongoing
NCT 03099980

Bimikizumab IL-17A / IL-17F Trials ongoing
NCT 03248531

Ixekizumab IL-17A C
(case reports)

Ustekinumab IL-12 /IL-23
p40 subunit

Trials ongoing
NCT 01704534

Guselkumab IL-23 Trials ongoing
NCT 03628924

IFX-1 C5a Indirect suppression of TNF-α via upstream 
pathways

Trials ongoing
(NCT 03001622)

Efalizumab LFA-1 Interruption of ICAM-1-mediated 
inflammation
No improvement in prospective trial (n = 5)

NCT 00134134

Drugs under investigation

MEDI8968 IL-1 receptor I inhibitor Interruption of keratinocyte-mediated 
feed-forward mechanisms as well as 
microbiome-associated inflammatory drive.

Trials ongoing
NCT 01838499

CJM112 IL-17A inhibitor Preferential suppression of keratinocyte-
induced feed-forward mechanisms and 
correction of Th17/Treg dysfunction

Trials ongoing
NCT 02421172

HS, hidradenitis suppurativa; IL, interleukin; NCT, ClinicalTrials.gov identifier; PDE4, phosphodiesterase 4; TNF, tumor necrosis factor; Treg, T 
regulator cell.
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rather than advanced disease. Efalizumab 
(Raptiva®) has been investigated in a small cohort 
study139 of five women with moderate to severe, 
treatment-refractory HS. None of the individuals 
reported improvement of their symptoms.139 
Efalizumab functions through the blocking the 
actions of LFA-1 (leukocyte function associated 
antigen 1), including ICAM-1 binding, ICAM-1 
has been identified as involved in the inflammatory 
mechanisms of HS8 and is suggested to be involved 
in Porphyromonas and Peptinophillus-mediated 
inflammatory stimulation, including in the devel-
opment of fistulae. Blockage of ICAM-1 binding to 
leukocytes may potentiate the epithelial activity of 
ICAM-1 leading to increases in epithelial-associ-
ated inflammation, accounting for the worsening of 
disease seen in these patients.139

Other medications currently under investigation 
in clinical trials include JAK1 inhibitors, which, 
through IL-6 uncoupling, may ameliorate IL-22-
mediated inflammation as well as potentially the 
progression of scarring as is seen in other disor-
ders including chronic GvHD.140 However, given 
the contribution of Th1 and Th17 to inflamma-
tion in HS,8 it may be that combination of JAK1 
and JAK2 inhibition may be required in HS.141

Translating therapy into disease 
mechanisms
The common pathways implicated in topical, sys-
temic and immunomodulatory therapies are illus-
trated in Figure 2. Significant differences exist 

between the agents and implicated pathways in 
therapy for mild as opposed to severe disease. 
This is an expression of the possible dichotomy in 
inflammatory pathways (and hence varying 
responses to treatment) that exists in HS.

A common theme in multiple agents recom-
mended for use in mild to moderate disease is the 
augmentation of the NF-κB pathway as well as 
other inflammatory cytokines including TNF-α 
and IL-6, whether this be through topical or oral 
antibiotic therapy. This nonspecific inflammatory 
pathway, as well as the favorable rates of remis-
sion in mild HS, suggest that the disease in this 
stage is comparable to the chronic, relapsing 
inflammatory disorders including psoriasis and 
atopic dermatitis, which we are able to treat effec-
tively. Continuous therapy can control the dis-
ease, but therapy must be balanced against 
adverse effects, patient preference and potential 
long-term sequelae. The role of 16-α estrogens as 
a potential biomarker for the utility of hormonal 
therapy in HS is also an area requiring further 
study.

The role of bacteria in HS is still controversial; 
however, what is agreed upon is that the inflamma-
tory component of HS is likely to be an aberrant 
response to a dysbiotic cutaneous microbiome.19,63 
In early disease, antibacterial actions may have an 
effect upon the disease process, but the evidence to 
date suggests that the majority of effects are due to 
anti-inflammatory alterations. The bacteriostatic 
effect of antibacterial treatments may also indicate 

Figure 3.  Reported proportion of response in different RCTs in HS.
HS, hidradenitis suppurativa; RCT, randomized controlled trial.
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that bacterial virulence factors (which are not elim-
inated by bacteriostatic effects) may also play a role 
in the pathogenesis of disease. There is a moderate 
impact on biofilm formation and prevalence, and 
the incomplete elimination of biofilms may con-
tribute to disease recurrence along with the pres-
ence of a chronic feed-forward inflammatory 
drive. Despite this, the only proven major benefit 
of antibacterial therapies are the prevention of 
secondary colonization of impaired skin. These 
results are in direct conflict with the follicular 
occlusion paradigm in HS and implies that 
inflammation precedes occlusion, as in acne vul-
garis. This is also supported by immunohisto-
chemical studies of HS.8

When HS presents (or progresses) to moderate 
and severe disease (presence of scarring, fistulae 
and draining sinuses), therapeutic escalation to 
systemic immunomodulatory therapies and intra-
venous antibiotic therapies commonly ensues. It 
is difficult to untangle the role of the microbiome 
in moderate to severe HS, however, one hypoth-
esis that high dose antibiotics, through profound 
changes in the gastrointestinal microbiome, may 
influence systemic inflammation, is captivating. 
The (albeit limited) benefit of systemic agents 
such as retinoids suggest that NF-κB and AP-1 
transcription factors142,143 still play a central role 
in the inflammatory cascade of more advanced 
HS. However, the lack of efficacy of other thera-
pies including hormonal therapies, methotrexate 
and cyclosporine suggest that other self-perpetu-
ating inflammatory mechanisms are involved.

Studies involving monoclonal antibodies provide 
the greatest insight into what these specific mech-
anisms may be. The varying levels of clinical effi-
cacy compared with placebo (Figure 3) bolsters 
the suggestion that differential inflammatory 
pathways may be involved in different presenta-
tions of disease. Within studies, particularly with 
adalimumab,100 the rates of efficacy were reduced 
for Hurley stage 3 patients than Hurley stage 2 
patients. This is in contrast to bermekimab105 and 
anakinra,102 where response rates are highest; and 
the proportion of Hurley stage 3 patients are sig-
nificantly higher. It is unclear whether IL-17 
blockade will have similar results to TNF-α inhi-
bition in HS (with greater benefit in mild disease 
as opposed to severe disease), or whether due  
to the augmentation in epithelial hyperplasia, 
keratinocyte-mediated feed-forward mechanisms 
may be interrupted, leading to similar response 

rates to IL-1 blockade (with greater utility in 
severe disease). Small molecule targets such as 
apremilast and JAK inhibition have the potential 
to be useful monotherapies and adjuvants and 
further clinical trials are sorely needed.

The significant placebo rates (up to 30%) in HS 
RCTs serve as a caveat to the interpretation of 
small degrees of clinical improvement in HS. Due 
to the lack of controlled, untreated natural history 
studies in HS, the rates of spontaneous resolution 
of lesions are difficult to discern in comparison 
with other chronic inflammatory skin diseases, 
such as atopic dermatitis and psoriasis. An addi-
tional complicating factor is the proinflammatory 
contribution of metabolic comorbidities (such as 
diabetes and obesity).8 Subgroup analysis in exist-
ing studies is unreliable due to small patient num-
bers, however it is feasible that specific therapies 
may be more beneficial in HS patients with spe-
cific comorbidities due to the specific cytokine 
stimulation caused by other comorbid conditions 
present in these patients.

Conclusion
Examining the therapeutic mechanisms in treat-
ments for HS has identified a potential dichotomy 
in inflammatory processes between mild to moder-
ate and moderate to severe disease. NF-κB, TNF-
α and other innate immune mechanisms are 
strongly represented in treatments which are effec-
tive in mild to moderate disease in the absence of 
scarring or draining fistulae (Hurley stage 1 and 
Hurley stage 2 disease); however, complex feed-
forward mechanisms in severe disease (Hurley 
stage 2 to Hurley stage 3) respond to IL-1 inhibi-
tion but are less likely to respond to innate immune 
inhibition (through NF-κB or TNF-α) alone. It is 
unclear whether IL-17 inhibition will parallel TNF-
α or IL-1 inhibition in effect; however, it is plausi-
ble that small molecule targets may provide an 
effective new strategy. It is also plausible that per-
sonalized treatment regimens based upon comor-
bidities and genetic variants will be essential to 
identify the most effective therapy for HS patients.

Funding
The author(s) disclosed receipt of the following 
financial support for the research, authorship, 
and/or publication of this article: JWF, JEH and 
JGK were supported in part by a grant # UL1 
TR001866 from the National Center for 
Advancing Translational Sciences (NCATS), 

https://journals.sagepub.com/home/taj


Therapeutic Advances in Chronic Disease 10

18	 journals.sagepub.com/home/taj

National Institutes of Health (NIH) Clinical and 
Translational Science Award (CTSA) program.
JEH was supported in part by a grant # 
KL2TR001865 from the NCATS, NIH CTSA 
program.

Conflict of interest statement
The author(s) declared the following potential con-
flicts of interest with respect to the research, author-
ship, and/or publication of this article: JEH serves as 
an investigator/consultant for Pfizer Inc. and 
Novartis. JGK has been a consultant to, and has 
received research support from, the following com-
panies that have developed or are developing thera-
peutics for psoriasis: AbbVie, Amgen, Boehringer, 
Bristol–Myers Squibb, Celgene, Dermira, Idera, 
Janssen, Leo, Lilly, Merck, Novartis, Pfizer, 
Regeneron, Sanofi, Serono, Sun, Valeant, and 
Vitae. The other authors have no financial conflicts 
of interest

ORCID iD
John W. Frew  https://orcid.org/0000-0001 
-5042-3632

References
    1.	 Hoffman LK, Ghias MH and Lowes MA. 

Pathophysiology of Hidradenitis Suppurativa. 
Semin Cutan Med Surg 2017; 36: 47–54.

    2.	 Ingram JR, Jenkins-Jones S, Knipe DW, et al. 
Population-based clinical practice research 
datalink study using algorithm modelling 
to identify the true burden of hidradenitis 
suppurativa. Br J Dermatol 2018; 178: 917–924.

    3.	 Frew JW, Vekic DA, Woods JA, et al. A systematic 
review and critical evaluation of reported 
pathogenic sequence variants in hidradenitis 
suppurativa. Br J Dermatol 2017; 177: 987–998.

    4.	 Kirby JS, Miller JJ, Adams DR, et al. Healthcare 
utilization patterns and costs for patients with 
hidradenitis suppurativa. JAMA Dermatol 2014; 
150: 937–944.

    5.	 Saunte DM, Boer J, Stratigos A, et al. 
Diagnostic delay in hidradenitis suppurativa 
is a global problem. Br J Dermatol 2015; 173: 
1546–1549.

    6.	 Zouboulis CC, Desai N, Emtestam L, et al. 
European S1 guideline for the treatment of 
hidradenitis suppurativa/acne inversa. J Eur 
Acad Dermatol Venereol 2015; 29: 619–644.

    7.	 Fotiadou C, Vakirlis E and Ionnides D. 
Spotlight on adalimumab in the treatment 
of active moderate-to-severe hidradenitis 
suppurativa. Clin Cosmet Invest Dermatol 2016; 
9: 367–372.

    8.	 Frew JW, Hawkes JE and Krueger JG. A 
systematic review and critical evaluation 
of inflammatory cytokine associations in 
hidradenitis suppurativa. F1000Res 2018.

    9.	 Riis PT, Thorlacius LR and Jemec GB. 
Investigational drugs in clinical trials for 
hidradenitis suppurativa. Expert Opin Investig 
Drugs 2018; 27: 43–53.

 	 10.	 Maarouf M, Clark AK, Lee DE, et al. Targeted 
treatments for hidradenitis suppurativa: a 
review of the current literature and ongoing 
clinical trials. J Dermatolog Treat 2018; 29: 
441–449.

	  11.	 Frew JW, Hawkes JE and Krueger JG.  
A systematic review and critical evaluation 
of immunohistochemical associations in 
hidradenitis suppurativa [version 1; referees: 
awaiting peer review]. F1000Research 
2018; 7: 1923, https://doi.org/10.12688/
f1000research.17268.1

 	 12.	 Pesce A, Capuzzo G, Cammisuli B, et al. 
Pilonidal disease, hidradenitis suppurativa and 
follicular occlusion syndrome: a diagnostic 
challenge. Eur Rev Med Phamacol Sci 2018; 22: 
4755–4756.

 	 13.	 Ingram JR, Woo PN, Chua SL, et al. 
Interventions for hidradenitis suppurativa. 
Cochrane Database Syst Rev 2015; 10: 
CD010081.

 	 14.	 Deckers IE and Prens EP. An update on 
medical treatment options for hidradenitis 
suppurativa. Drugs 2016; 76: 215–229.

 	 15.	 Robinson JK. Systematic reviews: grading 
recommendations and evidence quality. Arch 
Dermatol 2008; 144: 97–99.

 	 16.	 McDonnell G and Russell D. Antiseptics and 
disinfectants: activity, action and resistance. 
Clin Microbiol Reviews 1999; 12: 147–179.

 	 17.	 Bonez PC, Filippidos C, Alves S, et al. 
Chlorhexidine activity against bacterial biofilms. 
Am J Infect Control 2013; 41: e119–e122.

 	 18.	 Fitzgerald KA, Davies A and Russell AD. 
Bacterial uptake of 14C-chlorhexidine diacetate 
and 14C-benzyl alcohol and the influence of 
phenoxyethanol and azolectin: studies with 
gram-negative bacteria. Microbios 1992; 70: 
77–91.

https://journals.sagepub.com/home/taj
https://orcid.org/0000-0001-5042-3632
https://orcid.org/0000-0001-5042-3632
https://doi.org/10.12688/f1000research.17268.1
https://doi.org/10.12688/f1000research.17268.1


JW Frew, JE Hawkes et al.

journals.sagepub.com/home/taj	 19

 	 19.	 Guet-Revillet H, Jais JP, Ungeheuer MN, et al. 
The microbiological landscape of anaerobic 
infections in hidradenitis suppurativa: a 
prospective metagenomic study. Clin Infec Dis 
2017; 65: 282–291.

 	 20.	 Ingram JR and McPhee M. Management 
of hidradenitis suppurativa: a UK survey of 
current practice. Br J Dermatol 2015; 173: 
1070–1072.

 	 21.	 Bigliardi PL, Alsagoff SAL, El-Kafrawi HY, 
et al. Povidone iodine in wound healing: a 
review of current concepts and practices. Int J 
Surgery 2017; 44: 260–268.

 	 22.	 Chandler CJ and Segel IH. Mechanism of the 
antimicrobial action of pyrithione: effects on 
membrane transport, ATP levels, and protein 
synthesis. Antimicrob Agents Chemother 1978; 14: 
60–68.

 	 23.	 Kitamura H, Morikawa H, Kamon H, et al. 
Toll-like receptor-mediated regulation of zinc 
homeostasis influences dendritic cell function. 
Nat Immunol 2006; 7: 971–977.

 	 24.	 Lamore SD and Wondrak GT. Zinc pyrithione 
impairs zinc homeostasis and upregulates stress 
response gene expression in reconstructed 
human epidermis. BioMetals 2011; 24: 
875–890.

 	 25.	 Yoon KS, Youn N, Gu H, et al. Estrogenic 
activity of zinc pyrithione: an in vivo and in 
vitro study. Environ Health Toxicol 2017; 32: 
e2017004.

 	 26.	 Perumal PK, Wand ME, Sutton JM, et al. 
Evaluation of the effectiveness of hydrogen 
peroxide-based disinfectants on biofilms formed 
by Gram-negative pathogens. J Hosp Infect 
2014; 87: 227–233.

 	 27.	 Lajevardi SS and Abeysinghe J. Novel technique 
for management of axillary hidradenitis 
suppurativa using setons. Case Rep Surg 2015; 
2015: 369657.

 	 28.	 Banerjee S, Zmijewski JW, Lorne E, et al. 
Modulation of SCFBetaTrCP dependent IkBa 
ubiquination by hydrogen peroxide. J Biol Chem 
2010; 285: 2665–2675.

 	 29.	 Wittmann C, Chockley P, Singh SK, et al. 
Hydrogen peroxide in inflammation: messenger, 
guide, and assassin. Adv Hematol 2012; 2012: 
541471.

 	 30.	 Huang JT, Abrams M, Tlougan B, et al. 
Treatment of Staphylococcus aureus colonization 
in atopic dermatitis decreases disease severity. 
Pediatrics 2009; 123: e808–e814.

 	 31.	 Leung TH, Zhang LF, Wang J, et al. Topical 
hypochlorite ameliorates NF-κB-mediated 
skin diseases in mice. J Clin Invest 2013; 123: 
5361–5370.

 	 32.	 Eriksson S, van der Plas MJA, Morgelin M, 
et al. Antibacterial and antibiofilm effects of 
sodium hypochlorite against Staphylococcus 
aureus isolates derived from patients with atopic 
dermatitis. Br J Dermatol 2017; 117: 513–521.

 	 33.	 Epstein AK, Pokroy B, Seminara A, et al. 
Bacterial biofilm shows persistent resistance to 
liquid wetting and gas penetration. Proc Natl 
Acad Sci U S A 2011; 108: 995–1000.

 	 34.	 Knowlden SA, Yoshida T, Perez-Nazario N, 
et al. Bleach baths promote early induction of 
inflammatory pathway genes with no effect 
on skin bacterial dysbiosis in AD subjects 
[abstract]. J Invest Dermatol 2017; 137: S50.

 	 35.	 Barros SP, Wirojchanasak S, Barrow DA, 
et al. Triclosan inhibition of acute and chronic 
inflammatory gene pathways. J Clin Periodontol 
2010; 37: 412–418.

 	 36.	 Lubarsky HV, Gerbersdorf SU, Hubas C, et al. 
Impairment of the bacterial biofilm stability by 
triclosan. PLoS One 2012; 7: e31183.

 	 37.	 Hessam S, Sand M, Meier NM, et al. 
Combination of oral zinc gluconate and topical 
triclosan: an anti-inflammatory treatment 
modality for initial hidradenitis suppurativa. J 
Dermatol Sci 2016; 84: 197–202.

 	 38.	 Maiden MM, Agostinho Hunt AM, Zachos 
MP, et al. Triclosan is an aminoglycoside 
adjuvant for the eradication of Pseudomonas 
aeruginosa biofilms. Antimicrob Agents 
Chemother 2018; 62: pii: e00146–18.

 	 39.	 Gulliiver W, Zouboulis CC, Prens E, et al. 
Evidence-based approach to treatment of 
hidradenitis suppurativa/acne inversa, based 
on the European guidelines for hidradenitis 
suppurativa. Rev Endocr Metab Disord 2016; 17: 
343–351.

 	 40.	 Clemmensen OJ. Topical treatment of 
hidradenitis suppurativa with clindamycin. Int J 
Dermatol 1983; 22: 325–328.

 	 41.	 Jemec GB and Wendelboe P. Topical 
clindamycin versus systemic tetracycline in the 
treatment of hidradenitis suppurativa. J Am 
Acad Dermatol 1998; 39: 971–974.

 	 42.	 Zouboulis CC, Bechara FG, Dickinson-Block 
JL, et al. Hidradenitis suppurativa/acne inversa: 
a practical framework for treatment optimization 
– systematic review and recommendations from 

https://journals.sagepub.com/home/taj


Therapeutic Advances in Chronic Disease 10

20	 journals.sagepub.com/home/taj

the HS ALLIANCE working group. J Eur 
Acad Dermatol Venereol. Epub ahead of print 23 
October 2018. DOI: 10.1111/jdv.15233.

 	 43.	 Hodille E, Badiou C, Bouveyron C, et al. 
Clindamycin suppresses virulence expression in 
inducible clindamycin-resistant Staphylococcus 
Aureus strains. Ann Clin Microbiol Antimicrob 
2018; 17: 38.

 	 44.	 Altenberg J, de Graaf CS, van de Werth TS, 
et al. Immunomodulatory effects of macrolide 
antibiotics - Part 1: biological mechanisms. 
Respiration 2011; 81: 67–74.

 	 45.	 Sieber MA and Hegel JK. Azelaic acid: 
properties and mode of action. Skin Pharmacol 
Physiol 2014; 27(Suppl. 1): 9–17.

 	 46.	 Charnock C, Brudeli B and Klaveness J. 
Evaluation of the antibacterial efficacy of 
diesters of azelaic acid. Eur J Pharm Sci 2004; 
21: 589–596.

 	 47.	 Mastrofrancesco A, Ottaviani M, Aspite N, 
et al. Azelaic acid modulates the inflammatory 
response in normal human keratinocytes 
through PPARγ activation. Exp Dermatol 2010; 
19: 813–820.

 	 48.	 Dreno B, Gollnick HPM, Kang S, et al. 
Understanding innate immunity and 
inflammation in acne: implications for 
management. J Eur Acad Dermatol Venereol 
2015; 29(Suppl. 4): 3–11.

  	49.	 Bikowski JB. Mechanisms of the comedolytic 
and anti-inflammatory properties of topical 
retinoids. J Drugs Dermatol 2005; 4:  
41–47.

  	50.	 Canavan TN, Chen E and Elewski BE. 
Optimizing non-antibiotic treatment for patients 
with acne: a review. Dermatol Ther (Heidelb) 
2016; 6: 555–578.

  	51.	 Gill L, Williams M and Hamzavi I. Update on 
hidradenitis suppurativa: connecting the tracts. 
F1000Prime Rep 2014; 6: 112.

 	 52.	 Schmidt N. Tretinoin: a review of its  
anti-inflammatory properties in the  
treatment of acne. J Clin Aesthet Dermatol  
2011; 4: 22–29.

 	 53.	 Boer J and Jemec GB. Resorcinol peels as a 
possible self-treatment of painful nodules in 
hidradenitis suppurativa. Clin Exp Dermatol 
2010; 35: 36–40.

  	54.	 Pascual JC, Encabo B, Ruiz de Apodaca RF, 
et al. Topical 15% resorcinol for hidradenitis 
suppurativa: AN uncontrolled prospective 

trial with clinical and ultrasonographic 
follow-up. J Am Acad Dermatol 2017; 77: 
1175–1178.

  	55.	 Lightowler JE and Rylance HJ. On the anti-
inflammatory activity of some substituted 
phenolic compounds. Br J Pharmacol Chemother 
1964; 22: 221–227.

  	56.	 Riis PT, Boer J, Prens EP, et al. Intralesional 
triamcinolone for flares of hidradenitis 
suppurativa (HS): a case series. J AM Acad 
Dermatol 2016; 75: 1151–1155.

  	57.	 Kraft JN and Searles GE. Hidradenitis 
suppurativa in 64 female patients: retrospective 
study comparing oral antibiotics and 
antiandrogen therapy. J Cutan Med Surg 2007; 
11: 125–131.

 	 58.	 Wong D, Walsh S and Alhusayen R. Low-dose 
systemic corticosteroid treatment for recalcitrant 
hidradenitis suppurativa. J AM Acad Dermatol 
2016; 75: 1059–1062.

 	 59.	 Fajenbaum K. Intralesional triamcinolone, a 
standard of care treatment for acute hidradenitis 
suppurativa, does not prove to be superior 
to placebo. In: 2nd annual symposium on 
hidradenitis suppurativa, Hotel St Regis, Detroit, 
MI, USA, 4–5 November 2017.

 	 60.	 Vilanova I, Hernandez JL, Mata C, et al. Insulin 
resistance in hidradenitis suppurativa: a case 
control study. J Eur Acad Dermatol Venereol 
2018; 32: 820–824.

 	 61.	 Verdolini R, Clayton N, Smith A, et al. 
Metformin for the treatment of hidradenitis 
suppurativa: a little help along the way. J Eur 
Acad Dermatol Venereol 2013; 27: 1101–1108.

 	 62.	 Ring HC, Thorsen J, Saunte DM, et al. The 
follicular skin microbiome in patients with 
hidradenitis suppurativa and healthy controls. 
JAMA Dermatol 2017; 153: 897–905.

 	 63.	 Kim CH. Immune regulation by microbiome 
metabolites. Immunology 2018; 154: 220–229.

 	 64.	 Tan JK, McKenzie C, Marino E, et al. 
Metabolite-sensing G protein coupled receptors 
– facilitators of diet-related immune regulation. 
Ann Rev Immunol 2017; 35: 371–402.

 	 65.	 Valeria de Vita Melnik BC. mTORC1 at the 
crossroad of metabolism and immunity in 
hidradenitis suppurativa. J Eur Acad Dermatol 
Venereol. Epub ahead of print 5 October 2018. 
DOI: 10.1111/jdv.15270.

 	 66.	 Melnik BC, John SM, Chen W, et al. T 
helper 17 cell/regulatory T-cell imbalance in 

https://journals.sagepub.com/home/taj


JW Frew, JE Hawkes et al.

journals.sagepub.com/home/taj	 21

hidradenitis suppurativa/acne inversa: the link 
to hair follicle dissection, obesity, smoking and 
autoimmune conditions. Br J Dermatol 2018; 
179: 260–272.

 	 67.	 Akdogan N, Alli N and Uysal PI. Visfatin 
and insulin levels and cigarette smoking are 
independent risk factors for hidradenitis 
suppurativa: a case control study. Arch Dermatol 
Res. Epub ahead of print 6 October 2018. DOI: 
10.1007/s00403–018–1867.

 	 68.	 Insuela DRB and Carvalho VF. Glucagon 
and glucagon like peptide-1 as novel anti-
inflammatory and immunomodulatory 
compounds. European J Pharmacol 2017; 812: 
64–72.

 	 69.	 Nauck M. Incretin therapies: highlighting 
common features and differences in the modes 
of action of glucagon-like peptide-1 receptor 
agonists and dipeptidyl peptidase-4 inhibitors. 
Diabetes Obes Metabol 2016; 18: 203–216.

 	 70.	 Dozsa A, Dezso B, Toth BI, et al. PPAR 
gamma-mediated and arachidonic acid 
dependent signaling is involved in differentiation 
and lipid production of human sebocytes. J 
Invest Dermatol 2014; 134: 910–920.

 	 71.	 Garg A, Neuren E and Strunk A. Hidradenitis 
suppurativa is associated with polycystic ovary 
syndrome: a population-based analysis in the 
United States. J Invest Dermatol 2018; 138:  
1288–1292.

 	 72.	 Riis PT, Ring HC, Themstrup L, et al. The 
role of androgens and estrogens in hidradenitis 
suppurativa: a systematic review. Acta Derm 
Croat 2016; 24: 239–249.

 	 73.	 Karagiannidis I, Nikolakis G, Sabat R, et al. 
Hidradenitis suppurativa/acne inversa: an 
endocrine skin disorder? Rev Endocr Metab 
Disord 2016; 17: 335–341.

 	 74.	 Karagiannidis I, Nikolakis G and Zouboulis 
CC. Endocrinological aspects of hidradenitis 
suppurativa. Derm Clin 2016; 34: 45–49.

  	75.	 Bereshchenko O, Bruscoli S and Riccardi C. 
Glucocorticoids, sex hormones, and immunity. 
Front Immunol 2018; 9: 1332.

 	 76.	 Straub RH. Interaction of the endocrine system 
with inflammation: a function of energy and 
volume regulation. Arthritis Res Ther 2014; 16: 
203.

 	 77.	 Xiao X, He Y, Li C, et al. Nicastrin mutations 
in familial acne inversa impact keratinocyte 
proliferation and differentiation through the 

Notch and phosphoinositide 3-kinase/AKT 
signaling pathways. Br J Dermatol 2016; 174: 
522–532.

 	 78.	 Clark AK, Quinonez RL and Saric S. Sivamani 
hormonal therapy for hidradenitis suppurativa: 
review. Dermatol Online J 2017; 23.

 	 79.	 Kato Y, Kamiya H, Koide N, et al. 
Spironolactone inhibits production of 
proinflammatory mediators in response to 
lipopolysaccharide via inactivation of nuclear 
factor-κB. Immunopharmacol Immunotoxicol 
2014; 36: 237–241.

 	 80.	 Zhang L, Hao JB, Ren LS, et al. The 
aldosterone receptor antagonist spironolactone 
prevents peritoneal inflammation and fibrosis. 
Lab Invest 2014; 94: 839–850.

 	 81.	 Saunte DML and Jemec GBE. Hidradenitis 
suppurativa: advances in diagnosis and 
treatment. JAMA 2017; 318: 2019–2032.

 	 82.	 Naik HB, Nassif A, Ramesh MS, et al. Are 
bacteria infectious pathogens in hidradenitis 
suppurativa (HS)? Debate at the symposium 
for hidradenitis suppurativa advances meeting, 
November 2017. J Invest Dermatol. Epub ahead 
of print 8 November 2018. DOI: 10.1016/j.
jid.2018.09.036.

 	 83.	 Zaaroura H, Geffen Y, Bergman R, et al. 
Clinical and microbiological properties of 
Staphylococcus lugdunensis skin infections. J 
Dermatol 2018; 45: 994–999.

 	 84.	 Tilakaratne A and Soory M. Anti-inflammatory 
actions of adjunctive tetracyclines and 
other agents in periodontitis and associated 
comorbidities. Open Dent J 2014; 8: 109–124.

 	 85.	 Sun J, Shigemi H, Tanaka Y, et al. 
Tetracyclines downregulate the production of 
LPS-included cytokines and chemokines in 
THP-1 cells via ERK, p38 and nuclear factor 
kB signaling pathways. Biochem Biophys Res 
2015; 4: 397–404.

 	 86.	 Schmidt KE, Kuepper JM, Schumak B, et al. 
Doxycycline inhibits experimental cerebral 
malaria by reducing inflammatory immune 
reactions and tissue-degrading mediators. PLos 
One 2018; 13: e0192717.

 	 87.	 Yuhas Y, Berent E, Ovadiah H, et al. Rifampin 
augments cytokine-induced nitric oxide 
production in human alveolar epithelial cells. 
Antimicrob Agents Chemother 2006; 50: 396–398.

 	 88.	 Ma K, Chen X, Chen JC, et al. Rifampicin 
attenuates experimental autoimmune 

https://journals.sagepub.com/home/taj


Therapeutic Advances in Chronic Disease 10

22	 journals.sagepub.com/home/taj

encephalomyelitis by inhibiting pathogenic Th17 
cells responses. J Neurochem 2016; 139: 1151–
1162.

 	 89.	 Altenberg J, de Graaf CS, van der Werf TS, 
et al. Immunomodulatory effects of macrolide 
antibiotics – part 1: biological mechanisms. 
Respiration 2011; 81: 67–74.

 	 90.	 Albrecht J, Barbaric J and Nast A. Rifampin 
alone may be enough. Is it time to abandon the 
oral clindamycin-rifampicin combination for 
hidradenitis suppurativa? Br J Derm. Epub ahead 
of print 15 November 2018. DOI:10.1111/
bjd.17422.

  	91.	 Weiss T, Shalit I, Blau H, et al. Anti-
Inflammatory effects of moxifloxacin on activated 
human monocytic cells: inhibition of NF-kB 
and mitogen activated protein kinase activation 
and of synthesis of pro-inflammatory cytokines. 
Antimicrob Agents Chemother 2004; 48: 1974–
1982.

 	 92.	 Choi JH, Song MJ, Kim SH, et al. Effect of 
moxifloxacin on production of proinflammatory 
cytokines from human peripheral blood 
mononuclear cells. Antimicrob Agents Chemother 
2003; 47: 3704–3707.

 	 93.	 Beisswenger C, Honecker A, Kamyschnikow 
A, et al. Moxifloxacin modulates inflammation 
during murine pneumonia. Respir Res 2014; 15: 
82.

 	 94.	 Rodrigues RR, Greer RL, Dong X, et al. 
Antibiotic induced alterations in gut microbiota 
are associated with changes in glucose 
metabolism in healthy mice. Front Microbiol 
2017; 8: 2306.

 	 95.	 Chahine AA, Nahhas AF, Braunberger TL, 
et al. Ertapenem rescue therapy in hidradenitis 
suppurativa. JAAD Case Rep 2018; 4: 482–483.

 	 96.	 Yoshizawa S, Tateda K, Saga T, et al. Virulence 
suppressing effects of linezolid on methicillin-
resistant Staphylococcus aureus: possible 
contribution to early defervescence. Anti Microb 
Agents Chemother 2012; 56: 1744–1748.

 	 97.	 Mendes-Bastos P, Martorell A and Magina S. 
Ertapenem for the treatment of hidradenitis 
suppurativa: how much do we need it? Actas 
Dermosifiliogr 2018; 109: 582–583.

 	 98.	 Bode C, Muenster S, Diedrich B, et al. 
Linezolid, vancomycin and daptomycin 
modulate cytokine production, Toll-like 
receptors and phagocytosis in a human in 
vitro model of sepsis. J Antibiotics 2015; 68: 
485–490.

 	 99.	 Adams D, Yankura JA, Fogelberg AC, et al. 
Treatment of hidradenitis suppurativa with 
etanercept injection. Arch Dermatol 2010; 146: 
501–504.

100.	 Kimball AB, Okun MM, Williams DA, 
et al. Two phase 3 trials of adalimumab for 
hidradenitis suppurativa. N Engl J Med 2016; 
375: 422–434.

	101.	 Grant A, Gonzales T, Montgomery MO, et al. 
Infliximab therapy for patients with moderate to 
severe hidradenitis suppurativa: a randomized, 
double-blind placebo-controlled crossover trial. 
J Am Acad Dermatol 2010; 62: 205–217.

	102.	 Tzanetakou V, Kanni T, Giatrakou S, et al. 
Safety and efficacy of anakinra in severe 
hidradenitis suppurativa a randomized clinical 
trial. JAMA Dermatol 2016; 152: 52–59.

	103.	 Vossen ARJV, van Doorn MBA, van der Zee 
HH, et al. Apremilast for moderate hidradenitis 
suppurativa: results of a randomized controlled 
trial. J Am Acad Dermatol 2019; 80(1): 80–88.

	104.	 Kanni T, Zenker O, Habel M, et al. 
Complement activation in hidradenitis 
suppurativa: a new pathway of pathogenesis? Br 
J Dermatol 2018; 179: 413–419.

	105.	 Kanni T, Argyropoulou M, Spyridopoulos T, 
et al. MABp1 Targeting IL-1alpha for moderate 
to severe hidradenitis suppurativa not eligible 
for adalimumab: a randomized study. J Invest 
Dermatol 2018; 138: 795–801.

	106.	 Leung YY, Hui LLY and Kraus VB. 
Colchicine: update on mechanisms of action 
and therapeutic uses. Semin Arthritis Rheum 
2015; 45: 341–350.

	107.	 Armyra K, Kouris A, Markantoni V, et al. 
Hidradenitis suppurativa treated with tetracycline 
in combination with colchicine: a prospective 
series of 20 patients. Int J Dermatol 2017; 56: 
346–350.

	108.	 Jemec GB. Methotrexate is of limited value in 
the treatment of hidradenitis suppurativa. Clin 
Exp Derm 2002; 27: 528–529.

	109.	 Heiberg MS, Rodevand E, Mikkelsen K, et al. 
Adalimumab and methotrexate is more effective 
than adalimumab alone in patients with 
established rheumatoid arthritis: results from a 
6-month longitudinal observational multicenter 
study. Ann Rheum Dis 2006; 65: 1379–1383.

	110.	 Cribbs AP, Kennedy A, Penn H, et al. 
Methotrexate restores regulatory T-cells 
function through demethylation of FOXP3 

https://journals.sagepub.com/home/taj


JW Frew, JE Hawkes et al.

journals.sagepub.com/home/taj	 23

upstream enhancer in patients with rheumatoid 
arthritis. Arthritis Rheumatol 2015; 67:  
1182–1192.

	111.	 Bianchi L, Hansel K and Stingeni L. 
Recalcitrant severe hidradenitits suppurativa 
successfully treated with cyclosporine A. J Am 
Acad Dermtol 2012; 67: 278–279.

	112.	 Andreson MD, Zauli S, Bettoli V, et al. 
Cyclosporine treatment of severe hidradenitis 
suppurativa: a case series. J Dermatol Treat 
2016; 27: 247–250.

	113.	 Fonseca ACRG, Carvalho E, Eriksson JW, et al. 
Calcineurin is an important factor involved in 
glucose uptake in human adipocytes. Mol Cell 
Biochem 2018; 445: 157–168.

	114.	 Blok JL, van Hattem S, Jonkman MF, et al. 
Systemic therapy with immunosuppressive 
agents and retinoids in hidradenitis suppurativa: 
a systematic review. Br J Dermatol 2013; 168: 
243–252.

	115.	 Tan MG, Shear NH, Walsh S, et al. Acitretin: 
monotherapy or combined therapy for 
hidradenitis suppurativa? J Cut Med Surg 2017; 
21: 48–53.

	116.	 Matusiak L, Biniek A and Szepietowski JC. 
Acitretin treatment for hidradenitis suppurativa: 
a prospective series of 17 patients. Be J Dermtol 
2014; 171: 170–174.

	117.	 Huang CM and Kirchhof MG. A new 
perspective on isotretinoin treatment of 
hidradenitis suppurativa: a retrospective chart 
review of patient outcomes. Dermatology 2017; 
233: 120–125.

	118.	 Raverdeau M and Mills KH. Modulation  
of T-cell and innate immune responses by 
retinoic acid. J Immunol 2014; 192:  
2953–2958.

	119.	 Yazdanyar S, Boer J, Ingvarsson G, et al. 
Dapsone therapy for hidradenitis suppurativa: 
a series of 24 patients. Dermatology 2011; 222: 
342–346.

	120.	 Wozel G and Blasum C. Dapsone in 
dermatology and beyond. Arch Dermatol Res 
2014; 306: 103–124.

	121.	 Schafer P. Apremilast mechanism of action and 
application to psoriasis and psoriatic arthritis. 
Biochem Pharmacol 2012; 83: 1583–1590.

	122.	 Li H, Zuo J and Tang W. Phosphodiesterase-4 
inhibitors for the treatment of inflammatory 
bowel diseases. Front Pharmacol 2018;  
9: 1048.

	123.	 Poveda I, Vilarrasa E, Martorell A, et al. Serum 
zinc levels in hidradenitis suppurativa: a case 
control study. Am J Clin Dermatol 2018; 19: 
771–777.

	124.	 Donnarumma M, Marasca C, Palma M, et al. 
An oral supplementation based on myo-inositol, 
folic acid and liposomal magnesium may act 
synergistically with antibiotic therapy and can 
improve metabolic profile in patients affected 
by hidradenitis suppurativa: our experience. 
G Ital Dermatol Venereol. Epub ahead of print 
20 September 2018. DOI: 10.23736/S0392-
0488.18.06012-1.

	125.	 Igic PG, Lee E, Harper W, et al. Toxic effects 
associated with consumption of zinc. Mayo Clin 
Proc 2002; 77: 713–716.

	126.	 Baker KF and Isaacs JD. Novel therapies for 
immune-mediated inflammatory diseases: what 
can we learn from their use in rheumatoid 
arthritis, spondyloarthritis, systemic lupus 
erythematosus, psoriasis, Crohn’s disease and 
ulcerative colitis? Ann Rheum Dis 2018; 77: 
175–187.

	127.	 Frew JW, Vekic DA, Woods J, et al. Phenotypic 
heterogeneity implies heterogeneous pathogenic 
pathways in hidradenitis suppurativa. Exp Derm 
2015; 24: 338–339.

	128.	 Hawkes JE, Yan BY, Chan TC, et al. Discovery 
of the IL-23/IL-17 signaling pathway and the 
treatment of psoriasis. J Immunol 2018; 201: 
1605–1613.

	129.	 Cotter C, Tobin AM, O’Connor R, et al. 
Severe refractory hidradenitis suppurativa: 
treatment with ixekizumab, two case reports. Br 
J Dermatol 2018; 179: 70.

	130.	 Pandey K, Sekhri R and Sekhri V. 
Interleukin-17 inhibitor secukinumab in 
refractory hidradenitis suppurativa: a case 
report. J Am Acad Dermatol 2018; 79: AB156.

	131.	 Principi M, Cassano N, Contaldo A, et al. 
Hidradentiis suppurativa and inflammatory 
bowel disease: an unusual but existing 
association. World J Gastroenterol 2016; 22: 
4802–4811.

	132.	 Hueber W, Sands BE, Lewitzky S, et al. 
Secukinumab, a human anti-IL-17A 
monoclonal antibody, for moderate to severe 
Crohn’s disease: unexpected results of a 
randomised, double-blind placebo-controlled 
trial. Gut 2012; 61: 1693–1700.

	133.	 Tegla CA, Cudrici C, Patel S, et al. Membrane 
attack by complement: the assembly and biology 

https://journals.sagepub.com/home/taj


Therapeutic Advances in Chronic Disease 10

24	 journals.sagepub.com/home/taj

of terminal complement complexes. Immunol 
Res 2011; 51: 45–60.

	134.	 Schmudde I, Ströver HA, Vollbrandt T, et al. 
C5a receptor signaling in dendritic cells controls 
the development of maladaptive Th2 and Th17 
immunity in experimental allergic asthma. 
Mucosal Immunol 2013; 6: 807–825.

	135.	 Jensen L. Targeting the IL-1 family in skin 
inflammation. Curr Opin Invest Drugs 2010; 11: 
1211–1220.

	136.	 Collantes-Rodriguez C, Ossorio-Garcia L, 
Villegas-Romero I, et al. A single case of 
hidradenitis suppurativa, Crohn’s disease, and 
psoriasis treated with ustekinumab. J Am Acad 
Dermatol 2018; 79: AB24.

	137.	 Blok JL, Li K, Brodmerkel C, et al. Ustekinumab 
in hidradenitis suppurativa: clinical results and 
a search for potential biomarkers in serum. Br J 
Dermatol 2016; 174: 839–846.

	138.	 Low CM, Akthar S, Patel DF, et al. The 
development of novel LTA14 modulators to 

selectively target LTB4 generation. Sci Rep 
2017; 7: 44449.

	139.	 Strober BE, Kim C and Siu K. Efalizumab 
for the treatment of refractory hidradenitis 
suppurativa. J Am Acad Dermatol 2007; 57: 
1090–1091.

	140.	 Cavet J, Dickinson AM, Norden J, et al. 
Interferon-gamma and interleukin-6 gene 
polymorphisms associate with graft-versus-host 
disease in HLA-matched sibling bone marrow 
transplantation. Blood 2001; 98: 1594–1600.

	141.	 Welsch K, Holstein J, Laurence A, et al. 
Targeting JAK/STAT signaling in inflammatory 
skin diseases with small molecule inhibitors. Eur 
J Immunol 2017; 47: 1096–1107.

	142.	 Torma H. Regulation of keratin expression by 
retinoids. Dermatoendocrinol 2011; 3: 136–140.

	143.	 van de Kerkhof PC. Update on retinoid  
therapy of psoriasis in: an update on the use of  
retinoids in dermatology. Dermatol Ther 2006; 
19: 252–263.

Visit SAGE journals online 
journals.sagepub.com/
home/taj

SAGE journals

View publication statsView publication stats

https://journals.sagepub.com/home/taj
https://journals.sagepub.com/home/taj
https://journals.sagepub.com/home/taj
https://www.researchgate.net/publication/331434189


129 

4.2: Integrating New Knowledge into the existing pathogenic 

paradigm of HS: 

Manuscript Manuscript Reference 

2-1 Frew JW, Navrazhina K, Maroun M, Lu PJ, Krueger JG Contribution 
of Fibroblasts to Tunnel Formation and Inflammation in Hidradenitis 
Suppurativa Exp Dermatol 2019 28(8):886-891 

2-2 Grand D, Navrazhina K, Frew JW Integrating Complement into the 
Molecular Pathogenesis of Hidradenitis Suppurativa Exp Dermatol 

2020; 29(1): 86-92 

2-3 Frew JW, Grand D, Navrazhina K, Krueger JG “Beyond Antibodies: 
B-cells in Hidradenitis Suppurativa: Bystanders, Contributors or

Therapeutic Targets?" Exp Dermatol 2020; 29(5):509-515 

2-4 Frew JW. Hidradenitis Suppurativa is an Autoinflammatory 
Keratinization Disease: A Review of the Clinical, Histological and 

Molecular Evidence: JAAD International 2020;1(1):62-72 

2-S1 Navrazhina K, Frew JW, Garcet S, Krueger JG. Epithelialized 
Tunnels Contribute to Inflammation in Hidradenitis Suppurativa. J 

Allergy Clin Immunol 2020; doi:10.1016/j.jaci.2020.12.651 

2-S2 Navrazhina K, Garcet S, Gonzales J, Grand D, Frew JW, Krueger 
JG In-Depth Analysis of the Hidradenitis Suppurativa Serum 
Proteome Identified Distinct Inflammatory Subtypes. J Invest 

Dermatol 2021; doi:10.1016/j.jid.2021.02.742 

Table 4-2-1 Publications Presented in this chapter 

The publications contributing to the first chapter of this dissertation identified that 

various inflammatory cell types are present in the setting of disease activity in HS. 

However, novel testable hypotheses regarding their mechanism of action has largely 

been absent from the literature to date. A plethora of literature has investigated the 

complex role of the innate and adaptive immune system in various other inflammatory 
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skin diseases such as psoriasis vulgaris63 and atopic dermatitis64, including the role of 

specific cell subsets such as fibroblasts and B-cells63,64. In contrast, relatively little has 

been published regarding the complexities of the innate and adaptive immune system in 

HS.  

The first 3 publications contributing to this chapter (2-1, 2-2, 2-3) critically examine the 

role of fibroblasts, complement and B-cells, and by using knowledge from other 

inflammatory skin disorders and other related disorders (including inflammatory bowel 

disease and pyoderma gangrenousm), develop testable hypotheses regarding their 

potential roles in the pathogenesis of HS. These novel discussions of the complex 

inflammatory milieu identified in HS is a significant departure from the previous 

paradigm in which HS is characterised primarily by the superficial dermal and epidermal 

changes in the disease. Certainly, the findings form the systematic reviews presented in 

chapter 1 identify the types of superficial biopsies taken in many observational studies 

and the unconscious cognitive bias towards primarily epidermal disorders (Psoriasis 

and atopic dermatitis) may play some role in the lack of investigations into the deep 

dermal component of disease.  

The fourth publication contributing to this chapter (2-4) is an overarching analysis of 

how novel insights into the inflammatory nature of the disease, the influence of 

morphological heterogeneity upon molecular markers of systemic inflammation and the 

efficacy of various therapeutics is shifting the pathogenic paradigm of HS. The concept 

of ‘follicular occlusion’ as the primem movens of HS has not been challenged despite 

multiple publications suggesting the occlusion and inflammation are at a minimum co-

existant65,66. Numerous inconsistencies regarding the precise mechanisms of follicular 



 

 131 

rupture67 and how this is different from other disorders which demonstrate follicular 

occlusion (acne vulgaris, keratosis pilaris etc) have not been addressed in the setting of 

the follicular occlusion paradigm. An alternative hypothesis which correlates with the 

existing molecular and clinical observations is HS being an autoinflammatory 

keratinisation disorder with follicular occlusion being a secondary phenomenon 

mediated by IL-1a.  

The two supplementary publications relevant to this chapter (2-S1, 2-S2) present novel 

data taken from observational studies examining the tissue and serum inflammatory 

profiles of patients with untreated HS. The first supplementary publication (2-S1) 

pertains to the immunological structure and function of epithelialised tunnels (previously 

known as sinus tracts or fistulae). This publication demonstrates that they reliably 

recapitulate the structure of the overlying epidermis (including cell types such as 

melanocytes, Langerhans cells etc) and demonstrates that they have a greater relative 

contribution to tissue inflammation than the overlying epidermis. These novel structures 

are not seen in any other skin disease and their inflammatory function emphasises the 

concept that specific targeted therapy is needed to address the role of epithelialised 

tunnels in the disease. 

The second supplementary  publication (2-S2) presents novel data regarding the 

heterogeneity of systemic inflammation via serum proteomics in untreated HS. Whilst 

correlation with disease severity has been demonstrated in other studies20, the link 

between systemic inflammation and the presence of draining epithelialised tunnels is a 

novel observation and the major finding in this publication.   
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Frew JW, Navrazhina K, Maroun M, Lu PJ, Krueger JG Contribution of Fibroblasts to 

Tunnel Formation and Inflammation in Hidradenitis Suppurativa Exp Dermatol 2019 
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Article Not Included due to Copyright Restrictions.
Article Available on Publisher Website:

https://onlinelibrary.wiley.com/doi/10.1111/exd.13978
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Hidradenitis suppurativa is an
autoinflammatory keratinization
disease: A review of the clinical,

histologic, and molecular evidence
John W. Frew, MBBS, MMed, MSc

New York, New York
The pathogenic model of hidradenitis suppurativa is in the midst of a paradigm shift away from a disorder
of primary follicular occlusion to an autoinflammatory keratinization disease. Observational, experimental,
and therapeutic evidence supports the concept of hidradenitis suppurativa as a primarily inflammatory
disorder, a disorder of autoimmunity, or both, in contrast to the current prevailing paradigm of primary
follicular occlusion. The lack of reliable and high-fidelity disease models has limited the available
experimental and mechanistic evidence to support or refute one pathogenic model over another. This
scholarly review synthesizes the existing clinical, histologic, and molecular data to evaluate the extant
evidence supporting the autoinflammatory paradigm and further informing the molecular mechanisms of
hidradenitis suppurativa pathogenesis. Follicular hyperkeratosis/occlusion and perifollicular inflammation
coexist in histologic specimens, with interleukin 1a demonstrated to stimulate comedogenesis in the
infundibulum. pH elevation in occluded body sites alters the microbiome and amplifies existing T-helper
cell type 17 immunoresponses. Known metabolic comorbidities and smoking are known to upregulate
interleukin 1a in follicular keratinocytes. Identified genetic variants may alter epidermal growth factor
receptor signaling, leading to upregulated keratinocyte inflammatory responses. The process of follicular
rupture and dermal tunnel formation can be explained as secondary responses to inflammatory activation
of fibroblasts and epithelial-mesenchymal transition, with antibody production associated with inflamma-
tory amplification in advanced disease. This review aims to reevaluate and integrate the current clinical,
histologic, and molecular data into a pathogenic model of hidradenitis suppurativa. This is essential to
advance our understanding of the disease and identify novel therapeutic targets and approaches. ( JAAD Int
2020;1:62-72.)

Key words: acne inversa; autoinflammatory; hidradenitis suppurative; inflammation; mechanism;
pathogenesis.
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rativa is in the midst of a paradigm shift1 away
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from a disorder of (primary) follicular occlusion2

to an autoinflammatory keratinization disease.1

There is observational, experimental, and thera-
peutic evidence to support the concept of hidra-
denitis suppurativa as a primarily inflammatory
disorder,1 a disorder of autoimmunity3 (in contrast
to that primarily of follicular occlusion), or both
(Fig 1); however, the lack of reliable disease
models4,5 has limited experimental and mecha-
nistic evidence to support or refute one patho-
genic model over another (Fig 1). This review
aims to reevaluate and integrate the current
clinical, histologic, and molecular data into a
pathogenic model of hidradenitis suppurativa.
This is essential to advance our understanding of
the disease6 and identify novel therapeutic
targets.7,8
FOLLICULAR OCCLUSION IS CLINICALLY
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AND EXPERIMENTALLY A PRODUCT OF
INFLAMMATION RATHER THAN A CAUSE

Follicular hyperkeratosis and comedogenesis
coexist with perifollicular inflammation in hidrade-
nitis suppurativa.9-11 Comedones are present in
flexural andnonflexural inflamed and scarred tissues,
as well as noninflamed tissues.9-11 Subclinical inflam-
CAPSULE SUMMARY

d Hidradenitis suppurativa is known as a
disorder of follicular occlusion, with
inflammation being a primary
manifestation of disease. Clinical,
histologic, and molecular evidence
suggests that inflammation is central to
multiple aspects of disease, but this
remains poorly integrated into the
existing pathogenic paradigm.

d Histologic and molecular evidence
supports the concept of inflammation as
the primary driver of disease activity in
hidradenitis suppurativa. It enables
explanation of observed events such as
follicular rupture, tunnel formation, and
systemic inflammation, which are poorly
described in the follicular occlusion
paradigm. Hidradenitis suppurativa is an
autoinflammatory keratinization disease.
Reframing our pathologic and clinical
understanding in the context of this
paradigm is vital to identify and
implement novel therapeutic strategies
for this burdensome disease.
mation (observed in hidrade-
nitis suppurativa)12,13

precedes comedogenesis in
acne-prone skin,14-20

involving keratinocyte-
derived proinflammatory me-
diators (lipoteichoic acid,
CCL20, and interleukin [IL]
1a).18-24 Ex vivo studies of
the follicular infundibum25

isolated in vitro are able to
recapitulate the formation of
comedones with addition of
IL-1a and prevent formation
with the addition of IL-1 re-
ceptor antagonist.25 It is
acknowledged that the
in vitro studies performed are
based on highly sebaceous
follicular units that have
distinct differences from
apocrine-bearing skin26; how-
ever, the similarities in immu-
nologic milieu between
sebaceous and apocrine skin
in T-helper cell 17eassociated
mediators7,26 (central to
inflammation in hidradenitis
suppurativa)26 raises the
possibility that these mecha-

nisms are shared. Molecular and ex vivo evidence
suggests comedo formation may be secondary to
subclinical inflammation. These results may explain
the diffuse scattering of comedones observed in
hidradenitis suppurativaeprone areas, the presence
of comedones in extraflexural sites, and their pres-
ence in previously inflamed (‘‘burned-out’’) tissue or
sites distant from a follicular unit.9,10
SKIN FOLD OCCLUSION IS ASSOCIATED
WITH MICROBIOME ALTERATIONS AND
SUBSEQUENT PROINFLAMMATORY
KERATINOCYTE RESPONSES

From a clinical perspective, follicular occlusion may
refer to anatomic sites of disease predilection (axillary,
inguinal, and submammary folds).2 These areas
demonstrate alterations in moisture, pH,
and microbiological colonization2 (Fig 2), particularly
in the setting of obesity.27-29 The follicular infundib-
ulum is an immunologically active, microbially
colonized site23,30,31 involved in the development of
immune tolerance to commensal organisms.23,30,31

This differs substantially from other portions of the
follicle (such as the bulb), which are considered
immunologically privileged
sites.32 Infundibular keratino-
cytes produce CCL20 and anti-
microbial peptides under
normal physiologic condi-
tions23 (Fig 2). Increasing
moisture decreases the pH
of the stratum corneum,28,29

promoting the colonization
and activity of hidradenitis
suppurativaeassociated
microbionts (eg,
Porphyromonas)33,34 (Fig 2).
Other bacteria,35,36 yeasts,37

and associated proteins
(including lipoteichoic acid)
induce the release of
preformed IL-1a in keratino-
cytes.38 Indirect evidence for
the role of yeasts in
inflammatory activity in hi-
dradenitis suppurativa39 has
been demonstrated in recent
observational studies.39,40

Although the precise mecha-
nisms of specific microbio-
logical species and strains
in hidradenitis suppurativa
is ill defined, their functional
role in producing an aberrant
proinflammatory response (either directly or indi-
rectly via keratinocytes) is consistent with observa-
tional studies identifying these microbionts in both
early and advanced disease.34,35
INFLAMMATION IN HIDRADENITIS
SUPPURATIVA: EVIDENCE FROM
EXISTING STUDIES

The inflammatory signature of established hidra-
denitis suppurativa has been well characterized in
multiple histologic26,41 and molecular studies.26,42-45

Similarities and parallels with psoriasis26 have been
observed in lesional and perilesional hidradenitis
suppurativa tissue,26,46 with lesional nodules
demonstrating mixed inflammatory infiltrates
comprising T cells, dendritic cells, plasma cells,
neutrophils,47-50 and monocytes.51 Chronic long-



Abbreviations used:

EGFR: Epidermal growth factor receptor
IL: interleukin
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standing disease appears autoinflammatory52-54

and also demonstrates B-cell infiltrates,3,12

NETosis,3 and development of epithelialized tun-
nels.55 An issue with understanding the characteris-
tics of inflammation in hidradenitis suppurativa is
that the majority of specimens isolated for studies
are from individuals with severe, long-standing dis-
ease.3,12,13 Hence, we have limited insight into the
initiating events in early and mild hidradenitis
suppurativa. Additionally, until recently there were
no standardized, defined biopsy sites for investiga-
tional studies.56 Given that hidradenitis suppurativa
is morphologically diverse, it would be erroneous to
assume that a biopsy from one portion of tissue is
representative of all the different epidermal (and
deep dermal) morphologies present across the
spectrum of hidradenitis suppurativa.56 Therefore,
studies that do not define the severity, treatments,
sites, and lesion types of biopsies should be inter-
preted with caution.41,42

The mechanisms of lesion development are un-
clear because perilesional inflammation is of the
same character (albeit less intense) as nearby lesional
inflammation42,43,57; however, lesional cytokine pro-
files are unable to be experimentally generated from
the addition of IL-1a, IL-1b, or both to perilesional
tissue.5,57 This raises the prospect that the process of
inflammation in hidradenitis suppurativa is more
complex than initially thought and that the inflam-
matory characteristics of perilesional tissue are
distinct from those of lesional tissue.5
DISEASE INITIATION IS ASSOCIATED WITH
SYSTEMIC SUBCLINICAL INFLAMMATION
AND DYSREGULATED INFUNDIBULAR
KERATINOCYTES

Understanding of the initiating factors associated
with the excessive and self-perpetuating perifollicu-
lar inflammation in hidradenitis suppurativa remains
incomplete. Epidemiologic and clinical observations
suggest that a number of systemic disorders
(including insulin resistance, hormonal dysregula-
tion, and obesity) may be associated with hidrade-
nitis suppurativa58 and contribute to a
proinflammatory state59,60 (Fig 2). In other inflam-
matory disorders, such as psoriasis,61 rheumatoid
arthritis,62 and atherosclerosis,63 these factors have
been found to be associated. However, the causation
between disease and systemic inflammation is still a
topic of contention.64

Guidelines65,66 and clinical evidence67,68 suggest
weight loss, smoking cessation, and dietary coun-
seling as an integral part of hidradenitis suppurativa
management65,66 through suppression of inflamma-
tion.69-71 Smoking, via polycyclic aromatic hydrocar-
bons, can directly alter follicular keratinocyte
differentiation, resulting in comedogenesis.72 It can
also produce widespread methylation changes and
systemic increases in IL-6, C-reactive protein, fibrin-
ogen, and multiple members of the nuclear factor
kappa-light-chain-enhancer of activated B cells fam-
ily.71 Adipose tissue can produce proinflammatory
signatures, including IL-6, IL-1b, and tumor necrosis
factor-a in the setting of chronic nutrient excess.69,70

Additionally, adipokines can mediate both inflam-
mation and the development of insulin resistance73

(Fig 2), which is also associated with hidradenitis
suppurativa.58 Keratinocytes in the infra-
infundibulum of the follicle express type 1
5-hydroxytestosterone,74 modulating infundibular
keratinocyte differentiation programs both directly75

and via fibroblast activation and fibroblast-
keratinocyte interactions, contributing to androgen-
induced follicular changes.74

Overall, these associations suggest that a systemic
proinflammatory state and localized infundibular
keratinocyte dysregulation are potential predispos-
ing factors to clinical disease. There are contradictory
reports76 pertaining to the benefit of withdrawing
these predisposing factors (eg, cessation of smoking,
weight loss) during established disease. These find-
ings appear contradictory only if one holds the
assumption that the initiating and perpetuating
factors of clinical disease in hidradenitis suppurativa
are one and the same. As other authors have
suggested,77 there may be unique factors contrib-
uting to each state (initiation of disease and perpet-
uation of disease); and our lack of data regarding
early (subclinical) disease has not allowed us to
appreciate this fact.77

T-HELPER CELL 17 FEED-FORWARD
INFLAMMATION IS PROMINENT IN
ESTABLISHED DISEASE

The T-helper cell 17 axis is strongly implicated in
established self-perpetuating clinical disease26; how-
ever, the mechanisms leading to T-helper cell 17
feed-forward self-amplification in hidradenitis sup-
purativa are still unclear. It is assumed to be similar
to the activation of the T-helper cell 17 axis in
psoriasis,78 with the predisposition of the axillae
and other areas of apocrine-gland-rich skin to a T-
helper cell 17 immunoresponse, as demonstrated



Fig 1. Schematic representation and comparison of the follicular occlusion paradigm (left
panel) and the autoinflammatory paradigm (right panel) in the pathogenesis of hidradenitis
suppurativa. In the follicular occlusion paradigm, deficient Notch signaling (1) directly results
in infundibular keratinocyte proliferation and follicular occlusion (2), leading to follicular
dilatation, rupture, and resultant inflammation. One deficiency of this paradigm is the lack of
hypothesized mechanisms by which rupture occurs and why deep follicular rupture occurs
preferentially to expulsion of the comedo. The resultant T-helper cell 1/17 inflammatory axis
(3) (4) then results in the observed inflammatory profile of disease; however, no clear
mechanism is hypothesized for how tunnels form and how the infiltrative proliferative
gelatinous mass results. The autoinflammatory paradigm (right panel) places inflammation as
the primary driver of disease, with subclinical inflammation (1) developing as a result of
disparate contributing factors on a background of topographic predisposition. Dermal
inflammatory infiltrates (2) then drive secondary follicular occlusion (3 and 4), with resultant
tunnel formation a consequence of keratinocyte-mesenchymal interactions (5) that mimic
outer-root sheath keratinocyte downgrowth in follicular development in early anagen.
Chemokine gradients in epithelialized tunnels then drive neutrophil trafficking to the lumen
and formation of the infiltrative proliferative gelatinous mass (6).
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experimentally.25 There is well-documented evi-
dence (largely from the psoriasis literature)
regarding feed-forward mechanisms between IL-
1b, IL-6, and tumor necrosis factor-a by IL-17,78,79

leading to further IL-1b, IL-6, and tumor necrosis
factor-a production, as well as downstream activa-
tion of acute phase reactants and neutrophilic and
complement-mediated inflammatory responses.78-80

This is further perpetuated through leucocyte-
keratinocyte interactions,78-80 further amplifying
antimicrobial peptide and chemokine production
(including CXCL1 and CXCL8),81 leading to further
inflammatory cell recruitment adjacent to IL-17eac-
tivated epidermal keratinocytes (Fig 3). Such inflam-
matory cell localization has been observed
surrounding intrafollicular and interfollicular sites
adjacent to epidermal keratinocytes in early histo-
logic specimens of hidradenitis suppurativa,9-11,64

with evidence of early psoriasiform hyperplasia
suggestive of IL-17einduced epidermal changes.
Despite that the majority of translational work
focuses on IL-17A (given the body of preexisting



Fig 2. Initiating factors in hidradenitis suppurativa. Normal control skin (first panel from the
left) from hidradenitis suppurativaeassociated cutaneous sites (eg, axilla) have normal
colonizing microbionts (including within the follicular infundibulum), which are continuously
monitored by circulating immune cells in homeostasis (circulating to and from regional lymph
nodes (inset in first panel from the left). Known predisposing factors, including skin occlusion
(second panel from left), predisposing genetic mutations (third panel from the left), and
proinflammatory comorbidities such as obesity and insulin resistance, increase the inflamma-
tory drive of infundibular keratinocytes (purple rectangular cells) via varied mechanisms. Skin
occlusion (second panel from the left) alters the microbiological composition of the skin (red
and yellow microbionts) via increases in cutaneous pH. These microbionts increase the
production of CCL20 and interleukin (IL) 1a by infundibular keratinocytes. Genetic mutations
in the g-secretase complex are known to affect Notch signaling and also substrates including
epidermal growth factor receptors, which are active in the follicular infundibulum. Dysregu-
lation of EGFR signaling is known to increase CCL20 and IL-1a production by infundibular
keratinocytes. Metabolic comorbidities produce increased levels of circulating tumor necrosis
factor-a, IL-1b, and IL-6. These mediators stimulate CCL20 and IL-1a production.
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work based on psoriasis), significant elevations of
other IL-17 isoforms, including IL-17C and IL-17F, are
observed in hidradenitis suppurativa tissue,81,82 and
these may be significant contributors to disease
activity that are not targeted by anti-IL-17A therapies
alone.

THE ROLE OF B CELLS, DESPITE THEIR
DOMINANCE, REMAINS UNCLEAR

Long-standing and severe disease may have a
unique inflammatory profile compared with milder
or less established forms of hidradenitis suppurativa.
Histologic and transcriptomic studies44,45 have iden-
tified a high level of B-cell3 and plasma-cell12,13
signatures, complement (specifically C5a) activa-
tion,47-50 and extensive tissue remodeling via matrix
metalloproteinases with subsequent destruction of
follicular and glandular structures in the dermis.2,11

The role and characteristics of B cells in mild to
moderate hidradenitis suppurativa are unclear.83 The
presence of B cells and plasma cells in skin and
blood3,12,13 suggests the possibility that some
component of severe or long-standing hidradenitis
suppurativa may be an autoimmune or antibody-
mediated disorder. However, to date no product
has been definitively identified as an autoimmune
target for the disease.83 B cells are present in other
chronic inflammatory disorders without known



Fig 3. Mechanisms of tunnel formation, follicular rupture, and perpetuation of inflammation in
hidradenitis suppurativa. Development of tunnels (top panel): Inflammation adjacent to the
follicular outer root sheath activates fibroblasts, with stromal-keratinocyte feedback resulting in
keratinocyte outgrowth from the follicular wall. The ongoing keratinocyte outgrowth results in
keratinocyte-mediated inflammatory cell recruitment, further amplifying the stromally medi-
ated keratinocyte outgrowth in a positive-feedback loop. The inflammatory cells are attracted
to the keratinocyte chemokine (CXCL1/CXCL8) gradient, resulting in migration into the lumen
of the tunnels. Mechanisms of follicular rupture (middle panel): The inflammatory infiltrate is
associated with high levels of matrix metalloproteinases, which degrade the reticular lamina.
Keratinocyte-leucocyte cross talk activated epithelial-mesenchyme-transition mechanisms,
leading to degradation of the basement membrane zone, loss of hemidesmosomes and
desmosomes, and keratinocytes expressing mesenchymal cell surface markers (yellow
keratinocytes). Eventually, the follicular wall is disassembled, replaced by mesenchymal cells
and dense inflammatory infiltrates. Mechanisms of inflammatory amplification (bottom panel):
Activated keratinocytes interact with inflammatory and stromal cells via various pathways to
result in activated fibroblasts, T-helper cell types 1 and 17, and infiltration of dendritic cells and
neutrophils. Circulating B cells (circulating to and from regional lymph nodes; far right of lower
panel), activated by the high-interferon-mediated milieu, interact with multiple cell types to
amplify existing inflammatory loops, as well as recirculate in the lymphatic and vascular
system, contributing to systemic inflammation. D, Desmosome; HD, hemidesmosome; MMP,
matrix metalloproteinase; ORS, outer root sheath.
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autoimmune targets, including psoriasis and atopic
dermatitis.84 In these conditions, they are thought to
be bystanders (secondary to combined B-cell and
T-cell chemoattractants such as CXCL13 or CCL20) or
secondary amplifiers of T-cellemediated inflamma-
tion.83 (Fig 3). Byrd et al3 demonstrated that anti-
bodies to citrullinated peptides contribute to the
development of neutrophil extracellular traps in
advanced disease, with parallels to B-cell and
neutrophil extracellular traps in rheumatoid
arthritis.3 Case reports of rituximab ameliorating
hidradenitis suppurativa disease activity are
known,83 but overall, the role of B cells as by-
standers, amplifiers of existing inflammation, or
central pathogenic players is unclear and requires
further investigation.83
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GENETIC VARIANTS IN HIDRADENITIS
SUPPURATIVA MAY ACT VIA
EGFR-ASSOCIATED PATHWAYS LINKING
FOLLICLES, T-HELPER CELL
172MEDIATED INFLAMMATION, AND
DRUG-INDUCED DISEASE

A minority of patients with familial and sponta-
neous hidradenitis suppurativa have been identified
with GSC mutations.85 The precise mechanism of
action of GSC mutations in the pathogenesis of
hidradenitis suppurativa is unclear.86 The GSC com-
plex cleaves more than 70 different substrates
involved in cell cycle and inflammation, including
epidermal growth factor receptor (EGFR), IL-1, tu-
mor necrosis factor-a, and Notch.86 Notch is pro-
posed as the unifying motif in hidradenitis
suppurativa pathogenesis via associations with ker-
atinocyte proliferation,87 smoking, and sequence
variants in GSC.88,89 However, Notch dysregulation
is also present in multiple other inflammatory
dermatoses,90 arguing against a unique role in
hidradenitis suppurativa. In silico evidence86 has
identified ERbb4 and Tie1 as differentially expressed
GSC substrates that distinguish the transcriptome of
hidradenitis suppurativa from familial Alzheimer
disease and other inflammatory skin diseases.90

These components of the EGFR pathway (active in
the follicular infundibulum23) are associated with
SOX9 and Wnt signaling linked with hair cycle
progression, IL-17A production23,91 (through shared
downstream Act1 activity), and epithelial cell fate,91

all mechanisms identified in transcriptomic analysis
of hidradenitis suppurativa tissues.44,77 GSC knock-
down results in IL-36a production,92 alterations in
EGFR signaling,93 and increased sensitivity to
interferon-mediated proinflammatory pathways92

(Fig 2). POFUT-1 (identified in cases of Dowling-
Degos disease associated with hidradenitis suppu-
rativa94,95) is a fucosyltransferase that is active on
multiple substrates, including Notch and EGFR,96

and is important for posttranslational modification of
receptors.96 This suggests a role for EGFR signaling
in hidradenitis suppurativa, supported by reports of
hidradenitis suppurativa associatedwith use of EGFR
antagonists in oncology.97
THE EVIDENCE AND PROPOSED
MECHANISMS FOR FOLLICULAR
RUPTURE

Follicular rupture is proposed as the primary
mechanism by which follicular occlusion leads to
dermal inflammation in hidradenitis suppurativa,
but the molecular mechanisms remain unclear.2

Observational studies demonstrate the coexistence
of dense perifollicular and intrafollicular inflamma-
tion and discontinuities in follicular epithelium in
affected tissues9,10,64 (Fig 3). Long-standing disease
demonstrates a noticeable absence of follicular and
adnexal structures,98 consistent with profound
dermal inflammation. A reduction in the thickness
of the fibroreticular lamina surrounding follicles and
sebaceous glands99 has been observed. Occluded
follicles in other conditions (such as epidermal
inclusion cysts100) are testament to the potential
size intrafollicular collections may progress to before
rupture. However, the early presence of inflamma-
tion in hidradenitis suppurativa lesions suggests an
inflammation-related mechanism101 that is well
documented to disassemble the basement mem-
brane zone as part of the wound-healing process.102

Epithelial-mesenchymal transition pathways103 are
part of the normal wound-healing response and
have been identified in transcriptomic analysis of
hidradenitis suppurativa tissues.84,104 It may also
explain the presence of keratin-staining cells in the
dermis of hidradenitis suppurativa sections41 (via
keratinocytes undergoing epithelial-mesenchymal
transition but still expressing keratin proteins), the
destruction of follicular and adnexal structures in
advanced disease,98 and the development of dermal
tunnels103 (Fig 3). Similar inductions in epithelial-
mesenchymal transition-associated signaling path-
ways are observed in malignancy and wound heal-
ing and contribute to the metastatic potential of
cancer and long-standing wounds.105 Hence, the
concept of follicular rupture may be more appropri-
ately described as a process of ‘‘follicular disas-
sembly’’ (Fig 3) induced by the chronic
inflammatory changes via epithelial-mesenchymal
transition and aberrant extracellular remodeling
wound-healing programs.103

DERMAL TUNNELS ARE ACTIVE
INFLAMMATORY STRUCTURES AND
THEIR DEVELOPMENT IS
ORCHESTRATED BY DERMAL
INFLAMMATION

Dermal tunnels in hidradenitis suppurativa are
unique structures comprising stratified squamous
epithelia that recapitulate the structure of the over-
lying epidermis and produce active inflammatory
mediators.106 This is in contrast to other tunnel-like
structures in chronic inflammatory conditions such
as fistulizing Crohn’s disease, which do not reca-
pitulate mucosal structures with the same degree of
fidelity.107 The mechanisms leading to tunnel for-
mation are unclear; however, it is hypothesized that
these tunnels derive from the aberrant keratinocyte
outgrowth from the outer root sheath of the
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follicle103 (Fig 3). Tunnels do not extend into the
subcutaneous tissues or fistulize with other hollow
organs (except in the context of coexistent inflam-
matory bowel disease), suggesting an association
with signaling from the dermis.103 This parallels the
development of the hair follicle and early anagen
downgrowth in the hair cycle,105,108 which are
mediated via platelet derived growth factor
a-derived signaling from the dermal condensate.105

Platelet derived growth factor a-mediated signaling
has also been identified in transcriptomic data from
hidradenitis suppurativaeassociated fibroblasts.103

Given that these fibroblast-derived signals are sec-
ondary to inflammation-mediated epigenetic mod-
ifications,103 it is plausible to assume that the
development of tunnels is an inflammation-driven
process. However, once these tunnels are estab-
lished, the CXCL1/8 gradient established across the
epithelia106 (including tunnels) results in transepi-
thelial neutrophil trafficking and neutrophil extra-
cellular trap formation in tunnel lumen.3 This
results in development of the infiltrative prolifera-
tive gelatinous mass109 and biofilm formation in
hidradenitis suppurativa tunnels110 (Fig 3). This in
turn drives further inflammatory recruitment sur-
rounding these established tunnels, leading to the
ongoing cycle of severe intractable inflammation
and drainage.
CONCLUSIONS
The available histologic and molecular evidence

suggests inflammation is a central component to the
pathogenesis of hidradenitis suppurativa. Placing
inflammation as the primary driver of disease pro-
vides a scaffold for testable hypotheses regarding
polygenic risk loci for the development of hidrade-
nitis suppurativa, drug-induced causes of hidradeni-
tis suppurativa, the development of dermal tunnels,
and the inflammatory proliferative gelatinous mass,
which are currently poorly integrated into the
follicular occlusion model of hidradenitis suppura-
tiva (Fig 1). More mechanistic and translational
investigations are needed to further evaluate the
role of genetics and B cells in hidradenitis suppu-
rativa, as well as provide mechanistic evidence about
the development of follicular rupture and tunnel
formation. Such basic cellular and molecular in-
vestigations are vital to develop our understanding
of the disease. Realigning the pathogenic paradigm
with themolecular evidence is essential to enable the
identification and exploration of novel targets, in-
terventions, and therapeutics for this chronic debil-
itating disease.
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Epithelialized tunnels are a source of
inflammation in hidradenitis suppurativa
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GRAPHICAL ABSTRACT
Background: Hidradenitis suppurativa (HS), also known as
acne inversa, is a chronic, painful, and burdensome
inflammatory disease manifesting in nodules and abscesses,
with progression to chronically draining tunnels in later-stage
disease.
Objective: We sought to determine whether HS tunnels are
immunologically active participants in disease activity.
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Abbreviations used

H&E: Hematoxylin and eosin

HS: Hidradenitis suppurativa

IHC: Immunohistochemistry

IL-17RA: IL-17 receptor A

IPGM: Infiltrative proliferative gelatinous mass

NET: Neutrophil extracellular trap

NL: Nonlesional

RT: Room temperature

TLDA: TaqMan Low Density Array

TNF-a: Tumor necrosis factor alpha
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overlying epidermis, displaying molecular inflammation,
including S100A7 (psoriasin) positivity, as well as features of
epidermal skin, including loricrin, filaggrin, lipocalin-2, and
Melan-A positive cells. Tunnels were associated with increased
infiltration of T cells, dendritic cells, and neutrophils; formation
of neutrophil extracellular traps, and increased expression of
psoriasiform proinflammatory cytokines. Unsupervised
hierarchical clustering demonstrated a separation of HS
samples based on the presence or absence of tunnels. Tunnels
isolated by microdissection had higher levels of epithelium-
derived inflammatory cytokines compared with the overlying
epidermis and healthy controls. Clinically, the size and draining
of the tunnels were decreased with treatment with the IL-17RA
antagonist brodalumab.
Conclusion: These data suggest that tunnels are a source of
inflammation in HS. (J Allergy Clin Immunol 2021;147:2213-24.)

Key words: Hidradenitis suppurativa, IL-17, neutrophils,
brodalumab

Hidradenitis suppurativa (HS), also known as acne inversa, is a
highly burdensome inflammatory disease manifesting in painful
recurrent nodules and abscesses as well as chronically draining
tunnels in more advanced (Hurley stage 2 and 3) disease.1,2 HS is
associated with high morbidity, with patients experiencing anxi-
ety, depression, sexual dysfunction, and overall lower quality of
life than with other dermatologic conditions.3,4 Current treat-
ments of HS include surgical resection (complicated by high rates
of recurrence); antibiotics; and adalimumab, the only US Food
and Drug Administration–approved biologic for HS that targets
tumor necrosis factor (TNF)-a.
Despite the fact that HS is a global disease with prevalence

ranging between 0.028% and 4%, understanding of its pathogenic
mechanisms remains incomplete.5-10 For one, animalmodels ofHS
demonstrate multiple barriers to high-fidelity reconstruction of hu-
man disease.11-13 In addition, HS research is complicated by the
heterogeneousmorphology of the disease. Comparedwith other in-
flammatory dermatoses such as atopic dermatitis and psoriasis, HS
has multiple morphologic manifestations associated with active
inflammation, ranging from superficial nodules and deep abscesses
to persistent draining tunnels.14,15 The wide variation in specific
cytokine levels between different studies suggests that the diverse
morphologic manifestations of HS may be governed by different
inflammatory pathways.16 Therefore, to investigate variation in
pathologic mechanisms between different morphologic structures
in HS, investigations must rely on translational human studies.
Dermal tunnels (also known as sinus tracts or fistulae) are

structures unique to HS; they have not been identified in any other
inflammatory systemic skin disease.17 Tunnels cause significant
pain and morbidity1,18 via chronic malodorous discharge, and
they are predictors of poor response to existing medical therapies,
including adalimumab.1,19 Furthermore, it has been suggested that
diffuse involvement or interconnected tunnels (as seen in Hurley
stage 3) are associated with a more aggressive disease course.20

Tunnels have traditionally been considered an end-stage fibrotic
product of dermal inflammation, with no known contributions to
inflammation in HS.10,17,21,22 This is despite existing evidence of
stratified squamous tunnel epithelium similar to the overlying
epidermis.23 and the active inflammatory characteristics of the
tunnel-associated infiltrative proliferative gelatinous mass
(IPGM).24,25 The IPGM is an opaquewhite, reddish, or violaceous
jelly-like material found in the lumen of HS tunnels; it contains a
mixed population of CD451 inflammatory cells, neutrophils, mac-
rophages, and TH cells, as well as elevations of the levels of IL-8,
IL-16, IL-1a, and IL-1b.25 These featuresmirror the inflammatory
characteristics of the dermal compartment in HS lesions,16,26 sug-
gesting a role for tunnels as active mediators of inflammation.
However, the precise mechanism of IPGM formation and the
cellular andmolecular characteristics ofHS tunnels remain incom-
pletely described, and their potential contributions to inflammation
in the disease remain unclear.
In this study, we analyze specimens from HS patients with and

without tunnels, and report that dermal tunnels contribute to
inflammation rather than being just an inactive end-stage feature
of the disease. We demonstrate that compared with samples from
patients without tunnels and samples from healthy controls,
samples with HS tunnels are associated with increased levels of
inflammatory infiltration and proinflammatory cytokines. We
establish the potential role of tunnels in HS clinical pathogenesis
by blocking IL-17 signaling with brodalumab, an anti-IL-17
receptor A (IL-17RA) antibody, and demonstrating a decrease in
tunnel diameter and drainage.
METHODS

Study cohort
All data and sample collections were performed according to a protocol

approved by the Rockefeller University Institutional Review Board in line

with the Declaration of Helsinki. Patients were enrolled from a prospective,

single-center clinical trial (ClinicalTrials.gov identifier NCT03960268) and a

clinical study on natural progression of disease in HS. Only patients with HS

as confirmed by clinical diagnosis by an attending dermatologist were

included in the study. All patients underwent a washout period of at least 5

half-lives from previous treatment before inclusion in the study. Patients under

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

questions were answered. We performed Doppler ultrasonography on sus-

pected tunnels, where HS tunnels were defined as hypodermal anechoic or hy-

poechoic bands.11 Ultrasound-guided punch biopsy specimens of HS skin

with tunnels and HS skin without tunnels were obtained from each patient

by an experienced attending dermatologist (J.W.F.) who used a previously

described and validated approach.27
Collection of tissue samples
Patients with Hurley stage 2 or stage 3 HS were offered the option to

participate in the study. Clinical examination, photography, skin ultrasonog-

raphy, and skin biopsy specimens were obtained from untreated patients (N5
22)14 (see Fig E1 in this article’s Online Repository at www.jacionline.org).

Visual assessment of patients was performed by an attending dermatologist.

Tunnels were identified using ultrasound as previously described.11

http://ClinicalTrials.gov
http://www.jacionline.org
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Multichannel color power Doppler ultrasound (General Electric Healthcare,

Chicago, Ill) with a multifrequency linear probe (13 MHz-22 MHz) was uti-

lized. The tunnels were examined at a minimum of 2 perpendicular axes to

assess both long- and-short tunnel axes. Body mass index– and site-matched

healthy volunteer control specimens were included in the study (n 5 9).

Each collected sample was bisected, with half embedded in optimal cutting

temperature (OCT) compound and the other half frozen in RNAlater RNA sta-

bilization reagent until extraction.
IHC and quantitative cell counting
Immunohistochemistry (IHC) was performed on frozen OCT-embedded

tissues according to previously published protocols.28-30 In summary,

frozen skin biopsy specimens were dried and fixed in acetone for 3 minutes.

Samples were blocked in 10% normal serum corresponding to the species

from which the antibody was produced. Samples were incubated overnight

in primary antibody at 48C, washed, and blocked in corresponding

biotinylated secondary antibody at room temperature (RT) for 30 minutes

(Vector Laboratories, Burlingame, Calif). Signal was developed using

chromogen 3-amino-9-ethylcarbazole (Sigma-Aldrich, Burlington, Mass).

The antibodies utilized in the study are listed in Table E1 (in the Online

Repository at www.jacionline.org). Shandon eosin (Thermo Fisher

Scientific, Waltham, Mass) was used to perform hematoxylin and eosin

(H&E) staining. Epidermal thickness, area, and numbers of positive cells

per mm2 of epidermis and dermis were counted manually using ImageJ,

V1.42 image analysis software (National Institute of Health, Bethesda,

Md). Although multiple patient samples were stained, a representative

image is shown in each IHC figure.
Quantitative real-time PCR
RNA from frozen skin biopsy specimens was isolated using the

miRNAeasy Mini kit (Qiagen, Hilden, Germany). DNA was removed using

on-columnDNase digestion from the Qiagen RNase-free DNase Set (Qiagen).

A subset of biopsy specimens (n 5 8) confirmed to include epithelialized

tunnels were microdissected for transcriptomic profiling of overlying

epidermis versus epithelialized tunnels. Expression was normalized to the

hARP housekeeping gene. Because tunnels are of variable sizes, the signal

was normalized to the total amount of RNA extracted to accurately compare

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

generated and are listed in Table E2 and Table E3 (in the Online Repository at

www.jacionline.org). TaqManLowDensityArray (TLDA) cards were utilized

for larger analysis (Applied Biosystems, Foster City, Calif). The probe set

selection criteria were previously reported,30 and the data were normalized

to the Rplp0 housekeeping gene.
Statistical analysis
All statistical analysis was performed in R language (www.R-project.org;

R Foundation, Vienna, Austria) using packages available through the Bio-

conductor project (www.bioconductor.org). All analysis was modeled using

the mixed effect model. IHC markers were compared between HS biopsy

specimens with and without tunnels versus specimens from healthy controls,

and total counts were assessed using lsmeans. TLDA expression values were

compared between HS biopsy specimens with and without tunnels versus non-

lesional (NL) tissue. The comparison was performed using lsmeans of log2-

transformed normalized TLDA values but adding a NL tissue and its interac-

tion with time as a fixed-factor. Hierarchical clustering was performed on

log2-transformed normalized TLDAwith Euclidean distance and a McQuitty

agglomeration scheme. qRT-PCR (RT-PCR) expression was analyzed be-

tween HS epidermis versus dermis and healthy controls. Comparison was per-

formed using lsmeans of log2-transformed hARP normalized expression

values. Sonographic epidermal thickness, tunnel diameter and dermal Doppler

intensity were assessed by estimating amixed-effect model with random inter-

cept for each patient. Comparisons between groups were made for weeks 4,

12, and 24 as compared with baseline. All hypotheses and testing were

conducted with contrasts under the general framework for linear models.
The P values from the t tests were adjusted for multiple hypotheses by using

the Benjamini-Hochberg procedure.
RESULTS

Dermal HS tunnels are clinically occult structures,

but they can be clearly identified sonographically

and histologically
A total of 22 patients were included in this study, as were 9 site-

matched healthy volunteer controls (see Fig E1 in the Online Re-
pository at www.jacionline.org). HS lesional skin was examined.
Visual assessment of the clinical appearance of axillary (Fig 1, A,
B and D), and submammary (Fig 1, C) regions with more severe
(Hurley stage 3) disease (Fig 1, B and D) demonstrated hypertro-
phic scarring and dermal retraction of the superficial skin into
linear cords (most prominently observed in Fig 1, D). Clinically,
however, dermal tunnels in HS could be detected only by their su-
perficial ostia in areas of active disease, posing challenges in
locating tunnels (white arrows in Fig 1, A-D). We therefore elec-
ted to utilize sonographic assessment to identify clinically appear-
ing tunnels for biopsy specimens (see Fig E1, A). Under
sonographic assessment, parallel hyperechoic linear bands were
identified (Fig 1, E-H). These appeared similar to the hyperechoic
linear band of the overlying epidermis and correlated on histology
with the presence of stratified squamous epithelial structures in
the deep dermis (Fig 1, I-L). Histopathologic analysis of affected
skin samples by H&E staining demonstrated the presence of deep
dermal tunnels (Fig 1, I-L).
The epithelium of dermal tunnels recapitulates the

structure of the overlying epidermis
HS epidermis has been previously characterized histologi-

cally by epidermal hyperplasia.16,29,31,32 Consistent with this,
we observed a thickened epithelium with epidermal psoriasi-
form hyperplasia in HS lesional skin (Fig 2, A). Previous studies
have shown that tunnels may be lined by squamous epithe-
lium.23 Histologic analysis of HS tunnels by H&E staining
demonstrated that tunnels are characterized by a contiguous in-
terconnected cylinder of keratinocytes with a central lumen (Fig
2, A, in which L denotes Lumen). The more basal portions of the
tunnel demonstrate interconnected rete ridges with features
similar to those of the overlying psoriasiform epidermis. Inter-
mittent loss of nuclear hematoxylin staining and the develop-
ment of a glassy appearance, along with an eosin-staining
hyperkeratosis, was seen in the luminal portions of the epithe-
lium. These features were all suggestive of a keratinocyte-
based epithelial structure with progressive differentiation in
line with what is seen in the epidermis.
Given that histologically the epidermis of HS samples

displayed psoriasiform-like hyperplasia, and that tunnels are
epithelial in nature, we compared the results of immunohisto-
chemical staining of the tunnel epithelium with markers of
known positivity in the psoriasiform epidermis and hair follicle
keratinocytes (Fig 2). Within the tunnels, basal and suprabasal
keratinocytes were discernible, but no equivalent of the stratum
granulosum or stratum spinosum was evident. Comparison with
healthy skin demonstrated a significant elevation in levels of
S100A7 across the luminal third portion of the epidermis compa-
rable to the intense granular layer staining in the overlying psor-
iasiform epidermis (Fig 2, B). Keratin 16 staining was identified

http://www.jacionline.org
http://www.jacionline.org
http://www.R-project.org
http://www.bioconductor.org
http://www.jacionline.org


FIG 1. Ultrasonography identifies deep dermal tunnels in HS. A-D, Clinical assessment of tunnels marked

by superficial ostia (white arrows): axilla (A), axilla (B), breast (C), and axilla (D). E-H, Corresponding ultra-

sound images of tunnels detected by clinical examination. Red arrows highlight the hyperechoic border of

the tunnel on ultrasound imaging. I-L, Light microscopy of the tunnel (1.2 magnification). White brackets

outline the tunnel.
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throughout the entirety of the tunnel epithelium, whereas normal
and psoriasiform epidermis had concentration in the basal (and
less so suprabasal) keratinocytes (Fig 2, C). This indication of
ongoing keratinocyte hyperplasia was corroborated by increased
Ki67-positive staining in the basal layer of the tunnel epithelia
comparable to that in the overlying psoriasiform epidermis (Fig
2, D). Taken together, the positive staining of S100A7 (Fig 2,
B), keratin 16 (Fig 2,C), andKi67 (Fig 2,D) confirmed the epithe-
lial structures to be composed of actively proliferating
keratinocytes.
Filaggrin and loricrin, both of which are essential components

of the cornification of the epidermis, demonstrated different
staining patterns in tunnels than in the overlying epidermis or
healthy controls. Filaggrin staining (Fig 2,E) was inconsistent but
localized to the luminal epithelium with slightly less intensity,
whereas loricrin staining was in linewith staining in the overlying
psoriasiform epidermis. (Fig 2, F). This suggests an intact kerati-
nocyte 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 inter-
mittently positive in the tunnel epithelia (Fig 2, G). No evidence
of follicular morphology was evident across the sections exam-
ined. Melanocytes were identified in the basal layer of HS tun-
nels by Melan-A (Fig 2, H) and c-Kit (Fig 2, I), and dermal
mast cells were identified by c-Kit (Fig 2, H). The intraepithe-
lial melanocyte cell populations were of density comparable to
that seen in the overlying psoriasiform epidermis (Fig 2, H).
Tunnels had increased staining of lipocalin-2, which was previ-
ously associated as a marker of IL-17–activated keratinocytes
(Fig 2, J).33 These results indicate that the morphologic struc-
ture of dermal tunnels recapitulates the structure of the over-
lying psoriasiform epidermis, with the exception of
intermittent trichohyalin staining and incomplete intermittent
staining of components of the cornified envelope. We termed
the morphologic characteristics of the tunnels as demonstrating
a pseudo-psoriasiform pattern reflecting the similarities with the
overlying epidermis.
HS tunnels have increased inflammatory infiltration

compared with the overlying superficial epidermis
Given that histologically, tunnels recapitulate the structure of

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



FIG 2. HS tunnels recapitulate the structural properties of the overlying epidermis.A, Representative biopsy

specimens from patients with HS and site-matched healthy volunteers stained with H&E demonstrating

prominent psoriasiform lengthening of the rete ridges, thinning of the suprapapillary plate, hyperkeratosies

and parakeratosies, as well as a reduction of the granular layer in the HS epidermis compared with healthy

controls. HS tunnels contain a thick stratified squamous epithelium with increasing differentiation toward

the lumen (L). Scale bar 5 100 mm. Tunnels are marked by (B) S100A7 positivity (C) Keratin 16 and (D) Ki67

staining identify this epithelium as being composed of dividing keratinocytes, with increasing differentia-

tion toward the luminal layer compared with the more basal cells (D [black arrows]). E and F, Differentiation

is indicated by filaggrin (E) and loricrin (F) staining. G, Intermittent positive trichohyalin staining is also

observed. H and I, Other cell types within the tunnel include melanocytes (H), with c-Kit identifying dermal

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

lium compared with superficial HS epithelium.
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whether the proinflammatory functions of epithelial keratino-
cytes are also intact in HS tunnels. The result of IL-36g tract
staining was highly positive in the dermal tracts (see Fig E2, B
in the Online Repository at www.jacionline.org). We then eval-
uated the potential for inflammatory leukocyte signaling and
migration toward epithelialized tunnels in HS. Immunohisto-
chemical analysis demonstrated an increased T-cell (CD31),
dendritic cell (CD11c1), and neutrophil (neutrophil elastase
[NE]1) infiltration in HS samples compared with in site-
matched healthy controls (Fig 3, A). Clusters of CD31,
CD11C1, and NE1 cells were evident surrounding tunnels
(Fig 3, A). When HS samples were subdivided based on the
presence or absence of dermal tunnels (Fig 3, B), a significantly
greater number of CD31, CD11c1, and NE1 cells were present
in samples containing tunnels than in samples without tunnels
(P < .001 for CD31 and CD11c1, and P < .05 for NE1 cells).
We then asked which region of the skin was contributing to
the differences in inflammatory infiltration. There was no differ-
ence 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 < .001) (Fig 3, C). Staining
with CD177 (a neutrophil activation marker) demonstrated
recruitment and transmigration of neutrophils toward the tunnel
lumen (see Fig E2, D [width of the black triangle depicting
gradient]). A variable CXCL1 gradient with increasing
CXCL1 levels toward the tunnel lumen was observed (width
of black triangle indicating the gradient in Fig E2, E and also
in Fig E3, which is available in the Online Repository at
www.jacionline.org). The results of staining for CXCL8 were
also positive throughout the tunnel epithelium, although the
gradient was less well defined (see Figs E2, F and E4 in the On-
line Repository at www.jacionline.org). It was previously shown
that neutrophils are able to form web-like neutrophil extracel-
lular traps (NETs) following exposure to microbes34-37 and
that neutrophils in HS are primed to form NETs.36 Within the
epithelialized tracts, nests of neutrophils were observed, with
a dense concentration at the epithelial border of the lumen
(Fig 3, D). Consistent with this, we observed a strong infiltration
of neutrophils surrounding the tunnel lumen, with formation of
NETs marked by strong NE staining (see Fig E5 in the Online
Repository at www.jacionline.org). Taken together, these data
suggest that the ancillary nidus of inflammatory tissue surround-
ing the epithelized tunnel has an inflammatory infiltration at
least equal to that of the superficial dermis, which has tradition-
ally been considered the center of inflammation in the disease.

http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org
http://www.jacionline.org


FIG 3. Tunnels are immunologically active. A, IHC demonstrates increased infiltration of CD31, CD11c1, and

NE1 cells in HS compared with that in site-matched healthy controls. Epidermotropism and transepithelial

migration toward the tunnels are also observed. Scale bar 5 100 mm. B, Quantitative CD31, CD11c1, and

NE1 cell counts highlight a significant difference in the numbers of CD31, CD11c1, and NE1 cells between

HS samples with and without tunnels. C, Density of CD31, CD11c1, and NE1 cellular infiltrate was analyzed

within nontunnel (NT) and tunnel (T) HS specimens stratified by location of cells within the biopsy specimen

(with E indicating epidermis, D indicating dermis, T indicating tunnel, and DD indicating depth-matched

deep dermis). There is a significant increase in inflammatory infiltration between tunnel and nontunnel

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

elevation of CD31, CD11c1, and NE1 cell density was seen between the epidermis and the superficial dermis

in tunnel and nontunnel specimens. Results are the means6 SEMs. *P < .05; **P < .01; ***P < .001 D, Dense

clusters of neutrophils undergoing NETosis in the tunnel epithelium adjacent to the lumen (L).
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Gene expression profiling identifies HS clusters on

the basis of presence or absence of tunnels
Having established the proinflammatory associations of epi-

thelialized tunnels, we sought to explore the molecular profile of
HS tissue by TLDA analysis. Unsupervised hierarchical clus-
tering demonstrated that HS lesional skin clustered away fromHS
nonlesional (NL) skin, and lesional skin clustered separately
based on the presence or absence of epithelialized tunnels on
histologic sections (Fig 4, A). The results of the TLDA analysis
are shown as a heatmap with fold changes relative to NL skin
(Fig 4, B). The levels of multiple proinflammatory factors were
upregulated in both tunnel and nontunnel specimens when
compared with the levels in NL skin; however, the degree of
elevation was much more pronounced in the tunnel samples
than in the nontunnel samples (Fig 4, B).

The genes that demonstrated a greater upregulation in tunnel
samples than in nontunnel samples included keratinocyte-derived
factors (S100A7, S100A8, S100A9, and LCN2); antimicrobial fac-
tors (DEFB4 and IL26); cytokines and chemokines promoting
neutrophil chemotaxis (CXCL1 and CXCL8), proinflammatory cy-
tokines (IL1b, GZMB, IL6, IL12B, and IL36a), neutrophil-
associated factors (NCF1C), and B-cell–associated cytokines and
chemokines (CD79A, TNFRSF13B, and IL20). The elevation of
keratinocyte-derived factors is consistent with the epithelized na-
ture of the tunnels. Anti-inflammatory mediators. including IL37
and macrophage migration inhibitory factor, were downregulated



FIG 4. HS samples cluster on the basis of presence of tunnels. A,Unsupervised hierarchical clustering anal-

ysis of TLDA data based on the histologic presence of tunnels demonstrates distinct clustering of tunnel and

nontunnel biopsy specimens compared with nonlesional (NL) tissue. B, Heatmap of differential gene

expression of HS-associated genes in HS NL specimens (n 5 7), HS samples without tunnels (n 5 10),

and HS samples containing tunnels (n 5 6), all of which are confirmed by histologic presence of tunnels.

Results indicate fold change (FCH) relative to NL. *P < .05; **P < .01; ***P < .001. C, Confirmatory RT-PCR

of healthy controls (n 5 4) and actively inflamed HS lesional samples without (n 5 3) and with tunnels (n 5
5). Results are the means 6 SEMs. FCH is also shown. *P < .05; **P < .01; ***P < .001.
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in tunnel specimens compared with in nontunnel specimens.
Increased levels of 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, these data indicate a trend
toward greater upregulation of proinflammatory genes and
decreased expression of anti-inflammatory genes in tunnel speci-
mens compared with nontunnel specimens. The neutrophilic signa-
ture associated with tunnel samples was confirmed by using RT-
PCR on lesional HS tissue (Fig 4, C). There was a statistically sig-
nificant increase in the levels of epithelium-derivedCXCL1 (40.01-
fold) and CXCL8 (46.75-fold), CD177 (activated neutrophil
marker; 3.78-fold),CSF3 (driver of increased production of neutro-
phils; 19.61-fold),38 DEFB4B (a neutrophil-associated defensin
peptide; 33.82-fold), and IL-36a (64.09-fold), as well as in the
levels of KRT6C (44.54-fold) and KRT13 (33.82-fold) in samples
with tunnels compared to in samples without tunnels. These data
suggest that samples with epithelialized tunnels have a unique in-
flammatory profile compared with that of samples without tunnels.
Epithelialized tunnels produce high levels of

proinflammatory cytokine mRNA
On the basis of whole-tissue analysis, it is challenging to discern

whether the increase in the inflammatory profile of samples with
tunnels is due to the 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 and/or dermis toward inflammation in HS
tissue, we microdissected HS specimens containing tunnels
(confirmed histologically) to be able 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, and
demonstrated higher levels of keratinocyte-derived proinflamma-
tory mRNA in HS samples with tunnels than in samples from
healthy controls (Fig 5, A). Given the different sizes of the tunnels
(as evident in Fig 1, I-L and FigsE3 andE4),wenormalized expres-
sionvalues relative to the amount of total RNA extracted (Fig 5,B).
We detected significant elevations of the levels of CXCL8 (27.66-
fold), IL36a (7.4-fold), IL17A (8.83-fold), IL17C (4.57-fold),
and IL17F (7.93-fold) in HS dermis with tunnels compared with
the levels in the overlying epidermis (Fig 5, B-D). Elevations of
the levels of IL17C in both the epidermis and tunnels were
confirmed by IHC (Fig 5, C). The high levels of inflammatory
and epithelium-derived cytokine mRNA detected in both the
epidermis and dermal tunnels, as well as the increased levels
of expression of proinflammatory cytokine mRNA in tunnels
relative to in the epidermis, suggest that tunnels may contribute
to inflammation in HS.
IL-17RA blockade with brodalumab decreases

tunnel size and drainage in patients
Treatment with the IL-17RA antagonist brodalumab at a dose

of 210 mg/1.5 mL subcutaneously every 2 weeks has been
demonstrated to ameliorate the clinical manifestations of dis-
ease.39 The impact of biologic therapy on HS tunnels has not been
studied. We therefore asked whether tunnels can be modulated
therapeutically. During 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) before and following treatment with
brodalumab. In the baseline reading, a wide lumen of the tunnel
(white arrow) and major Doppler signal were evident within the
deep dermal tunnels but not in the epidermis (Fig 5, E). Following
treatment, the tunnel wall thickness and the tunnel diameter
were significantly decreased following treatment (P < .001)
(Fig 5, E-G). There was also less Doppler intensity following
treatment, suggesting that tunnels displayed less inflammation
with IL17-RA blockade (P < .001) (Fig 5, H).
DISCUSSION
Dermal tunnels are structures unique to HS; however, the

question of whether they are merely an end-stage feature of the
disease or are an active inflammatory component has remained
unanswered. We have characterized dermal HS tunnels and
reported that they 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 with that of HS samples without
tunnels. By isolating tunnels from the overlying epidermis by
microdissection, we demonstrated significantly higher levels of
epithelium-derived and proinflammatory cytokine mRNA in HS
tunnels than in the overlying epidermis and in healthy controls.
Furthermore, we have shown 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 the
IL-17RA antagonist brodalumab.
HS ismediated by a complexmilieu of inflammatory pathways,

and the precise pathogenesis of the disease is not well understood.
The TH17 axis (including IL-17 isoforms) is considered a central
feature of inflammation in the disease and has been previously
characterized in HS tissues.29,40 Cutaneous IL-17 signaling re-
cruits neutrophils and enables their survival as well as production
a myriad of IL-17–induced inflammatory mediators, including
CXCL chemokines, lipocalin-2, and cathelicidin.41,42 (Fig 2, J
and see Fig E2, D and E). Furthermore, IL-17–derived IL-22 me-
diates proinflammatory effects on keratinocytes, leading to
epidermal acanthosis and hyperproliferation—features that are
seen in both psoriasis and HS.43 Additionally, apocrine gland–
rich skin, which is a common site for HS, has an enhanced IL-
17 signature, which may partially explain the disease predilection
in these anatomic regions.44We recently published the first report
of IL-17C in HS tissue samples.29 In this study, we have now
demonstrated that epithelialized tunnels also express IL-17C.
We show that the abundance of IL-17C and IL-36 in tunnel kera-
tinocytes likely leads to increased expression of proinflammatory
cytokines and chemokines, including CXCL1 and CXCL8, which
are potent neutrophil chemoattractants. The increasing CD177
gradient toward the lumen of the tunnels and the formation of
NETswithin tunnel lumen and tunnel wall epithelium further sug-
gest that neutrophils are activated in tunnels and are being actively
recruited with marked transmigration toward the lumen of the
tunnels. Furthermore, the level of mRNA of granulocyte
colony-stimulating factor (CSF3), a cytokine involved in neutro-
phil production and release,38 is elevated in tunnel samples
compared with the levels in nontunnel samples, further giving
credence to the role of neutrophilic activity in HS tunnel



FIG 5. Tunnels are activemediators of inflammation in HS and are therapeutically targetable. A,Heatmap of

supervised clustering of proinflammatory mediators in bisected specimens of HS skin, with the heatmap

containing samples from healthy controls (n 5 6), epidermis/superficial dermis (n 5 8), and deep dermis

containing epithelialized tunnels (n5 8). Levels of known proinflammatory mediators are highest in dermal

(tunnel) specimens compared with in samples of epidermis and superficial dermis and samples from

healthy controls. Fold change (FCH) is shown relative to healthy controls (with *P < .05; **P < .01; and

***P < .001). B, RT-PCR demonstrates elevated levels of expression of targetable cytokines in HS dermal

tunnels (HS dermis) compared with in the overlying epidermis and healthy controls, relative to the total

amount of RNA recovered. There is a significant elevation of the levels of cytokines in the HS tunnels

compared with in 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 and with reduction of expression toward the lumen (L) of the tunnels. Scale bar 5 100 mm.

Arrow indicates direction of the IL-17C gradient. D, Tunnels in HS dermis express cytokines of the IL-17 fam-

ily. E, Doppler ultrasonography demonstrating a reduction in tunnel diameter and Doppler intensity

following 12 weeks of treatment with IL-17RA antagonist brodalumab. F-H, There is a significant decrease

in tunnel wall (F), tunnel diameter (G), and dermal Doppler intensity (H) following treatment with IL-17RA

antagonist brodalumab. A decrease in tunnel inflammation is seen as early as 4 weeks following treatment.

Results are the means 6 SEMs; FCH is also shown. *P < .05; **P < .01; ***P < .001.
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pathogenesis. Given the high levels of IL-17C in pustular psoria-
sis, and the neutrophilic nature of HS, parallels between the 2 dis-
eases need to be explored in the future.
Quantitative IHC allowed us to assess the association of the

mixed inflammatory cellular infiltrates with epithelialized tunnels
as compared with the overlying epidermis. HS samples with
tunnels demonstrated greater numbers and densities of CD31,
CD11c1, and NE1 cells, with the greatest change in density sur-
rounding the epithelialized tunnels during the process of
transepithelial migration. Active NETosis was also seen sur-
rounding these tunnels to a greater degree than surrounding the
overlying epidermis. The histone scaffolds associated with
NETs have been identified as components of the IPGM and are
thought to be due to the presence of bacterial biofilms in tunnel
lumen.25,36 Our immunohistochemical findings provide observa-
tional evidence to support epithelialized tunnels as the source of
the IPGM. The CXCL1 and CXCL8 transepithelial gradient in
tunnel epithelium may drive the migration of activated
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neutrophils into the tunnel lumen (Figs E2,D and E, Fig 5, C, and
see also Figs E3 and E4). This is further supported by neutrophil
activation and the transmigration marker CD177 (see Fig E2, D).
This transepithelial trafficking may occur in either the presence or
the absence of a coexisting luminal biofilm. These results provide
a potential mechanism for IPGMdevelopment independent ofmi-
crobial biofilms.2

Unsupervised hierarchical clustering demonstrates that sam-
ples with tunnels clustered separately from samples without
tunnels and NL tissue. The molecular signature of tunnels was
significantly enhanced for keratinocyte-derived inflammatory
mediators previously implicated in the pathogenesis of HS,
including CXCL1, CXCL8, and DEFB4B. Additionally, the
levels of B-cell–associated factors, (IL-20 and JCHAIN) were
only upregulated in tunnel biopsy specimens and not in nontunnel
biopsy specimens. This supports the results of Byrd et al36

regarding the role of B cells in the disease, but it reveals that
strong B-cell signals may be associated only in severe,
tunnel-associated disease (which is the subset of disease that
Byrd et al examined). This differential immunologic profile based
on the presence or absence of tunnels in HS may explain the wide
variability in tissue cytokine levels seen in the disease,16 as
stratification by disease severity and/or morphologic structures
has not been routinely performed.45

Our investigations have characterized the structural and
immunologic characteristics of epithelialized tunnels in HS
lesions. Contrary to the previous pathogenic paradigm of the
disease, tunnels are not merely inert, fibrotic, end-stage results of
chronic inflammation.21 We have illustrated that epithelialized
tunnels recapitulate the structure of the overlying epidermis, con-
taining not only keratinocytes but also melanocytes and Langer-
hans cells (Fig 2 and see Fig E2, C). Additionally, tunnel
epithelium demonstrates pseudopsoriasiform hyperplasia and
presence of a keratinocyte differentiation program similar to
that seen in the overlying epidermis (Fig 2). The result of positive
intermittent trichohyalin staining was 1 discrepancy seen, which
is consistent with previous data on alteration in epithelial and
follicular keratinocyte differentiation identified in transcriptomic
data.46 Trichohyalin staining may also be an indicator of the
origin of these tunnels, given the extruding keratinocyte response
seen on the outer root sheath of intact hair follicles.31,32 However,
other epithelial sources, such as eccrine and apocrine glands and
ducts, would also have the potential to switch cell fate in the same
way as cells of the follicular outer root sheath.47-49 Additionally, it
is unclear whether epithelial-mesenchymal transition mecha-
nisms may be involved as part of an aberrant wound healing
mechanism, as suggested in transcriptomics data on HS lesions.50

To answer this question, further mechanistic inquiry would be
necessary to faithfully ascertain the source of the cells comprising
the tunnel epithelium.
The strong TH17 cell 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 cell–mediated inflammation in a manner
way similar to that of superficial epithelium in HS26,29 and psori-
asis vulgaris.51 This is further supported by the strong CXCL8
signatures in bisected specimens. Although CXCL8 is produced
by mononuclear phagocytic cells, as well as by fibroblasts
and epithelial cells, confirmatory CXCL8 staining identified a
positive staining associated with the tunnel epithelium rather
than with dermal inflammatory cell infiltrates. Importantly, our
data demonstrate that HS tunnels may be therapeutically target-
able inflammatory structures. Treatment with the IL-17RA antag-
onist brodalumab, which effectively blocks the activity of all
IL-17 isoforms, reduced the draining (as measured by Doppler in-
tensity), wall thickness, and tunnel diameter in our clinical trial.
HS research is hindered by the lack of animal models of HS
and the limitations of in vitro approaches to modeling disease.52

Although the limitation of our data is that they cannot discern
whether blockade of the IL-17 signaling pathway has a direct or
an indirect effect on tunnels, these data provide the first insight
that tunnels are associated with IL-17 signaling.
Redefining tunnels as immunologically active structures has

direct clinical relevance. Here, we have shown that patient
samples with dermal tunnels demonstrate significantly greater
inflammatory burden than demonstrated by samples without
dermal tunnels. In a given volume of a biopsy specimen, the
epithelialized tunnels produced at least the same amount of
proinflammatory mediators as the superficial epidermis. There-
fore, the presence of tunnels will effectively double the level of
inflammation within a defined volume of skin tissue. The
presence of tunnels has recently been associated with a signifi-
cantly decreased odds of achieving clinical response in a
reanalysis of the phase 3 clinical trials of adalimumab in HS.53

The data that we have presented provide 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 it may be insufficient for the significantly
increased level of inflammation associated with tunnels.53 Addi-
tionally, the TH17 cell feed-forward inflammatory loop driven by
epithelium (both superficial and tunnel-associated) may reduce
the likelihood of adequate inflammatory suppression with
TNF-a blockade alone. It is possible that the response of the
subcutaneous nodules to TNF-a blockade and not the tunnels sug-
gests that the cellular migration to and across tunnel epithelium is
more dependent on IL-17 signaling than on TNF-a signaling.
Changes in inflammation and thickness of the tunnel wall demon-
strate 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, sug-
gesting a role of IL-17 signaling in multiple HS manifestations.39

As surface drainage of pus secretions from tunnel ostia is signi-
ficantly ablated by brodalumab treatment,39 this suggests that
cellular trafficking into the lumen of dermal tunnels may be a
potential mechanism promoting purulent drainage. However,
whether these tunnels are able to be completely resolved by
medical therapy alone is unknown. Currently, the opinion is
that only surgery can remove these structures in view of their
epithelialized nature. Given that surgery has high recurrence rates
in patients with HS 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 has uncovered a novel avenue for
exploring the role of biologic therapy at an earlier stage of disease
to prevent the progression to a more advanced stage and before
formation of tunnels.54 Thus, future clinical trials including
patients with HS with tunnels are warranted to determine whether
tunnels are potentially reversible structures.
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Our study was limited by the number of patients included
(N5 22), although this number was comparable to those in other
studies on this disease.36 The study included only patients with
clinically advanced HS (Hurley stage 2 and 3), limiting the results
to this patient group. The presented data are unable to answer the
question of the origin of the tunnels in HS. Although 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 have provided the first
evidence of the associated role of IL-17 signaling in tunnel
biology, and further studies are necessary to ascertain the role
of IL-17 in tunnel development and function.
Taken together, our data demonstrate 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 by patients
with HS. Blockade of IL-17RA with brodalumab leads to a
clinical decrease in inflammation and size of HS tunnels,
suggesting that tunnelsmay be associatedwith the IL-17 pathway.
Taken together, these data demonstrate a novel avenue for
development of therapeutics for this devastating disease.

We thank the members of the Krueger laboratory for technical assistance

and for critical reading of the manuscript. All data, including data,

documentation, and analysis available on request in writing to the correspond-

ing author.

Key messages

d Epithelialized tunnels in HS recapitulate the morphology,
function, and proinflammatory milieu of the overlying
epidermis.

d HS tunnels are involved in IL-17 signaling and contribute
to disease pathogenesis.

d Clinically, HS tunnels decrease in size and draining with
IL-17RA blockade.
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ORIGINAL ARTICLE
In-Depth Analysis of the Hidradenitis
Suppurativa Serum Proteome Identifies
Distinct Inflammatory Subtypes

Kristina Navrazhina1,2, Sandra Garcet1, Juana Gonzalez1, David Grand1, John W. Frew1 and
James G. Krueger1
Hidradenitis suppurativa is a chronic inflammatory dermatosis with presentations ranging from painful nodules
and abscesses to draining tunnels. Using an unbiased proteomics approach, we assessed cardiovascular-,
cardiometabolic-, and inflammation-related biomarkers in the serum of patients with moderate-to-severe
hidradenitis suppurativa. The serum of patients with hidradenitis suppurativa clustered separately from that
of healthy controls and had an upregulation of neutrophil-related markers (Cathepsin D, IL-17A, CXCL1). Pa-
tients with histologically diagnosed dermal tunnels had higher serum lipocalin-2 levels compared with those
without tunnels. Consistent with this, patients with tunnels had a more neutrophilic-rich serum signature,
marked by Cathepsin D, IL-17A, and IL-17D alterations. There was a significant serum‒skin correlation between
proteins in the serum and the corresponding mRNA expression in skin biopsies, with healthy-appearing per-
ilesional skin demonstrating a significant correlation with neutrophil-related proteins in the serum. CSF3mRNA
levels in lesional skin significantly correlated with neutrophil-related proteins in the serum, suggesting that
CFS3 in the skin may be a driver of neutrophilic inflammation. Clinical significantly correlated with the levels of
lipocalin-2 and IL-17A in the serum. Using an unbiased, large-scale proteomic approach, we demonstrate that
hidradenitis suppurativa is a systemic neutrophilic dermatosis, with a specific molecular signature associated
with the presence of dermal tunnels.
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INTRODUCTION
Hidradenitis suppurativa (HS) is a chronic inflammatory dis-
ease with an estimated prevalence of 1% (Jemec and Kimball,
2015; Jemec et al., 1996; Sabat et al., 2020). HS has a wide
spectrum of clinical presentations, ranging from inflamed
nodules and abscesses to interconnecting draining tunnels and
late-stage fibrotic disease. Patients with HS face multiple
comorbidities, including inflammatory bowel disease,
depression, sexual dysfunction, and an increased risk of car-
diovascular disease and metabolic syndrome (Kurek et al.,
2013; Matusiak et al., 2010; Miller et al., 2014; Reddy et al.,
2020; Sabat et al., 2012; van der Zee et al., 2014). Current
treatment options for HS have limited efficacy (Frew et al.,
2020) and are hindered by a lack of blood and serum bio-
markers for assessment of inflammatory activity and thera-
peutic response.
Although the exact pathogenesis of HS remains unclear,

recent studies have led to a paradigm shift from the
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traditional model of follicular occlusion as a driver of the
disease to appreciating HS as a systemic inflammatory
disorder with alterations involving plasma cells and B
cells (Gudjonsson et al., 2020; Lowe et al., 2020); neu-
trophils (Byrd et al., 2019); dendritic cells (Lowe et al.,
2020); macrophages (Byrd et al., 2018; Thomi et al.,
2018); and multiple other proinflammatory axes,
including the T helper type 17 pathway (Navrazhina et al.,
2020; Wolk et al., 2011). However, most of this work has
been based on histological and transcriptomic profiling of
skin biopsies. Several studies have examined the serum
proteome to identify potential disease biomarkers, with
varying results regarding the abundance of these cytokines
and proteins compared with healthy controls (Blok et al.,
2016; Jiménez-Gallo et al., 2017; Vossen et al., 2019;
Wolk et al., 2017). A study assessing the in-depth prote-
omic profile of HS serum to identify the biomarkers of
disease is lacking.
Multiple studies have utilized the Olink broad proteo-

mic panels to gain molecular insight into the disease ac-
tivity in the serum of patients with inflammatory
dermatoses, including atopic dermatitis (AD) (Brunner
et al., 2019, 2017), alopecia areata (Glickman et al.,
2021), and psoriasis vulgaris, as well as for biomarkers
of therapeutic response in psoriasis (Kim et al., 2018). In
addition to an increase in inflammatory proteins, these
studies have identified alterations in cardiovascular bio-
markers, consistent with the systemic inflammation asso-
ciated with these disorders. In this study, we aimed to
evaluate protein expression in HS serum.
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RESULTS
The proteomic profile of HS serum is molecularly distinct
from that of healthy controls and other systemic
inflammatory dermatoses

Using the Olink Proteomics platform (Uppsala, Sweden), we
assessed the serum proteome of patients with Hurley II and III
HS (n ¼ 22) and body mass index (BMI)‒matched healthy
control individuals (n ¼ 9) using the inflammation (92 bio-
markers), cardiometabolic (92 biomarkers), cardiovascular II
(92 biomarkers), and cardiovascular III (92 biomarkers)
panels. Patient demographics can be found in Supplementary
Table S1. Principal component analysis demonstrated that HS
samples clustered separately from healthy volunteers
(Figure 1a; Supplementary Figure S1). An unsupervised two-
dimensional hierarchical clustering algorithm was used to
group the samples on the basis of differentially expressed
proteins (DEPs, defined as absolute values of [fold change] �
1.2 and P � 0.05) (Figure 1b). HS serum had a significant
increase in neutrophil-related proteins (IL-17A, CXCL1,
Cathepsin D), mediators of atherosclerosis (HGF), chemo-
tactic cytokines and receptors (CCL5, IL-4RA), and GFs (TGF-
a, HGF, HB-EGF) (Figure 1b) (Bell et al., 2018). HS exhibited
elevations of ST2 protein, a biomarker of cardiovascular
stress and fibrosis that is a potential predictor for outcomes in
patients with heart failure (Villacorta and Maisel, 2016). This
finding is consistent with the increased risk of cardiovascular
complications in patients with HS (Miller et al., 2014; Reddy
et al., 2020).

We then conducted an enrichment analysis of DEPs for
Gene Ontology biological processes terms. Pathways that
were significantly enriched in the serum of patients with HS
relative to that of healthy volunteers are shown in Figure 1c,
with the vertical line demonstrating a false discovery rate of
0.05. The most significantly enriched pathways were related
to general immune response (positive chemotaxis,
chemokine-mediated signaling pathway, lymphocyte
chemotaxis, inflammatory response, immune response,
signal transduction) and neutrophil-mediated inflammation
(neutrophil chemotaxis, neutrophil degranulation). Because
the serum contains secreted proteins, we assessed the cellular
structures in which the DEPs are localized to function. Pro-
tein annotation through evolutionary relationship statistical
overrepresentation test for Gene Ontology cellular compo-
nent terms identified tertiary granule lumen (P ¼ 3.95E-05),
specific granule lumen (neutrophil associated) (P ¼ 5.57E-
05), and extracellular space (P ¼ 9.42E-13) as the cellular
locations in which HS-specific proteins functioned (Mi et al.,
2019) (Figure 1d). Given that smoking may be associated
with HS, we performed a sensitivity analysis to account for
smoking status. There were seven proteins differentially
expressed between HS smokers and nonsmokers (SLAMF7,
QPCT, CHIL1, SELE, NCAM1, MB, and SERPINA7). None of
these proteins were differentially expressed between patients
with HS and healthy controls regardless of the smoking
status.
Because we observed systemic inflammation in HS

serum, we compared the HS serum proteome with pre-
viously published Olink cardiovascular and inflammation
panels in AD and psoriasis vulgaris (Brunner et al., 2017)
using absolute value (fold change) � 1.2 and P � 0.05
Journal of Investigative Dermatology (2021), Volume -
(Figure 1e). All three dermatoses had an upregulation of
mediators involved in atherosclerosis (HGF) (Bell et al.,
2018). Compared with 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 upregulation of T helper type 17
pathway (IL-17A) and neutrophil-related proteins (IL-17A,
Cathepsin D, CCL24). Both HS and AD had an upregu-
lation of GF TGF-a and IL-4 immune signaling proteins
(IL4-RA, SLAMF1).

LCN2 differentiates HS subtypes in serum

Lipocalin-2 (LCN2), also known as neutrophil gelatinase‒
associated lipocalin, has been suggested as a potential
biomarker in HS, with reports identifying elevated levels of
LCN2 in serum of patients with HS and palmoplantar
pustular psoriasis (Wolk et al., 2018, 2017). LCN2 is a
potent chemoattractant for neutrophils, promoting adhe-
sion and extravasation of granulocytes (Schroll et al.,
2012). LCN2 can also be used to measure inflammation
in the context of inflammatory bowel disease (Chassaing
et al., 2012; Thorsvik et al., 2017). Given the neutro-
philic signature detected in 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 ar-
ranged by increasing LCN2 levels identified two HS sub-
groups: a subset of patients with HS with high LCN2 levels
and a subset of patients with HS with low LCN2 levels,
which clustered more closely with healthy controls
(Figure 2a). We identified a node of the dendrogram that
was associated with increasing levels of LCN2 (black box,
Figure 2a). This cluster identified proteins directly propor-
tional to LCN2 levels in the serum, including neutrophil-
related proteins (AZU1, MPO, EN-RAGE, DEFA1, CEA-
CAM8, matrix metalloproteinase 9, CXCL8) (Figure 2b and
c). Phylogenetic tree clustering of all the samples demon-
strated two distinct subtypes of HS on the basis of high or
low LCN2 levels in the serum (Figure 2d). We then eval-
uated the clinical and histological parameters associated
with patients in each subgroup. The majority of the pa-
tients in the LCN2-high subgroup had histologically diag-
nosed dermal HS tunnels (on the basis of ultrasound
examination of HS skin as well as on the basis of the
presence of a visible tunnel on the histological assessment
of the biopsy) compared with those in the LCN2-low
subgroup, in which patients did not have histologically
diagnosed tunnels. Because the criteria of histologically
confirmed dermal tunnels were 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 2d).

HS patients with tunnels have a different serum proteomic
profile than patients without tunnels

We then compared the DEPs in the sera of HS patients with
and without histologically confirmed tunnels, with fold
change relative to healthy controls shown (Figure 3a), and
also conducted an enrichment analysis of the DEPs unique to



Figure 1. HS serum is molecularly distinct from that of healthy controls and other systemic skin diseases. (a) Principal component analysis and (b) unsupervised

hierarchical clustering of all differentially expressed proteins (abs [FCH] � 1.2, and P � 0.05) between HS serum and that of HV controls. FCHs relative to

healthy controls are shown; **P � 0.01, ***P � 0.001, ****P � 0.0001. c-Kit ligand is found in both inflammation and cardiovascular panel. (c) GO biological

process pathway enrichment analysis of differentially expressed proteins in HS serum relative to HV serum using the XGR tool. The vertical line shows FDR ¼
0.05. (d) Protein annotation through evolutionary relationship statistical over-representation test for GO cellular component for differentially expressed proteins

in HS serum relative to HV serum (e) Venn diagram of differentially expressed proteins between HS, psoriasis, and AD. abs, absolute value; AD, atopic

dermatitis; ERK, extracellular signaleregulated kinase; FCH, fold change; FDR, false discovery rate; GO, Gene Ontology; GTPase, guanosine triphosphatase;

HS, hidradenitis suppurativa; HV, healthy volunteer; MMP, matrix metalloproteinase; PC, principal component; XGR, eXploring Genomic Relations.
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HS samples with tunnels (relative to healthy controls) using
the canonical, Kyoto Encyclopedia of Genes and Genomes,
Reactome, and bioCarta pathways. Serum of HS patients with
tunnels had an enrichment of pathways involved in prolifer-
ation and signal transduction, extracellular matrix remodel-
ing, and tissue development (development biology, axon
guidance, pathways in cancer) (Figure 3b). There were 41
unique DEPs in tunnel samples compared with 23 proteins
unique to the nontunnel samples, both relative to healthy
controls (Figure 3c). There was minimal overlap between
tunnel and nontunnel samples (five proteins). Smoking status
did not influence the serum proteome between patients with
and those without tunnels; of the seven DEPs between HS
smokers and nonsmokers, only one (SERPINA7) was differ-
entially expressed between tunnel and nontunnel HS
samples.
HS samples with tunnels had a neutrophilic signature

(Cathepsin D, IL-17A, IL-17D, LCN2) compared with HS
samples without tunnels. Serum of HS patients with tun-
nels had an upregulation of cardiovascular-associated
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 nondraining tunnels had a
different serum proteome profile (Figure 3d). There was a
significant difference in the levels of neutrophilic-related
proteins (IL-17A, LCN2, CXCL8, EN-RAGE, DEFA1, ma-
trix metalloproteinase 9) between HS samples with drain-
ing and nondraining tunnels. In cases where there was no
significant difference in the protein levels between the
healthy volunteers and HS patients or between tunnel and
nontunnel samples, there was a significant difference in
the protein levels between samples with draining and
nondraining tunnels (EN-RAGE, DEFA1, matrix metal-
loproteinase 9). This suggests that patients with actively
draining tunnels have a different serum proteome profile.
Furthermore, cardiovascular biomarker ST2 was signifi-
cantly elevated in patients with draining tunnels, further
linking the role of tunnels and the increased risk for car-
diovascular comorbidities in HS (Figure 3d).
www.jidonline.org 3
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Figure 2. Serum LCN2 levels differentiate HS into two subgroups. (a) Unsupervised hierarchical clustering of all proteins in HS HV control serum arranged by

increasing levels of LCN2. Red indicates the upregulated protein expression levels, and blue indicates the downregulated protein expression levels. The blue

circle demonstrates the node of interest on the dendrogram, with the black box identifying a cluster of proteins that are directly proportional to LCN2 levels.

(b) Magnification of the LCN2-related cluster of proteins identifies a clear demarcation of two HS subgroups on the basis of the protein level of LCN2 in serum.

(c) Pearson correlation between expression of LCN2 and other neutrophil-related proteins in HS serum. r is Pearson correlation. (d) High LCN2 subgroup

consists of patients with histologically diagnosed tunnels, with serum samples from this subgroup clustering separately and away from those of patients without

tunnels and low LCN2 levels. HS, hidradenitis suppurativa; HV, healthy volunteer; MMP, matrix metalloproteinase.
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Correlation of biomarkers suggests a skineblood interaction
in HS

We examined lesional (LS), and healthy-appearing perile-
sional (PL) and nonlesional skin biopsies as previously
described (Frew et al., 2019) (Figure 4a). We first asked
whether there was any correlation between HS skin and
serum by studying IL-6, which has been previously suggested
as a biomarker in HS serum (Jiménez-Gallo et al., 2017). IL-6
protein level in the serum was significantly correlated with IL-
6 mRNA in LS (r ¼ 0.62, P ¼ 0.0096), PL (r ¼ 0.56, P ¼
0.0138), and nonlesional (r ¼ 0.5, P ¼ 0.0261) skin
(Figure 4b). We focused further analysis on PL skin biopsies
because the overall RNA quality was better in PL samples
than in LS samples, consistent with the increased presence of
neutrophils in lesions of LS skin. There was a significant
correlation between the proteins involved in the IFN axis
(CXCL9, CXCL11), known psoriasis-related proteins (pepti-
dase inhibitor-3/elafin, SELP), B-cell related protein (IGLC2),
neutrophil-related markers (LCN2, SERPINA5, SLAMF1), and
markers associated with general inflammation (HGF, HO-1)
(Figure 4c).

G-CSF or CSF3 is a major hematopoietic cytokine regu-
lating granulopoiesis and is involved in inducing both gran-
ulocyte production and release from the bone marrow (Furze
and Rankin, 2008; Semerad et al., 2002). Given the strong
correlation between neutrophil-related biomarkers in the
serum and skin and the neutrophilic signature associated
with HS overall, we asked whether CSF3 is a possible driver
of increased neutrophil activity. The mRNA levels of CSF3
were elevated in the LS and PL skin of patients with HS
compared with the skin from healthy volunteers. Therefore,
we asked whether there was a correlation between CFS3
levels in LS skin and neutrophil-related biomarkers in the
serum (Figure 4d). 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 proteins in the
serum (Figure 4d).

Levels of neutrophil-related proteins in the serum correlate
with HS clinical activity

We then asked whether clinical characteristics correlated
with LCN2 and IL-17A protein levels in the serum (Figure 5).
Given that only patients with advanced HS (Hurley stages II
and III) were included in this study, we could not correlate
the serum levels of LCN2 and IL-17A with Hurley stage.
However, patients with Hurley stage III were more likely to
present with draining tunnels (P ¼ 0.0091) and thus were
more likely to have neutrophilic inflammation in the serum,
consistent with the analysis in Figure 3d. Unlike the
International Hidradenitis Suppurativa Severity Score Sys-

tem criteria, Hurley staging does not take into account the
presence of nodules, abscesses and draining tunnels in a
weighted approach. International Hidradenitis Suppurativa
Severity Score System, which assigns weighted points to the
number of nodules, abscesses, and draining tunnels or
fistulae, correlated the most with serum protein levels of
LCN2 and IL-17A, suggesting its utility as a tool to quantify
disease activity and clinical response in HS. Therefore, our
data suggest that the International Hidradenitis Suppurativa
Severity Score System score may be more representative of
disease activity than Hurley staging. Furthermore, Interna-
tional Hidradenitis Suppurativa Severity Score System scores
also correlated with other markers of general inflammation
(TNF-a, 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.

DISCUSSION
This study presents a large-scale proteomic analysis of serum
from patients with moderate-to-severe HS. Consistent with
previous reports in the skin, we identified an elevation of IL-
17A in HS serum (Kelly et al., 2015; Lima et al., 2016;
Navrazhina et al., 2020). We demonstrate systemic neutro-
philic inflammation in HS, consistent with elevated absolute
neutrophil counts in the blood (Supplementary Table S1).
Unbiased analysis of samples demonstrated clustering of HS
on the basis of high and low LCN2 expression 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
(Wolk et al., 2017). There was a significant serum‒skin cor-
relation of neutrophilic markers present in the PL skin, sug-
gesting 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 proin-
flammatory pathways even in healthy-appearing unaffected
skin, further giving credence to the concept of HS as a sys-
temic dermatosis (Navrazhina et al., 2020; Sanchez et al.,
2019; van der Zee et al., 2011). Consistent with our work,
previous ELISA-based analysis of HS serum has demonstrated
dysregulation in pathways involving general inflammation
(Blok et al., 2016), neutrophil activation (Wolk et al., 2017),
complement pathway (Hoffman et al., 2018), and antibody
formation (Assan et al., 2020). We identified CSF3 in the skin
as a potential regulator of neutrophilic inflammation in the
serum. Taken together, our data suggest that HS has signifi-
cant clinical and molecular heterogeneity, demonstrating that
HS patients with dermal tunnels have a different proteomic
profile.
HS is a heterogeneous disease in its clinical presentation;

however, it is unknown whether 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. HS had fewer DEPs than psoriasis and
AD, which could reflect a smaller body surface area affected,
the compartmentalization of immune response in HS and the
heterogeneity of our patient cohort likely affecting the num-
ber of statistically significant DEPs. When subdivided by the
presence of tunnels, there was a higher number of DEPs than
when examining the entire heterogeneous group. We
demonstrate an interesting association between a morpho-
logical structure in the skin (tunnels) and serum biomarkers.
Patients with draining tunnels had significantly higher levels
of neutrophil-related proteins in the serum (IL-17A, MPO,
LCN2, CXCL8, EN-RAGE, DEFA1, matrix metalloproteinase
9) than those with nondraining tunnels. This is consistent with
www.jidonline.org 5
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Figure 3. HS patients with tunnels have a different serum proteome profile compared to patients without tunnels. (a) Heatmap of all differentially expressed

proteins (abs [FCH] �1.2, and P � 0.05) between HVs and HS patients without tunnels, HVs and HS patients with tunnels, or between HS patients with without

tunnels. FCHs relative to those of HVs are shown; *P � 0.05, **P � 0.01, ***P � 0.001. (b) Enriched biological processes in the serum of HS patients with

tunnels by canonical, KEGG, Reactome and BioCarta pathways using the XGR tool. Vertical line shows FDR ¼ 0.05. (c) Venn Diagram of the differentially

expressed proteins in HS patients with and without tunnels relative to HVs. (d) Olink expression of serum protein levels shown in Log2(Expression) for neutrophil
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Figure 4. There is a significant serum‒‒skin correlation in HS. (a) LS skin was biopsied at an edge of an active inflammatory lesion. PL and NL skin biopsies were

taken from healthy-appearing skin 2 cm and 10 cm from the edge of the active inflammatory lesion, respectively, and were biopsied on the same anatomical

area as the LS biopsy. (b) Correlation plots of IL-6 protein serum levels and the IL-6mRNA levels in the LS, PL, and NL skin; scatterplots are shown with estimated

linear regression and 95% confidence interval; r is Pearson correlation. (c) Serum‒skin correlation of serum protein levels (Log2 Olink expression) with their

corresponding mRNA levels in the PL skin (Log2 mRNA expression). (d) Serum‒skin correlation between mRNA levels of CSF3 in the LS skin and the levels of

neutrophil-related proteins in the serum. HS, hidradenitis suppurativa; LS, lesional; NL, nonlesional; PL, perilesional.

K Navrazhina et al.
Hidradenitis Suppurativa Serum Proteome Analysis
the pus in draining tunnels being neutrophil mediated.
Interestingly, HS patients with tunnels demonstrated an
enrichment of pathways related to ECM remodeling 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-a is a
potent inducer of LCN2 in granulocytes, whereas TNF-a and
IL-17 have been shown to induce LCN2 production in kera-
tinocytes (Wolk et al., 2017). Consistent with this, patients
with tunnels had increased levels of IL-17A and TNF-a in the
serum, which provides the direct mechanistic link for the
increased levels of LCN2 in patients with tunnels. Whereas
=
and cardiovascular riskerelated proteins in the serum of HVs and HS patients, H

draining tunnels. Each dot represents an individual sample. abs, absolute value;

hidradenitis suppurativa; HV, healthy volunteer; KEGG, Kyoto Encyclopedia of G

eXploring Genomic Relations.
some studies have shown that LCN2 is associated with
obesity (Koiou et al., 2012; Mosialou et al., 2020; Wang
et al., 2007) and could provide some cardiometabolic pro-
tection (Mosialou et al., 2020), a study of patients with pso-
riasis did not find a correlation between BMI and LCN2 levels
but did report an elevation of LCN2 in the serum of psoriasis
patients compared with healthy controls (Kamata et al.,
2012). Similarly, we did not find a significant difference in
BMI between LCN2-low and LCN2-high patients in our
cohort (P ¼ 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 that the presence of tunnels may
supersede any differences related to the BMI. We believe that
S patients with and without tunnels, and HS patients with draining and non-

ECM, extracellular matrix; FCH, fold change; FDR, false discovery rate; HS,

enes and Genomes; MMP, matrix metalloproteinase; ns, nonsignificant; XGR,
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Figure 5. Serum protein correlations with clinical markers and skin disease severity. Correlation of WBC count, Abs neutrophil count, Abs 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 is Pearson correlation. Blue dots represent healthy control samples, and

red dots represent HS samples. Abs, absolute; HS, hidradenitis suppurativa; IHS4, International Hidradenitis Suppurativa Severity Score System; WBC, white

blood cell.
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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
than those with nondraining tunnels, suggesting that the
inflammation extends beyond the skin and may potentially
affect cardiovascular health.
Furthermore, the presence of tunnels influences the time it

takes to achieve Hidradenitis Suppurativa Clinical Response
in the PIONEER study of adalimumab (Frew et al., 2020,
2021). Our data provide the molecular mechanism for why
patients with tunnels have a different disease activity and
treatment response (Frew et al., 2021). Differences in bio-
markers between tunnels and nontunnel samples may 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 the time to the clinical response to adali-
mumab (Frew et al., 2021). 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 (Ghias et al.,
2020). Our study provides evidence of how morphological
structures could influence the molecular profile of patients
with HS. Identifying subjects with HS (potentially on the basis
of the presence or absence of tunnels) can identify not just
novel biomarkers specific to each disease subset but may also
potentially identify effective treatment unique to each sub-
group with HS.
Our findings demonstrate that the skin may be a driver of

the neutrophilic inflammation in the serum as we observed a
proportional correlation between CSF3mRNA in the skin and
neutrophil-related proteins in the serum. We had previously
reported an increasing gradient of IL-17 from nonlesional to
LS skin (Navrazhina et al., 2020). IL-17 has been shown to
stimulate granulopoiesis by inducing G-CSF (Hirai et al.,
2012; Schwarzenberger et al., 2000, 1998; Xu and Cao,
2010). It is plausible that IL-17, TNF-a, and IL-6 in HS skin
may stimulate G-CSF production by fibroblasts, monocytes,
and endothelial cells, which in turn stimulates the release of
Journal of Investigative Dermatology (2021), Volume -
neutrophils from the bone marrow (Kaushansky, 2006; Xu
and Cao, 2010). Potentially, G-CSF could affect cutaneous
characteristics as several individual case reports have re-
ported psoriasiform cutaneous eruption in patients receiving
G-CSF (Cho et al., 1998; Jang et al., 2017; Kavanaugh, 1996;
Mössner et al., 2004).
Acute and chronic pain contributes significantly to the

reduced QOL in patients with HS (Savage et al., 2020). In this
study, we explored the correlation between clinical param-
eters and the levels of neutrophilic proteins in the serum. Of
particular interest is the correlation between LCN2 and IL-
17A and the 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 hypernociception
(Cunha et al., 2008; Levine et al., 1984). Consistent with this,
animal studies have shown that both LCN2 and IL-17A are
involved in mechanical hyperalgesia (Ebbinghaus et al.,
2017; Jeon et al., 2013). Our data provide a plausible
mechanism of how high levels of neutrophilic proteins may
contribute to the pain burden in HS.
A strength of our study is that we assessed a large panel of

known biomarkers in an unbiased approach. Consistent
with our data, previous studies of HS serum demonstrated
elevated levels of IL-17A, TNF-a, LCN2, and IL-6 (Jiménez-
Gallo et al., 2017; Matusiak et al., 2017, 2009; Wolk et al.,
2017). However, the clinical disease heterogeneity in HS
complicates the identification of biomarkers. All of the pa-
tients 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 (Lind et al.,
2020). Importantly, rather than focusing on known
disease-associated cytokines, we sought to determine pre-
viously unreported disease-associated biomarkers through
the 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 with those of other cohorts studied
[Blok et al., 2016; Brunner et al., 2019; Wolk et al., 2017]),
the use of controls who were older than the HS cohort, and
the relative limitation of the Olink platform where analysis is
restricted to pregrouped biomarker subsets. Future larger-
scale studies are warranted to identify how other HS mani-
festations (abscesses vs. nodule, draining vs. nondraining
tunnel) impact serum proteome. Additionally, our analysis is
limited to patients with moderate and severe HS, and it
would be desirable to study patients with new onset of HS or
patients with mild HS in future studies. If serum biomarkers
are also elevated in the early-stage disease, these biomarkers
may facilitate diagnosis and decrease the 5e14 year diag-
nostic delay experienced by patients with HS (Jemec and
Kimball, 2015). Given the cyclical nature of HS severity,
marked by debilitating flare ups and a remitting course,
serum biomarkers become particularly crucial to assess dis-
ease activity and accurately diagnose as well as measure
therapeutic response.
In conclusion, we demonstrate that HS is a systemic, in-

flammatory condition associated with neutrophil-rich signa-
ture in the serum, with a significant serum‒skin correlation of
neutrophilic activity. We identify a highly-inflammatory HS
subgroup corresponding with increased LCN2 protein levels
in the serum and histologically confirmed tunnels in the skin.

MATERIALS AND METHODS
Patients

The study was approved by the Institutional Review Board of The

Rockefeller University (New York, NY), and written informed consent

was obtained. In total, 22 patients with Hurley stage II (n ¼ 15) and

stage III (n ¼ 7) and nine BMI-matched healthy controls were

included in this study (Supplementary Table S1). Exclusion criteria

included being diagnosed with HIV and hepatitis B or C, being

currently pregnant, or breastfeeding. Patients were required to un-

dergo a washout period of five half-lives from previous systemic

treatments, including all oral antibiotics, retinoid, and biologic

therapies.

Serum protein quantification

Samples were centrifuged after collection, and serum was stored at

e80 �C. Samples were analyzed using the proteomic Olink Proseek

multiplex assay. Serum (10 ml) was used for proximity extension

assay, which uses a real-time PCR to detect oligonucleotide-labeled

antibody probe pairs to individual targets, as previously described

(Assarsson et al., 2014; Bettoli et al., 2016). Samples were assessed

using the Olink Inflammation (92 analytes), cardiovascular II (92

analytes) and cardiovascular III (92 analytes), and cardiometabolic

panel (92 analytes). All of the samples met the quality control (QC)

for the Olink panels with the exception of one healthy control

sample that did not meet the QC for cardiovascular II and inflam-

mation panels and was therefore excluded from the analysis within

these two panels. Only samples that had detected the expression of

all the proteins in the panels were included in the heatmaps.

Skin mRNA quantification

RNA from frozen skin biopsies was isolated using miRNeasy Mini Kit

(Qiagen, Hilden, Germany), and DNA was removed using on-

column DNase digestion from the RNase-free DNase Set (Qiagen).

RNA sequencing was performed using NovaSeq 6000 (Illumina, San
Diego, CA), and analysis was conducted as previously described

(Suárez-Fariñas et al., 2015; Visvanathan et al., 2019). RT-PCR was

used to assess CSF3 expression in the LS skin, and expression of

CSF3 mRNA in the skin was normalized to the house-keeping gene

hARP as previously described (Navrazhina et al., 2020). Probes used

were TaqMan Gene Expression Assay CSF3 (Hs00738432_g1) and

hARP (AID1UP5) from Thermo Fisher Scientific (Waltham, MA).

Statistical analysis

Statistical analysis was performed in R language (R-project.org, R

Foundation, Vienna, Austria) using publicly available Bioconductor

Project packages (www.bioconductor.org; Bioconductor Core Team,

Buffalo, NY). QC of Olink data was accomplished using Olink’s

standard QC pipeline (Lind et al., 2015). One healthy control sample

did not pass the QC for cardiovascular II and inflammatory panel

quantification and therefore was excluded from the analysis in both

panels. The Olink platform presents data in Normalized Protein

eXpression arbitrary Log2 scaled units. Protein expression profiles

were modeled with linear models using the limma framework as

previously described (Brunner et al., 2017). This model considers

disease state and tunnel status as fixed factors, whereas random ef-

fect related to the subjects was included in the model (Brunner et al.,

2017; He et al., 2020). The least squared means and comparisons for

protein profiles among the different groups were estimated, and

hypothesis testing was performed under the general framework for

linear models in the limma package. A sensitivity analysis for the

smoking status was implemented, demonstrating no imputation-

related departures from conclusions reached. DEPs were defined

as those with absolute value of (fold change) � 1.2 and P � 0.05,

consistent with previous studies (Brunner et al., 2017; He et al.,

2020) Correlation between mRNA levels in the skin, protein

expression in the serum, and clinical parameters were evaluated

using Pearson correlations on log2-transformed expression values.

Pathway analysis

Gene set enrichment analysis was performed using the eXploring

Genomic Relations (accessed 11/15/2020) (Fang et al., 2016) for

biological processes pathways, including Kyoto Encyclopedia of

Genes and Genomes (Kanehisa et al., 2010), BioCarta (Croft et al.,

2014), Reactome (Croft et al., 2014), and Gene Ontology (The

Gene Ontology Consortium, 2019). False discovery rate cutoff at

0.05 was used to identify significant enrichment. Statistical over-

representation test was performed using Protein Annotation Through

Evolutionary Relationship Gene Ontology cellular component

complete analysis tool (Mi et al., 2019). Significance was defined as

a false discovery rate < 0.05.
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4.3: The Role of Genetics in the Pathogenesis of HS: 

Table 4.3.1: List of publications included in this chapter pertaining to the role of genetics in HS. 

Hidradenitis Suppurativa has been identified as a condition with strong familial 

predilection for close to 40 years68,69, however it was only in 2010 when gene linkage 

analysis in an East-Asian kindred identified an association with the Nicastrin component 

of the Gamma Secretase Complex70. Since that time, further case reports and kindred 

studies have identified multiple polymorphisms in various aspects of the Gamma 

Secretase Complex associated with HS71, with subsequent data suggesting a 

downstream downregulation of Notch activity72. This has led to the paradigm of familial 

HS being a monogenic disorder associated with polymorphisms in the GSC70-72. To 

Manuscript Manuscript Reference 

3-1 Frew JW, Vekic DA, Woods J, Cains GD (2017) “A Systematic Review 
and Critical Evaluation of Reported Pathogenic Sequence Variants in 

Hidradenitis Suppurativa” British Journal of Dermatology 2017; 
DOI:10.1111/bjd.15441 

3-2 Frew JW, Hawkes JE, Sullivan-Whalen M, Gilleaudeau P, Krueger JG 
“Inter-Relater Reliability of Phenotypes, and Exploratory Genotype- 

Phenotype Analysis in Inherited Hidradenitis Suppurativa” Br J Dermatol 
2019; 2019 Jan 28. doi: 10.1111/bjd.1769 

3-3 Frew JW, Navrazhina K, In-Silico Analysis of Gamma-Secretase-Complex 
Mutations in Hidradenitis Suppurativa Demonstrates Disease-Specific 
Substrate Recognition and Cleavage Alterations Front Med 2019; DOI: 

10.3389/fmed.2019.00206 
3-4 Frew JW “We Need to Talk About Notch: Notch Dysregulation as an 

Epiphenomenon in Inflammatory Skin Disease” (2018) Br J Dermatol 2019 
Feb;180(2):431-432 

3-5 Frew JW Navrazhina K No Evidence that Impaired Notch Signaling 
Differentiates Hidradenitis Suppurativa from other Inflammatory Skin 

Diseases Br J Dermatol 2020;182(4):1042-1043 
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date, genetic data has only been identified in disparate kindred from various population 

groups. Data from large scale genome wide association studies in HS are not yet 

available. There is disparity between genetic association reports from various 

geographical subpopulations. Whilst Gamma Secretase Complex associated gene 

polymorphisms are common in East-Asian kindred, similar rates were not replicated in 

European Caucasian cohorts73.  

This chapter presents five publications (Table 4-3-1) which critically evaluate the types 

of genetic polymorphisms identified in HS and their impact upon GSC function, and then 

secondly provide novel in-silico based data to propose and support an alternative 

hypothesis to the Notch-centric paradigm. The first publication (3.1) is the first 

systematic review of all reported polymorphisms in familial HS. Polymorphisms were 

identified and then structurally mapped to the known protein structure of the individual 

components of the Gamma Secretase Complex structure. Through these methods, it 

was identified that many polymorphisms in Nicastrin (the most common component of 

the GCS affected in HS) impacted the protein structure of the extracellular component 

of the GCS. This is contrast to the hypothesized mechanism of GSC polymorphisms in 

HS in which complete loss of a GSC component (such as Nicastrin) would lead to 

decreased intracellular signalling. However, structural alterations of the extracellular 

component of Nicastrin has been demonstrated to lead to over activation of intracellular 

pathways74 in Alzheimer’s disease- familial forms of which also impact aspects of the 

GCS74.  
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The second publication (3-2) presents the first attempts at Genotype-Phenotype 

correlation between polymorphisms in the GSC and clinical presentation as defined by a 

variety of clinical subtype groupings. The negative results indicating no significant 

association between type of mutation, site of mutation, or role in the extracellular or 

intracellular compartment certainly suggest that the underlying assumptions regarding 

the role of GSC mutations in HS need further mechanistic scrutiny.  

The following three publications (3-3,3-4,3-5) then examine in-silico data 

Overall, these publications question the Notch-associated hypothesis of gamma 

secretase polymorphisms in HS and raises the prospect that GCS substrates other than 

Notch may be involves in the pathogenesis of HS. This is supported by data showing 

the low rates of GSC polymorphisms in European cohorts and data demonstrating the 

PI3K/AKT pathway dysregulation seen in East-Asian cohorts cannot be replicated in 

tissue samples from over 80 European HS patients74. 

Therefore, the path forward for future work in the genetic basis of HS includes 

genotype- endotype- phenotype analysis75, identification of other associated variants 

targeting proteins other than Notch, GWAS, as well as acknowledgement of the 

potential genetic heterogeneity in the disease. 
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4.3.1: Publication 3-1 

Frew JW, Vekic DA, Woods J, Cains GD (2017) “A Systematic Review and Critical 

Evaluation of Reported Pathogenic Sequence Variants in Hidradenitis Suppurativa” 

British Journal of Dermatology 2017; DOI:10.1111/bjd.15441 

Article Not Included due to Copyright Restrictions.
Article Available on Publisher Website:

https://onlinelibrary.wiley.com/doi/10.1111/bjd.15441
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4.3.2: Publication 3-2 

Frew JW, Hawkes JE, Sullivan-Whalen M, Gilleaudeau P, Krueger JG “Inter-Relater 

Reliability of Phenotypes, and Exploratory Genotype- Phenotype Analysis in Inherited 

Hidradenitis Suppurativa” Br J Dermatol 2019; 2019 Jan 28. doi: 10.1111/bjd.1769 

Article Not Included due to Copyright Restrictions.
Article Available on Publisher Website:

https://onlinelibrary.wiley.com/doi/10.1111/bjd.17695
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4.3.3: Publication 3-3 

Frew JW, Navrazhina K, In-Silico Analysis of Gamma-Secretase-Complex Mutations in 

Hidradenitis Suppurativa Demonstrates Disease-Specific Substrate Recognition and 

Cleavage Alterations Front Med 2019; DOI: 10.3389/fmed.2019.00206 
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Background: Familial Hidradenitis Suppurativa and Familial Alzheimer’s Disease are

both associated with Gamma-Secretase Complex mutations; however, the two diseases

are not epidemiologically associated. Understanding the molecular differences between

the two diseases may aid in the development of hypotheses for differing pathogenesis

and ultimately, targets for detection.

Aims: To characterize the in silico structural and functional alterations to the Gamma

Secretase Complex in documented mutations in Familial Hidradenitis Suppurativa, along

with comparison of downstream substrate recognition and cleavage.

Methods: In silico analysis of publicly available genomic data, assessment of

protein structure and binding affinity using Swiss-model and Dynamut was undertaken.

Differential Expression was expressed using Log Fold Change using the general

framework for linear models in R. Differentially expressed genes (DEGs) were defined

by FCH ≥1.5 or ≤−1.5 and false discovery rate (FDR ≤ 0.05).

Results: Twenty three of 39 mutations in HS are degraded via nonsense mediated

decay with altered substrate and binding affinity of substrates identified in the remaining

mutations. Significant differential expression of ErbB4, SCNB1, and Tie1 in lesional skin

was specific to Hidradenitis Suppurativa and EphB2, EPHB4, KCNE1, LRP6, MUSK,

SDC3, Sortilin1 in blood specific to Familial Alzheimer’s Disease.

Discussion and Conclusions: We present the first in silico evidence as to the impact of

documented mutations in Familial Hidradenitis Suppurativa. We also demonstrate unique

substrate recognition and cleavage between Hidradenitis Suppurativa and Familial

Alzheimer’s Disease, providing a potential explanation as to why the two diseases do

not occur within the same pedigree. These proteomic signatures may be a first step in

identifying reliable biomarkers for Familial Hidradenitis Suppurativa.

Keywords: Hidradenitis Suppurativa, Alzheimer’s disease, gamma secretase complex, nicastrin, pre-senilin
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INTRODUCTION

Familial Hidradenitis Suppurativa (HS) and Familial
Alzheimer’s Disease (AlzD) are two inherited diseases
associated with mutations in the Gamma Secretase Complex
(GSC) (1, 2). The GSC is a transmembrane protease
composed of four subunits: presenilin-1 (PSEN1), Nicastrin
(NCSTN), anterior-pharynx-defective 1 (APH-1), and
presenilin-enhancer-2 (PEN-2). Familial HS and AlzD
are not epidemiologically associated (3) and no known
mutations overlap between the two diseases (4), however
the reasons why these two diseases do not co-occur (given
that they are both associated with mutations in the GSC)
is unknown.

The GSC cleaves up to 69 individual substrates (5), the
most well-known being amyloid precursor protein (APP)
associated with AlzD (6) pathogenesis. Of interest, altered
GSC substrate proteolysis is seen in non-neural tissues
(including cutaneous fibroblasts) in AlzD (6) suggesting
that peripheral tissues such as cutaneous fibroblasts can be
analyzed for diagnostic and predictive biomarkers of disease
(6). The structural and functional impacts of GSC mutations
in AlzD has been well-characterized through molecular
dynamics in silico techniques, however, there is a lack of
similar studies examining the role of GSC mutations in
HS (7, 8).

Limited data exists assessing the impact of mutations on GSC
proteolysis in HS epidermal keratinocytes (9), with existing data
dependent upon the assumption that Notch signaling (the most
studied GSC substrate in HS) is the sole pathogenic mechanism
in the disease, which remains unproven (10). There is no
known assessment of the impact of HS-associated mutations
on other GSC substrates other than Notch (9, 10). Given the
documented positive transcriptional feedback mechanisms in
proteolyzed GSC substrates such as Notch (11), examining
the differential expression of GSC substrates may give an
indication as to the specific mechanistic pathways involved in
each disorder. The lack of data regarding the effects of HS-
associated GSC mutations impairs our ability to understand the
molecular pathogenesis of HS, as well as accurately interpret
novel peripheral biomarkers specific to HS vs. AlzD. It is also
unclear what the normal background variation of GSC substrate
expression is in the setting of cutaneous inflammation. This is
important in order to interpret the functional significance of
differential expression.

AIMS

We aimed to systematically assess all known mutations in the
components of the GSC in Familial HS in silico for resulting
protein structure and binding affinity. We also aimed to compare
the downstreamGSC substrate recognition and cleavage between
HS and AlzD, along with a panel of other most common
inflammatory dermatoses (psoriasis, atopic dermatitis, and
alopecia areata) and neurodegenerative disorders (Parkinson’s
disease, Huntington’s Disease) for comparison and identification
of non-specific background effects.

METHODS

Identification of Sequence Variants in
Hidradenitis Suppurativa
Variants identified as pathogenic in our previous systematic
review (4) were visually confirmed in the Integrative Genomics
Viewer (IGV) version 2.4 (Broad Institute, Cambridge,
Massachusetts, USA.). These reviews also assessed the
pathogenicity of individual variants using pre-defined consensus
criteria of the American College of Medical Genetics and
Genomics and Association for Molecular Pathology (11).

FASTA Amino Acid Sequences for Wild
Type and Variants
FASTA amino acid sequences for wild type proteins in the GSC
were sourced from UniprotKB/Swiss-Prot (www.uniprot.org)
with the following Entries: Nicastrin (NCSTN): Q92542; Pre-
Senilin 1 (PSEN1): P49768; Pre-Senilin 2(PSENEN): Q9NZ42.

In silico Assessment of Protein Structure
and Binding Affinity
Swiss-Model (www.swissmodel.expasy.org) was used in
automated mode using FASTA format amino acid sequences to
analyze protein conformational change. Those proteins without
significant conformational alteration (based on visual inspection)
were considered less likely to undergo nonsense mediated decay
(NMD) and were then assessed for binding affinity. Dynamut
(http://biosig.unimelb.edu.au/dynamut/) was employed using
single mutation analysis. Protein Data Bank (PDB) structure of
the combined gamma secretase complex was sourced from RCSB
PDB (www.rscb.org) with PDB ID.

Identification of Gamma Secretase
Complex Substrates
A comprehensive list of GSC substrates was compiled from the
existing literature with a total of 69 substrates identified (1).

Gene Expression Data Sources-Skin
Publicly available gene expression data for skin were sourced
from NCBI Gene Expression Omnibus (https://www.ncbi.nlm.
nih.gov/) with the following GSE numbers:

• Hidradenitis Suppurativa Lesional Skin- GSE 72702 (n= 30).
• Psoriasis Lesional Skin- Krueger GSE 13355 (n= 122).
• Alopecia Areata Lesional Skin: GSE 45512 (n= 10).
• Atopic Dermatitis Lesional Skin GSE 32924 (n= 22).

Normal Unaffected Controls were pooled from GSE 13355,
45512, 32924 to use as a common reference. Non lesional samples
(including GSE 72702) were excluded from analysis. General
Hidradenitis Suppurativa gene expression data was used as no
specific gene expression data is available for Familial HS patients.

Gene Expression Data Sources-Blood
Publicly available gene expression data for whole blood
were sourced from NCBI Gene Expression Omnibus (https://
www.ncbi.nlm.nih.gov/) with the following GSE numbers
and references:
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• Hidradenitis Suppurativa Whole Blood: GSE 79149 (n= 26).
• Alzheimer’s Disease Whole Blood: Mukhamedyarov et al. (12)

(n= 10).
• Parkinson’s Disease Whole Blood GSE 54536 (n= 10).
• Huntington’s Disease Whole Blood: GSE 24250 (n= 14).

Normal Unaffected Controls were pooled from GSE 79149, GSE
54536, and GSE 24250 and reference 2 above to use as a common
normal reference.

Statistical Analyses
Statistical Analysis was performed using the standard R package
(R Core Team, 2019). Differential gene expression between
normal unaffected controls and HS, inflammatory dermatoses
and neurodegenerative disorders was performed. Visualization of
data was performed with GraphPad Prism 7 software (GraphPad
Software). Expression values were modeled using a mixed-effects
model with lesional categories as fixed factors and random
effects for each patient. Fold Changes (FC) were estimated
under the general framework for linear models in the R limma
package with heteroscedasticity accounted for using parameter
ArrayWeights. Batch effect was assessed and removed using the
R limma package removeBatchEffect function. P-values from t-
tests were adjusted for multiple hypotheses using Benjamini–
Hochberg procedure. Differentially expressed genes (DEGs) were
defined by FC ≥ 1.5 or ≤-1.5 and false discovery rate (FDR
≤ 0.05). Statistical comparison of substrate expression between
conditions was conducted using one way ANOVA with p < 0.05
considered significant.

Further pathway analysis and assessment of upstream
regulators was performed using the Ingenuity Pathway Analysis
(IPA) Tool (Ingenuity H Systems, Redwood City, CA).
Differentially expressed GSC substrates in HS and AlzD were
analyzed to identify activated or suppressed biological pathways
using IPA algorithms. Predicted activation scores (z scores >2 or
<2) were considered significant and the description of pathways
are based upon IPA algorithms and output.

RESULTS

The normal structure of the GSC is presented in Figures 1A,B.
Representative alterations found in HS in Nicastrin
(Figures 1C–E), Pre-senilin 1 (Figures 1F,G), and Pre-senilin
2 (Figures 1H–J) demonstrating particular mutations with
either minimal or significant structural alterations are shown.
The complete list of structural alterations are presented in
Supplementary Figures 1, 2. Structural analysis suggested 21 of
30 NCSTN, 0 of 3 PSEN1 and 2 of 6 PEN-2 mutations in HS are
degraded via NMD (Supplementary Figures 1, 2).

Representative results of binding and substrate affinity
alterations in HS in the 16 variants not degraded by NMD are
presented in Figures 1K–N. The complete list is available in
Supplementary Figure 3. Binding and flexibility alterations to
the trans-membrane domain (TMD) of Nicastrin, Pre-senilin1,
and Pre-senilin-2 were identified (Figures 1K–N), as well as
binding alterations to potential substrate binding sites in the
extracellular domains of the respective proteins (E3 for Pre-
senilin 1 NTF, H6 for Nicastrin, A30 for Pre-senilin 2) (7, 14).

Differentially expressed GSC substrates specific to HS
and AlzD are presented in Figures 2A,B, and the complete
heatmap of GSC substrate differential expression is presented in
Figure 2C. Significant differential expression of ErbB4, SCNB1,
and Tie1 in lesional skin was specific to HS and EphB2,
EPHB4, KCNE1, LRP6, MUSK, SDC3, Sortilin1 in blood specific
to AlzD. Other inflammatory dermatoses (psoriasis, alopecia
areata, and atopic dermatitis) as well as neurodegenerative
disorders (Parkinson’s disease, Huntington’s disease) included
for comparison of non-specific background effects. Significant
differential expression betweenHS and inflammatory dermatoses
(P < 0.001), as well as AlzD and other neurodegenerative
disorders (p < 0.05) was significant by one-way ANOVA.

In order to account for the possibility of differential
cleavage of substrates altering the function (but not the
total amount) of GSC substrates, we compared activated and
suppressed pathways downstream of GSC substrate cleavage
between AlzD and HS. Activated pathways associated with
HS included apoptosis, “apoptosis of fibroblast cell lines,” “cell
death of connective tissues,” “cell proliferation of fibroblasts,”
and “binding of immune cells” as per Ingenuity Pathway
Analysis. These were associated with the ErBB4, IFNAR1
IFNAR2, IL1R1 IL1R2, IGF1R substrates (The complete list of
associated substrates associated with these pathways are available
in Supplementary File 2). These pathways have previously been
implicated in NCSTN knockdown cell lines, independently
validating the results of our in silico methods (15). Activated
pathways in AlzD included invasion of carcinoma cells,
proliferation of connective tissues, invasion of tumor cells,
and movement disorders (Supplementary File 2). These were
associated with APP, CD44, AXL, CSF1R, MET, TGFBR3
substrates (Supplementary File 2). Common pathways which
were differentially activated or suppressed in blood between
AlzD and HS as inidicated in Ingenuity Pathway Analysis
included: “advanced malignant tumor,” “cellular infiltration by
leucocytes,” “metastasis of cell lines,” “movement disorders,” and
“secondary tumors” (Supplementary Figure 4). (The complete
list of substrates associated with these pathways are available in
Supplementary File 2).

DISCUSSION

In silico analysis of HS-associated mutations in GSC identifies
significant structural and functional alterations consistent with
known sites of substrate binding and cleavage. Even in the
setting of NMD of one component of the GSC, membrane
localization of GSC is known to occur, albeit with altered
proteolytic activity (14). NMD of NCSTN (as one of the most
common results of HS associated mutations) is anticipated
to increased substrate cleavage through the removal of the
NCSTN extracellular domain “gatekeeper” (14) but may also
reduce cleavage through the removal of extracellular substrate
binding sites.

Unique HS-associated differential expression of GSC
substrates was identified for ErbB4, SCN1B, and Tie1, although
significant differential expression of multiple other substrates
were seen in other inflammatory dermatoses. Given the lack of
(known) altered GSC complex activity in these inflammatory
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FIGURE 1 | Structural and binding stability assessments of identified mutations in Familial HS. (A) Presents the structure of the gamma secretase complex (GSC) with

Nicastrin (Dark Blue), PSEN1 (Light Blue), PSENEN (Red), and APH1 (Yellow). The “V” shaped transmembrane domain cleave site can be identified in light blue. Filled

structure (B) demonstrates the binding pocket with access to the PSEN1 substrate cleavage site, surrounded by PSNEN and NCSTN substrate binding sites. Wild

Type (WT) NCSTN (C), NCSTN V75I (D), and NCSTN Q420X (E), PSEN1 WT (F), PSEN1 953A>G (G), PSENEN WT (H), PSENEN 43_56del14 (I), PSENEN 66delG

(J). Binding and affinity assessment of NCSTN 996+7G>A (K), NCSTN V75I (L), PSEN1 725delC (M), PSENEN 66_67insG (N). Blue indicates decreased binding

affinity and increased flexibility with red indicating increased binding affinity with decreased flexibility. For comprehensive conformational alterations in AlzD the reader is

referred to Berezovska et al. (13).

disorders, this may indicate possible non-specific effects of
inflammation upon expression and function of GSC substrates
which warrants further investigation. This also brings into
question whether alterations in substrates such as Notch are
specific to disease (10), or rather a non-specific inflammation

related finding. Similar non-specific background effects were
also seen in neurodegenerative disorders such as Huntington’s
and Parkinson’s Disease.

The identification of HS-specific substrates also raises the
possibility that some of these substrates which are druggable

Frontiers in Medicine | www.frontiersin.org 4 September 2019 | Volume 6 | Article 206

https://www.frontiersin.org/journals/medicine
https://www.frontiersin.org
https://www.frontiersin.org/journals/medicine#articles


Frew and Navrazhina In silico Analysis of Mutations in Hidradenitis Suppurativa

FIGURE 2 | Comparison of significantly differentially expressed GSC substrates across inflammatory skin disease (A), and neurodegenerative disorders (B). Only the

substrates specific to HS (A) or AlzD (B) are illustrated. Significant differential expression of ErbB4, SCNB1, and Tie1 in lesional skin was specific to Hidradenitis

Suppurativa and EphB2, EPHB4, KCNE1, LRP6, MUSK, SDC3, Sortilin1 in blood specific to Familial Alzheimer’s Disease. A Heatmap (C) of all GSC substrates across

all measured datasets highlighting the non-specific differential expression in a number of disorders not associated with inherited mutations in the GSC.
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targets (such as IGF-1R, Tie1) may represent novel therapeutic
approaches. CSF1R, IFNAR1 IFNAR2, IL1R1 IL1R2 pathway
upregulation is greater in HS than AlzD, consistent with its role
in systemic inflammation. Interferon responsive pathways have
been independently documented in NCSTN shRNA knockdown
keratinocyte cell lines (16) supporting the role of these pathways
in HS. Diabetes and obesity are also associated with HS (17),
implicating IGF1R. Follicular hyperkeratinization, prominent
dermal fibrosis and dermal tunnel formation in HS have led to
hypotheses of Wnt signaling deficiencies in dermal fibroblasts
and mesenchymal cells of the dermal papillae (18). FGFR4,
MUC1, and MUSK pathway downregulation provide evidence
to support this hypothesis. These results suggest that despite
the inherent limitations of an in silico analysis of existing
genomic data, this approach is capable of identifying key targets
in disease.

The clinical validity of this work is supported by the
fact that all assessed sequence variants are those deemed
pathogenic through established criteria as published in our
previous review (11), although a limitation to our study
is that no external validation of functional confirmation
has been undertaken to confirm these in silico findings.
We note with interest that Notch was not identified as a
HS-specific GSC substrate, despite the evidence from the
published literature (19, 20) regarding alterations in Notch
signaling and POGLUT1 (20), an endoplasmic reticulum
O-glucosyltransferase involved in Notch signaling. This
may indicate that Notch is not a HS- specific substrate and
alterations in Notch and subsequent Notch-associated loci
(21) may also be shared with AlzD. Further investigation into
the role of Notch signaling across inflammatory dermatoses
and neurodegenerative disorders may be informative in
this regard.

CONCLUSION

The results of our in silico analysis identify that HS-associated
mutations have structural and potentially functional impact
upon GSC substrates. These effects are distinct between HS
and AlzD which explains their lack of co-occurrence in
pedigrees. Our data identifies the differential expression of
specific substrates, which may function as proteomic signatures
of disease. Further prospective studies are needed to validate
these targets. The downstream affected pathways confirm the
previous experimental results of NCSTN knockdown cell lines
(15) giving validation to our approach. Our results present a first
step in understanding the molecular pathogenesis of Familial HS
with a view toward diagnostic biomarkers of disease.
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4.4: Clinical Factors Influencing Clinical Response to Therapy in HS: 

Table 4-4-1 Publications Presented in this Chapter 

The efficacy of existing therapies in HS is low compared to other inflammatory disease 

such as Psoriasis Vulgaris and Atopic Dermatitis76. Hence the identification of potential 

clinical characteristics of biomarkers which may be associated with positive or negative 

treatment response have potential benefits to the overall management strategies in the 

care of HS patients. Currently the therapeutic guidelines for HS suggest multimodal 

approaches involving lifestyle, anti-inflammatory, anti-microbial and surgical 

modalities27-31. This reflects our poor understanding of the pathogenesis of the disease 

as well as the relatively low level of therapeutic efficacy of the currently available 

therapeutic agents. 

Manuscript Manuscript Reference 

4-1 Frew JW, Jiang CS, Singh N, Grand D, Navrazhina K, Vaughan R, 
Krueger JG Dermal Tunnels Influence Time to Clinical Response and 

Family History Influences Time to Loss of Clinical Response in 
Hidradenitis Suppurativa Patients Treated with Adalimumab. Clin Exp 

Dermatol 2020; 46(2):306-313 

4-2 Frew JW, Singh N, Jiang CS, Navrazhina K, Vaughan R, Krueger JG. 
The Impact of Body Mass Index Upon the Efficacy of Adalimumab in 

Hidradenitis Suppurativa. Front Medicine 2021;8:603281 

4-3 Frew JW, Jiang C, Singh N, Grand D, Navrazhina K, Vaughan R, 
Krueger J “Malignancy and Infection Risk During Adalimumab Therapy 

in Hidradenitis Suppurativa” Clin Exp Dermatol 2020; 45(7):859-865 
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The publications comprising this chapter utilise de-identified patient data from the 

pivotal Phase 3 clinical trials of Adalimumab in Hidradenitis Suppurativa to examine 

three major aspects of clinical safety and efficacy. 

The first publication (4-1) uses a survival analysis methodology to re-examine the 

factors contributing to time to clinical response (as defined by both the HiSCR and 

IHS4) and time to loss of clinical response. This was to address a significant gap in the 

existing published data where the use of last observation carried forward (LOCF) 

methods may have overinflated the clinical response rates in the open-label extension 

study of Adalimumab in HS. The published results were certainly in contrast to what 

was observed in clinical practice, where Adalimumab demonstrated a waning degree of 

efficacy over time. The results from this study indicate that dermal tunnels was a 

significant variable in time to achieving clinical response to Adalimumab and family 

history was a significant variable in accelerating the time to loss of clinical response. 

These findings were consistent with what is largely observed that individual patients 

with more severe, extensive disease and those with a strong family history are more 

recalcitrant to therapy. This is reflected in the results of paper 4-1 where the majority of 

patients exited the trial due to lack of therapy. 

The second publication (4-2) critically evaluated the influence of Body Mass Index (BMI) 

in the efficacy of Adalimumab in HS. Previous discussion has focused around whether 

individuals with greater BMI require higher dosing of existing therapies in HS. The 

results from this re-analysis were complex, but largely indicate that BMI is a significant 

covariate in achieving clinical response to Adalimumab. However, it is largely a product 

of the outcome measure itself, and only significant at lower baseline disease activity.  
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There was no evidence of significant differential cut-offs for BMI in ROC analysis which 

would indicate a specific BMI or weight at which higher doses of Adalimumab may be 

beneficial.  

The third publication (4-3) objectively examined a common safety aspect of 

Adalimumab therapy, being malignancy and infection risk. A common concern from 

patients and physicians alike is the increase in infection and malignancy risk in the 

setting of Adalimumab therapy. By examining the disease-specific and treatment-

specific incidence rates of malignancy and infection and comparing them to other 

inflammatory diseases (such as rheumatoid arthritis, Crohn’s disease) there is evidence 

that the elevation in malignancy and infection risk is a feature of Hidradenitis 

Suppurativa more so than therapy with Adalimumab. This has direct implications for the 

counselling of patients prior to Adalimumab prescribing as well as the understanding of 

malignancy and infection risk in untreated disease. 
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The Impact of Body Mass Index Upon
the Efficacy of Adalimumab in
Hidradenitis Suppurativa
John W. Frew 1*, N. Singh 2, C. S. Jiang 2, R. Vaughan 2 and J. G. Krueger 1

1 Laboratory of Investigative Dermatology, The Rockefeller University, New York, NY, United States, 2Department of

Biostatistics, The Rockefeller University, New York, NY, United States

Elevated BMI in Hidradenitis Suppurativa is associated with decreased response to

Adalimumab therapy. BMI is proposed to segregate distinct disease subtypes. It remains

unresolved whether a threshold BMI exists above which increased dosages may

provide clinical benefit. Individual patient data from 578 PIONEER Phase 3 participants

were analyzed. Descriptive, multivariable regression analysis and receiver operating

characteristic (ROC) curves were calculated to assess the relationship between BMI and

clinical outcome measures using R v3.5.3. Participants in the overweight and obese BMI

category had reduced odds (58 and 67%, respectively) of achieving HiSCR [OR = 0.42

(95%CI −0.19, 0.91) p = 0.03], [OR = 0.33 (95%CI 0.16, 0.67) p = 0.002] compared to

participants with BMI < 25. Reduction in AN count and IHS4 score was not significantly

associated. ROC analysis did not reveal any cut off value predictive of treatment outcome.

No correlation between BMI and baseline disease activity or covariate interactions were

identified. These findings suggest BMI is a significant covariate in the setting of lower

baseline disease activity, supporting the concept of disease heterogeneity and differential

therapeutic response to Adalimumab.

Keywords: hidradenitis suppurativa, acne inversa, adalimumab, body mass index, pharmacoepidemiogy

INTRODUCTION

Hidradenitis Suppurativa (HS) is a chronic inflammatory disorder associated with obesity (1,
2) with increasing Body Mass Index (BMI) associated with increasing disease severity (3).
Treatment guidelines for moderate to severe disease include the use of TNF-alpha antagonists
(4) (Adalimumab) dosed at 40mg every week in line with the pivotal PIONEER phase 3 clinical
studies (5). Infliximab, also a TNF-alpha antagonist is used at a weight based dosage (6) (5
mg/kg/dose) in multiple inflammatory disorders, including psoriasis, rheumatoid arthritis and
Crohn’s disease, however increased disease control in HS is demonstrated at higher and more
frequent dosages (up to 10 mg/kg every 6 weeks) (7). In Phase 2 studies the highest dosage
administered was 40mg per week and hence no data is available on the relative efficacy of doses
>40mg per week (8). Given that both Adalimumab and Infliximab are both TNF-alpha inhibitors,
it is not unreasonable to assume that better disease control may be seen with increased dosages
of Adalimumab particularly in patients with greater BMI. Additionally, our recent investigations
have identified BMI as significantly associated with achieving clinical outcomes as measured
by Hidradenitis Suppurativa Clinical Response (HiSCR), which is currently the gold-standard
outcome for HS clinical trials (9). Other assessed clinical outcomes include change in abscess
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and nodule (AN) count, and the international hidradenitis
suppurativa severity score (IHS4). As assessed using logistic
regression, every unit increase in BMI significantly reduces the
odds of achieving HiSCR by 7.1%. (OR= 0.93; 95% CI: 0.89, 0.97;
p < 0.001). However, it is unclear whether this relationship is
linear (as assumed above) or demonstrates increased significance
above a certain threshold. Such relationships are assumed to
be linear when analyzed by continuous variables, but their true
relationship is only ascertained through more comprehensive
analysis. It has also been reported that BMImay segregate distinct
HS subtypes (10). Disease characteristics and comorbidities
vary between HS patients with low (<30 mg/kg) and high
(>35 mg/kg) BMI in case-control studies (10). Data supporting
differential disease characteristics and response to therapy may
support the premise that pathogenic heterogeneity exists, driving
the search for more targeted individualized therapies in this
often-recalcitrant disease.

Overall, the characteristics of the relationship between BMI
and clinical response to Adalimumab in HS requires further
detailed examination. Such statistical evaluation will enable
us to accurately assess whether evidence exists for increased
dosages of adalimumab beyond 40mg per week, and for which
patient populations this may be beneficial. Our overall aim is to
characterize the relationships between BMI and clinical response
(as measured by the HiSCR and IHS4) and investigate if a specific
BMI cut-off can be identified which is associated with a reduction
in clinical response. This would identify a patient subpopulation
which may benefit from investigations into an increased dose of
Adalimumab therapy.

MATERIALS AND METHODS

De-identified individual patient data (IPD) from the PIONEER 1
and PIONEER 2 Phase 3 studies of Adalimumab therapy in HS
(5) were made available by AbbVie Inc. and accessed through
the secure Vivli online platform. Raw data were extracted and
compared to the available published data (5) to ensure accuracy.
Only data for “Time Period A” (Week 0–Week 12) comparing
Adalimumab 40mg weekly vs. placebo was included in the
analysis in order to reflect approved dosing regimens. Individuals
with incomplete data and those who received antibiotic therapy
in PIONEER 1 and those administered every-other-week (EOW)
dosing were excluded from analysis. Antibiotic therapy in
PIONEER 2 was included as a covariate. BMI was calculated
as a continuous variable as well as a categorical variable in
line with standardized BMI Categories (<25.0 kg/m2; 25.0 to
<30.0 kg/m2;≥30.0 kg/m2) (11) consistent with CDC andWHO
recommendations. Due to the small number of subjects with
underweight BMI (<18.5 kg/m2), this underweight category was
merged with the normal BMI (18.5 to <25.0 kg/m2). All data
analysis was conducted in R version 3.5.3 (12).

Each variable of interest was assessed for normality using
the Shapiro-Wilk test and histograms. The differences between
treatment groups were compared using Student’s t-test for
normally distributed continuous variables and the Mann-
Whitney U-test for non-normally distributed continuous

variables. Chi-squared and Fisher’s exact-tests were used for
categorical variables. Potential association of body mass index
[BMI] variable with HiSCR response and IHS4 response, were
assessed using Student’s t-test for continuous BMI variable and
Chi-squared-test for categorical BMI variables. Association
of categorical BMI with absolute change in nodule counts
and percentage change in IHS4 were assessed using one-way
analysis of variance test (ANOVA) and post-hoc multiple
comparisons tests were performed using Dunnett’s method
with underweight/normal BMI category as the reference group.
Potential associations with categorical BMI, as well as other a
priori potential associations [age, sex, Hurley stage, smoking
status, family history, antibiotic use (PIONEER 2 only), and
presence of draining tunnels] were assessed using logistic
regression for HiSCR and binary IHS4 and linear regression
for percentage change in IHS4 and absolute change in nodule
count. Receiver operating characteristic (ROC) curve analysis
was used for examining the best cutoff of BMI for predicting
HiSCR and IHS4 response. Likelihood ratio tests and multiple
partial F tests were performed to assess whether categorical BMI
had a significant impact on the outcome of disease activity when
adjusting for a priori covariates. The association of categorical
BMI with absolute AN (abscess and nodule) count and IHS4
score was assessed using the Kruskal-Wallis H test. Spearman’s
rank order correlation analysis was performed to assess
the correlation between continuous BMI and absolute disease
activity variables. P< 0.05 was considered statistically significant.

RESULTS

For the purposes of our analysis, 144 and 145 individuals were
included in the Adalimumab and placebo arms, respectively,
of PIONEER 1; with 149 and 140 individuals included in
the Adalimumab and Placebo arms, respectively, of PIONEER
2. The demographic and disease characteristics of these
populations are included in Table 1. There was no statistically
significant difference between the Adalimumab and placebo
arms with regards to demographic and disease characteristics
in both PIONEER 1 and PIONEER 2 (Table 1), although as
previously reported (9) significant differences in race, median
age, median BMI, nicotine use, median nodules and draining
tunnels exist between PIONEER 1 and PIONEER 2 cohorts (9)
(Supplementary Table 2).

No statistically significant association was identified between
BMI (both as a continuous and a categorical variable) and
participants achieving HiSCR in PIONEER 1 (Table 2). Similarly,
no significant association was seen between BMI (both as a
continuous and a categorical variable) and patients achieving
IHS4 category change in PIONEER 1 (Table 2). A statistically
significant association was seen between BMI as a continuous
variable and achieving HiSCR (29.9 vs. 32.6, p < 0.001) and
achieving IHS4 category change (30.0 vs. 32.2 p = 0.004) in
PIONEER 2. This significant association also held when BMI was
analyzed as a categorical variable against achieving HiSCR (p =

0.01) and IHS4 category change (p = 0.03; Table 2). The overall
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TABLE 1 | Characteristics of population in each of the trial data.

Characteristic PIONEER 1 PIONEER 2

Adalimumab Placebo P-value Adalimumab Placebo P-value

N = 144 145 149 140

Female 85 (59.0%) 100 (69.0%) 0.10 97 (65.1%) 98 (70.0%) 0.45

Male 59 (41.0%) 45 (31.0%) 52 (34.9%) 42 (30.0%)

White 111 (77.1%) 113 (77.9%) 0.35 130 (87.2%) 110 (78.6%) 0.07

Black 30 (20.8%) 25 (17.2%) 8 (5.4%) 18 (12.9%)

Other 3 (2.1%) 7 (4.8%) 11 (7.4%) 12 (8.6%)

Median age 35.0 (28.0, 45.0) 37.0 (30.0, 47.0) 0.14 35.0 (27.0, 42.0) 35.0 (26.0, 43.25) 0.49

Median BMI 32.1 (27.1, 38.0) 33.9 (28.5, 39.4) 0.07 30.3 (26.3, 36.0) 31.3 (26.8, 36.0) 0.22

BMI category

Underweight/normal 24 (16.7%) 12 (8.3%) 0.09 32 (21.5%) 25 (17.9%) 0.43

Overweight 30 (20.8%) 36 (24.8%) 40 (26.8%) 32 (22.9%)

Obese 90 (62.5%) 97 (66.9%) 77 (51.7%) 83 (59.3%)

Hurley 2 80 (55.6%) 79 (54.5%) 0.95 76 (51.0%) 79 (56.4%) 0.42

Hurley 3 64 (44.4%) 66 (45.5%) 73 (49.0%) 61 (43.6%)

Nicotine Use 77 (53.5%) 88 (60.7%) 0.26 96 (64.4%) 99 (70.7%) 0.31

Family History 37 (25.7%) 28 (19.3%) 0.25 36 (24.2%) 39 (27.9%) 0.56

Presence of Draining Tunnels 108 (75.0%) 108 (74.5%) 1.00 99 (66.4%) 87 (62.1%) 0.52

Antibiotics – – 27 (18.1%) 28 (20.0%) 0.80

Median nodules 8 (4.75, 14) 7 (4, 15) 0.88 6 (4, 11) 6 (4, 10.25) 0.98

Median abscesses 1.5 (0, 4) 2 (0, 3) 0.77 1 (0,3) 1 (0,3) 0.88

Median draining tunnels 2.5 (0.75, 7) 2 (0, 5) 0.38 2 (0, 4) 1 (0, 4) 0.60

Median baseline IHS4 26.5 (15, 45.25) 25 (12, 40) 0.28 19 (10, 34) 18 (8.75, 32.25) 0.91

trend was for less patients achieving HiSCR or IHS4 category
change with increasing BMI.

No significant association were identified between BMI
categories and % change in AN count or % change in
IHS4 count in PIONEER 1, but both comparisons were
significant in PIONEER 2 (Table 2). Post-hoc Dunnett’s-test
between BMI categories and % change in AN count (obese
vs. underweight/normal, p = 0.01) or % change in IHS4
count in Pioneer 2 (obese vs. underweight/normal, p = 0.03)
showed significant difference between obese BMI category and
underweight/normal BMI category. There was no difference
between overweight vs. underweight/normal in post-hoc testing
for the % change in AN count and % change in IHS4 count. Both
the % change in AN count and % change in IHS4 count reduced
with increasing BMI in PIONEER 2 whereas this trend was not
seen in PIONEER 1 data (Table 2).

Logistic and Linear Regression Analysis examining BMI as
categorical variables identified participants in the overweight
and obese BMI categories as associated with decreased odds
of achieving HiSCR compared to participants with BMI < 25
(Table 3). Participants in the overweight BMI Category had
a reduction in the odds of achieving HiSCR of 58% [OR
= 0.42 (95%CI 0.19, 0.91) p = 0.03] and participants in
the obese category had a reduction in the odds of achieving
HiSCR by 67% [OR = 0.33 (95%CI 0.16, 0.67) p = 0.002]
compared to participants with BMI < 25 (Table 3). Categorical
BMI demonstrated an association with achieving IHS4 category

change; participants in the overweight BMI category had an
increase in the odds of achieving IHS4 category change of 113%
[OR = 2.13 (95% CI 1.16, 3.95) p = 0.02] as compared to obese
BMI category. Overweight BMI was also significant as assessed
using the likelihood ratio test.

In analysis with both categorical and continuous BMI there
was no significant association with change in AN count (Table 4).
However, in percentage change in IHS4 score, each unit increase
in BMI (as a continuous variable) attenuated the percentage
reduction in IHS4 score by 1.65% (b = 1.65; 95% CI: 0.50, 2.81;
p = 0.01). The multiple partial F-test suggested that categorical
BMI did not have a significant effect on the percentage change in
IHS4 when adjusting for covariates.

Receiver Operating Characteristic Curve
Analysis
Given the discrepancies between continuous and categorical
BMI, we enquired as to whether a specific BMI could be identified
as the point with the most appropriate cut off for specific
measurements of disease activity (HiSCR and IHS4). Through
ROC analysis (Figure 1), no specific cut off was identified with
high sensitivity and specificity for predicting HiSCR and IHS4
response in PIONEER 2 (the only study in which BMI was a
significant covariate). The area under the ROC curve (AUC)
was poor in the analysis with all subjects and by treatment
arm (0.58–0.66).
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TABLE 2 | (A) Association of BMI with treatment efficacy categorical variables and (B) Association of BMI with treatment efficacy continuous variables (Normal weight is the reference group).

(A) PIONEER 1 PIONEER 2

BMI variable Achieving HiSCR P-value Achieving IHS4

category change

P-value Achieving HiSCR P-value Achieving IHS4

category change

P-value

Yes

(n = 102)

No

(n = 187)

Yes

(n = 92)

No

(n = 197)

Yes

(n = 134)

No

(n = 155)

Yes

(n = 115)

No

(n = 174)

BMI

(continuous)

33.9 ± 8.3 33.7 ± 7.7 0.84 35.0 ± 8.0 33.2 ± 7.8 0.07 29.9 ± 6.6 32.6 ± 6.4 <0.001 30.0 ± 6.3 32.2 ± 6.7 0.005

BMI

underweight/normal

15

(41.7%)

21

(58.3%)

0.50 9

(25.0%)

27

(75.0%)

0.34 36

(63.2%)

21

(36.8%)

0.01 26

(45.6%)

31

(54.4%)

0.03

BMI

overweight

20

(30.3%)

46

(69.7%)

18

(27.3%)

48

(72.7%)

33

(45.8%)

39

(54.2%)

36

(50.0%)

36

(50.0%)

BMI obese 67

(35.8%)

120

(64.2%)

65

(34.8%)

122

(65.2%)

65

(40.6%)

95

(59.4%)

53

(33.1%)

107

(66.9%)

(B) PIONEER 1 PIONEER 2

BMI variable %Change AN count P-value %Change IHS4 count P-value %Change AN count P-value %Change IHS4 count P-value

BMI

underweight/normal

−36.2 ± 47.7 0.40 −25.8 ± 63.8 0.86 −51.2 ± 53.1 0.02 −43.2 ± 64.1 0.04

BMI

overweight

−17.9 ± 63.9 −18.5 ± 64.0 −37.6 ± 59.1 −32.3 ± 60.5

BMI

obese

−23.2 ± 69.1 −21.6 ± 64.2 −25.4 ± 62.7 −17.7 ± 72.0

Bold value represents BMI, Body mass Index; HiSCR, Hidradenitis Suppurativa Clinical Response; IHS4, International Hidradenitis Suppurativa Scoring System.
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TABLE 3 | Results of logistic regression models of HiSCR achievement (Model 1) and IHS4 category change (Model 2) in patients treated with Adalimumab and Placebo

in PIONEER 1 and PIONEER 2.

Variable PIONEER 1 Achieving HiSCR PIONEER 2 Achieving HiSCR

Model 1 Odds ratio 95 % CI P-value Odds ratio 95 % CI P-value

Adalimumab 2.02 (1.22, 3.38) 0.007 4.20 (2.50, 7.24) <0.001

Hurley stage 3 0.90 (0.51, 1.57) 0.70 0.63 (0.36, 1.09) 0.10

Family history 0.76 (0.41, 1.39) 0.39 0.70 (0.38, 1.27) 0.24

Current smoker 0.98 (0.59, 1.65) 0.95 0.57 (0.32, 1.01) 0.06

Presence of draining tunnels 0.65 (0.34, 1.21) 0.17 0.49 (0.27, 0.87) 0.02

Antibiotic use – – – 0.45 (0.22, 0.90) 0.03

BMI (overweight) 0.74 (0.31, 1.78) 0.49 0.42 (0.19, 0.91) 0.03

BMI (obese) 0.88 (0.41, 1.92) 0.75 0.33 (0.16, 0.67) 0.002

Male sex 0.87 (0.50, 1.51) 0.62 0.98 (0.54, 1.77) 0.95

Age 1.00 (0.97, 1.02) 0.74 1.00 (0.98, 1.02) 0.95

Variable PIONEER 1 achieving IHS4 category change PIONEER 2 achieving IHS4 category change

Model 2 Odds ratio 95 % CI P-value Odds ratio 95 % CI P-value

Adalimumab 1.67 (0.99, 2.83) 0.05 2.89 (1.74, 4.88) <0.001

Hurley stage 3 0.51 (0.29, 0.86) 0.01 0.57 (0.33, 0.95) 0.03

Family history 1.01 (0.54, 1.86) 0.96 1.28 (0.72, 2.28) 0.40

Current smoker 0.79 (0.46, 1.33) 0.37 1.03 (0.60, 1.80) 0.91

Antibiotic use – – – 0.72 (0.36, 1.38) 0.32

BMI (overweight) 1.35 (0.52, 3.67) 0.54 1.30 (0.62, 2.75) 0.49

BMI (obese) 1.50 (0.66, 3.67) 0.34 0.63 (0.32, 1.22) 0.17

Male sex 0.72 (0.40, 1.27) 0.26 0.58 (0.33, 1.02) 0.06

Age 1.00 (0.98, 1.02) 0.99 0.99 (0.97, 1.02) 0.64

Bold value represents BMI, Body mass Index; HiSCR, Hidradenitis Suppurativa Clinical Response; IHS4, International Hidradenitis Suppurativa Scoring System.

DISCUSSION

HS is a heterogenous disease (13, 14), but the relationship
between this heterogeneity and BMI is incompletely defined.
BMI is significantly associated with achieving HiSCR regardless
of the status of BMI as a categorical or continuous variable.
The reduction in odds is greater for participants in the obese
category than the overweight category suggesting the accuracy
of the general assumption that increasing BMI pre-disposes
to a decrease in the efficacy of Adalimumab as measured by
achieving HiSCR (9). BMI was significantly associated with
change in AN count in univariate analysis (Table 2) in Pioneer
2 but was not significant when other variables including
aspects of disease severity were taken into account (Table 4).
It appears that the significant association of BMI in clinical

response to Adalimumab is restricted to outcomes assessing a

proportional rather than an absolute change in disease activity.

This suggests that the association may be a product of the
outcome measure rather than a true association; and may be
more likely in those with lower baseline disease activity given that
proportional change is inherently greater in the setting of lower
baseline values.

This hypothesis would agree with what is observed with
the difference in regression analyses between the PIONEER 1
and 2 studies (Tables 3, 4). Disease severity (as measured by

AN count and draining tunnel count) is significantly greater
in PIONEER 1 than PIONEER 2 (Supplementary Table 1).
Additionally, the median BMI for the PIONEER 1 cohort was
significantly higher than the median BMI for the PIONEER 2
cohort (32.5 vs. 31.2 p < 0.001 by the Mann-Whitney U-Test)
(Supplementary Table 1). This difference in BMI is equivalent
to a 4% reduction in absolute weight (given an unchanging
height) which is reported within the range of clinically significant
weight change (15). In order to explore these observations further
we examined the correlation between BMI and baseline disease
activity (as measured by number of nodules/abscesses/AN
count/number of draining tunnels) (Supplementary Figure 1).
These results supported the findings of previous reports (2, 3,
16, 17) that BMI is not significantly associated with baseline
number of nodules/abscesses/AN count/number of draining
tunnels/IHS4 score although it is related to other outcomes such
as the Sartorius score (16, 17). BMI accounts for <2.89% of the
variation in baseline disease activity in PIONEER 2 across all
measured examined (Supplementary Figure 1).

If significant correlation between BMI and baseline disease
activity did exist, the significant findings in % change scores
(HiSCR and % IHS4) compared to absolute changes (AN count
and IHS4 category change) are logical. For a given dose of
medication it is harder to achieve the same percentage change
from a higher baseline than it is from a lower baseline. However,
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TABLE 4 | Linear regression model of change in AN count (Model 1) and % change in IHS4 outcome measure in (Model 2) in Adalimumab treated patients in PIONEER 1

and PIONEER 2.

Variable PIONEER 1 change in an count PIONEER 2 change in an count

Model 1 Estimate 95 % CI P-value Estimate 95 % CI P-value

Adalimumab −2.26 (−4.31, −0.21) 0.03 −2.56 (−3.95, −1.16) <0.001

Hurley stage 3 2.36 (0.12, 4.60) 0.04 −0.18 (−1.64, 1.28) 0.81

Family history −0.73 (−3.19, 1.73) 0.56 −0.58 (−2.17, 1.01) 0.47

Current smoker −0.88 (−2.97, 1.21) 0.41 −0.02 (−1.54, 1.49) 0.98

Presence of draining tunnels 1.02 (−1.57, 3.61) 0.44 1.88 (0.32, 3.44) 0.02

Antibiotic use – – – 1.10 (−0.68, 2.87) 0.22

BMI (overweight) 0.44 (−3.14, 4.02) 0.81 −0.13 (−2.22, 1.96) 0.90

BMI (obese) 0.21 (−2.97, 3.39) 0.90 0.11 (−1.73, 1.95) 0.91

Male sex −0.41 (−2.65, 1.83) 0.72 0.05 (−1.52, 1.62) 0.95

Age 0.03 (−0.06, 0.12) 0.55 0.03 (−0.04, 0.09) 0.40

Variable PIONEER 1 % change in IHS4 PIONEER 2 % change in IHS4

Model 2 Estimate 95 % CI P-value Estimate 95 % CI P-value

Adalimumab –18.70 (–33.81, –3.58) 0.02 –39.94 (–55.17, –24.71) <0.001

Hurley stage 3 8.31 (−6.99, 23.60) 0.29 2.79 (−12.67, 18.25) 0.72

Family history −3.67 (−21.62, 14.28) 0.69 −5.97 (−23.35, 11.41) 0.50

Current smoker 1.13 (−14.22, 16.49) 0.88 4.75 (−11.78, 21.29) 0.57

Antibiotic use – – – 18.14 (−1.22, 37.50) 0.07

BMI (overweight) 1.13 (−25.17, 27.43) 0.93 9.49 (−13.35, 32.33) 0.41

BMI (obese) 2.88 (−20.42, 26.17) 0.81 22.61 (2.48, 42.75) 0.03

Male sex 10.56 (−5.79, 26.92) 0.20 6.79 (−9.72, 23.30) 0.42

Age 0.28 (−0.39, 0.94) 0.42 −0.07 (−0.76, 0.62) 0.84

Bold value represents BMI, Body mass Index; HiSCR, Hidradenitis Suppurativa Clinical Response; IHS4, International Hidradenitis Suppurativa Scoring System.

given the presented data, one must conclude that an alternate
reason for the discrepancy exists. The lack of association of
BMI with disease activity and treatment response in PIONEER
1 as opposed to PIONEER 2 (Tables 3, 4) raises the prospect
that BMI may only demonstrate a significant association with
response to Adalimumab in a subpopulation of participants
with HS. This supports the previously reported concept of
disease and pathogenic heterogeneity in HS (2, 17). Given
the differences between the two PIONEER studies it may be
hypothesized that the characteristics of the PIONEER 2 cohort
are more reflective of the subpopulation (moderate disease,
primarily nodules, low number of draining tunnels) where BMI
demonstrates a significant association with clinical response to
Adalimumab therapy.

In order to investigate this hypothesis, we analyzed the
interaction between draining tunnels and BMI (both being
significant covariates) as well as the contribution of baseline AN
count in the linear and logistic regression models previously
presented (Tables 3, 4). No significant interaction effect was
noted between BMI and the presence or absence of draining
tunnels. However, when baseline AN count was introduced
as a covariate it was (as expected) significantly associated
with absolute change in AN count [b = −0.37 (95%CI =

−0.44, −0.30) p < 0.0001] and IHS4 Category change [OR =

0.94 (95%CI = 0.90, 0.97), p = 0.002] in PIONEER 2. The

significance of BMI was not altered with the addition of the
baseline AN covariate into the regressionmodel, althoughHurley
stage became non-significant in the logistic regression model
of achieving IHS4 category change (Supplementary Table 2).
One critique of examining BMI by categorical variables is
that traditional BMI cut-offs are assumed to be best suited to
understanding the relationship between BMI and HS disease
severity scores. However, in order to not rely upon this
assumption, we examined this relationship using ROC, sensitivity
and specificity analyses, and no alternative cut off was identified
to further examine this relationship.

Overall, these in-depth analyses suggest that the significant
association of BMI in the response to Adalimumab is maintained
when other factors of baseline disease activity are taken into
account. This supports the concept that BMI plays a significant
independent role in disease response to Adalimumab therapy,
however this significance may only be present in a subpopulation
of individuals with HS given the discrepancies between
regression models and PIONEER 1 and 2 cohort characteristics.

The findings of this analysis can be used to direct further
mechanistic enquiry into the molecular pathogenesis of HS.
Adipose tissue derived pro-inflammatory mediators (such as
polyunsaturated fatty acids and the lipoxygenase pathway) (18)
have been demonstrated to be significantly elevated in lesional HS
tissue (nodules) as well as in individuals with elevated BMI (19)
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FIGURE 1 | Distribution (A,B) and ROC plots (C,D). Receiver operating characteristic (ROC) curves of BMI against HiSCR and IHS4 category change.

compared to healthy controls (18). These observations suggest
that such mediators may have a role in the initiation phase (20)
of clinical disease in HS (associated with reduced number of
lesions) rather than activity in severe established disease. This
hypothesis would be supported by the evidence surrounding
bariatric surgery and weight loss in the treatment of HS (21–23),
with reports of excellent response only in Hurley stage 1 and 2
patients (21–23).

Limitations to this study include the inherent limitations of
using clinical trial data, including acknowledging the limitations
in extrapolating this data to the wider HS population (24).

Based upon the body weights of participants in this study,
the range of dosages (mg/kg) for Adalimumab only ranged
between 0.26 and 0.93 mg/kg and hence any extrapolation
beyond this range of dosages is inaccurate. In addition,
the potential mechanistic links between BMI and nodules
require further investigations in molecular, mechanistic and
translational studies.

BMI is significantly associated with response to Adalimumab
in the treatment of HS as measured by HiSCR. An increase in
BMI was associated with decreased odds of achieving HiSCR in
the PIONEER 2 study. BMI was not significantly associated with
IHS4 category change or change in AN count; but percentage
change in IHS4 score was significantly attenuated in participants
with obese BMI. The discrepancies between the association of
BMI and treatment responsemay be explained by BMI only being
a significant influence in a subpopulation of participants with
lower baseline AN count. Therefore, further mechanistic studies

are needed to reliably identify this subpopulation in which BMI
has a significant association with response to Adalimumab and
evaluate the role of increases doses of Adalimumab or weight loss
interventions in this cohort.
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4.4.3: Publication 4-3 

Frew JW, Jiang C, Singh N, Grand D, Navrazhina K, Vaughan R, Krueger J 

“Malignancy and Infection Risk During Adalimumab Therapy in Hidradenitis 

Suppurativa” Clin Exp Dermatol 2020; 45(7):859-865 

Article Not Included due to Copyright Restrictions.
Article Available on Publisher Website:

https://onlinelibrary.wiley.com/doi/10.1111/ced.14264
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4.5: Translational and Clinical Trial Methodology in HS: 

Manuscript Manuscript Reference 

5-1 Frew JW, Navrazhina K, Byrd AS, Garg A, Ingram JR et al Defining 
Lesional, Perilesional and Unaffected Skin in Hidradenitis Suppurativa: 

Proposed Recommendations for Clinical Trials and Translational Research 
Studies Br J Dermatol 2019; 181(6):1339-1341 

5-2 Frew JW, Jiang C, Singh N, Grand D, Navrazhina K Vaughan R, Krueger 
JG Clinical Response Rates, Placebo Response Rates and Significantly 

Associated Covariates Are Dependent Upon Choice of Outcome Measure in 
Hidradenitis Suppurativa: A Post-Hoc Analysis of PIONEER 1 and 2 
Individual Patient Data J Am Acad Dermatol 2019; 82(5):1150-1157 

5-3 Frew JW “Primary Imputation Methods Impact Efficacy Results in 
Hidradenitis Suppurativa Clinical Trials” J Am Acad Dermatol 2020; 

83(2):663-665 

5-4 Frew JW, Jiang CS, Singh N, Navrazhina K, Vaughan R, Krueger JG 
Quantifying the Natural Variation in Lesion Counts over time in Untreated 
Hidradenitis Suppurativa: Implications for Outcome Measures and Trial 

Design. JAAD International 2020; 1(2):208-221 

Table 4-5-1 Publications Presented in this Chapter pertaining to clinical trial design in HS 

There is a wide range of variation in the sampling techniques used in investigational and 

translational trials in HS. There have been attempts to describe best practice77 for the 

selection and isolation of tissue samples in HS, and global consensus is an important 

step towards achieve comparable results across investigations and an increased 

understanding of the pathogenesis of disease.  

The first publication in this chapter (5-1) provides recommendations regarding tissue 

biopsy techniques for translational and investigative studies in HS. The complex 

morphology of the disease and the presence of occult tunnels with significant 

inflammatory potential (See Chapter 4.2) make consistency across studies a vital step 
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in understanding the disease. The publication was co-authored by a number of experts 

in the field with the recommendation of formal consensus amongst all key stakeholders 

in the future including those companies developing and conducting clinical trials with 

biomarker development programs.  

Regarding clinical trials, recent years have seen a total of four failed Phase 2 clinical 

trials in Hidradenitis Suppurativa. A major concern in these trials which have led to the 

failure to achieve primary outcome has been the high levels of placebo response rates 

when HISCR has been the primary outcome measure78. In order to examine the 

contribution of the outcome measure to placebo response rates, individual patient data 

from the Phase 3 studies of Adalimumab in HS were analysed. An alternate proposed 

outcome measure – the IHS4 – was calculated and placebo response rates calculated, 

along with relevant covariates which impact clinical response rates. Major findings 

include that the HiSCR itself is a major contributor to placebo response rates and that 

placebo response rates were lower when continuous variables were used as primary 

outcome measures.  Additionally, factors such as the presence of epithelialised tunnels 

and increasing BMI has an association with clinical response as measured by HiSCR. 

Given that a total of four major Phase 2 clinical trial programs for HS (IFX-1, Avacopan, 

Guselkumab, Risankizumab) have now failed to achieve primary outcomes due to high 

(30-49%) placebo response rates- this evidence of alternate outcome measures is vital 

to the appropriate design of future trials.  
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The third included publication focuses upon another aspect of clinical trial design- 

primary imputation methods. Whilst the single Phase 3 clinical trial in HS utilised a Non-

Responder Imputation design, many smaller scale clinical trials and proof of concept 

studies, as well as the open label extension study of Adalimumab in HS, utilised last 

observation carried forward analysis. Whilst LOCF can be appropriate for endpoints 

which are permanent (death, recurrence of malignancy), for HS where clinical outcomes 

can wax and wane, it may overestimate clinical response. The major findings of this 

analysis show that in various agents, LOCF are erroneously used which may 

overestimate clinical response. 

The fourth and final publication in this chapter pertains to the quantification of the 

natural variability of lesion counts in the setting of untreated HS. This is an important 

aspect which has not previously been quantified. Given the highly variable and transient 

nature of individual lesions in the disease, any outcome measures which rely upon 

serial measurement of disease activity (ie- lesion counts over time), need to have a 

reliable baseline for lesion variability. This would inform inclusion and exclusion criteria 

to prevent elevation of placebo response rates through individuals achieving HiSCR 

through a reduction in 1 or 2 nodules unrelated to the exposure of interest. 

The major findings of this publication were that the natural baseline variability of 

untreated disease was 33% over a 12-week period (for nodules specifically). 

Alternatives for reducing placebo response rates in future trials would include increasing 

inclusion criteria of future trials to those with >7 inflammatory nodules; setting clinical 

response outcome measures to a 75% reduction in lesion counts, or abandoning 

counting of lesions in favour of an alternate outcome measure such as the HASI79,80.   
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Since publication, many clinical trials have begun to alter inclusion criteria to >5 

inflammatory nodules in order to reduce placebo response rates. Additionally, the 

IHS479 and HASI80 are both commonly integrated into clinical trials in the assessment of 

novel therapeutics. The HASI is a novel endpoint not based upon counting lesions, but 

rather body surface area calculations and will provide another novel clinical trial 

endpoint80. 
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4.5.1: Publication 5-1 

Frew JW, Navrazhina K, Byrd AS, Garg A, Ingram JR et al Defining Lesional, 

Perilesional and Unaffected Skin in Hidradenitis Suppurativa: Proposed 

Recommendations for Clinical Trials and Translational Research Studies Br J Dermatol 

2019; 181(6):1339-1341 

Article Not Included due to Copyright Restrictions.
Article Available on Publisher Website:

https://onlinelibrary.wiley.com/doi/10.1111/bjd.18309
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4.5.2: Publication 5-2 

Frew JW, Jiang C, Singh N, Grand D, Navrazhina K Vaughan R, Krueger JG Clinical 

Response Rates, Placebo Response Rates and Significantly Associated Covariates Are 

Dependent Upon Choice of Outcome Measure in Hidradenitis Suppurativa: A Post-Hoc 

Analysis of PIONEER 1 and 2 Individual Patient Data J Am Acad Dermatol 2019; 

82(5):1150-1157 
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associated covariates are dependent on
choice of outcome measure in

hidradenitis suppurativa: A post hoc
analysis of PIONEER 1 and 2 individual
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Background: The hidradenitis suppurativa clinical response (HiSCR) is the gold standard primary
outcome measure for hidradenitis suppurativa clinical trials; however, it does not assess the presence of
draining tunnels, a common finding in advanced disease. It is unclear what the effect of the presence or
absence of draining tunnels has on the efficacy of adalimumab therapy in moderate and advanced disease.
Objectives: We evaluated the efficacy of adalimumab versus placebo using the International Hidradenitis
Suppurativa Severity Scoring System (IHS4). Additionally, we assessed the effect of draining tunnels on
therapeutic response as measured by both the HiSCR and change in nodule counts.
Methods: Reanalysis was conducted with the IHS4 and PIONEER 1 and 2 individual patient data. Both
binary outcomes (achieving HiSCR and achieving change in IHS4 severity category) and continuous
outcomes (nodule counts and IHS4 score) were calculated with R. Regression modeling was undertaken to
assess the effect of draining tunnels and other variables. P\ .05 was considered statistically significant.
Results: The significance of adalimumab therapy depended on the outcome measure used. Placebo
response rates were highest when binary outcome measures were used. Draining tunnels, smoking,
antibiotics, and body mass index influenced HiSCR response in PIONEER 2. Significant differences in
disease severity were observed between PIONEER 1 and 2 data sets.
Conclusions: Elevated placebo response rates in PIONEER 1 and 2 are partially attributable to the use of
binary outcome measures. Draining tunnels influence clinical response as measured by HiSCR and nodule
tory of Investigative Dermatologya and Depart-

atistics, b The Rockefeller University, New York;

College of Medicine, Bronx, New Yorkc; and

l/Rockefeller/Sloan Kettering Tri-Institutional

am, Weill Cornell University, New York.d

: Dr Frew was supported in part by grant UL1

the National Center for Advancing Translational

ional Institutes of Health (NIH) Clinical and

Science Award program. Ms Navrazhina was

a Medical Scientist Training Program grant

nal Institute of General Medical Sciences of the

ard T32GM007739 to the Weill Cornell/Rockefel-

ring Tri-Institutional MD-PhD Program.

t: Dr Krueger has received research support (grants

ion) from AbbVie, Amgen, BMS, Boehringer, EMD

derm, Kineta, LEO Pharma, Novan, Novartis, Paraxel,

on, and Vitae and personal fees from AbbVie, Acros,

Allergan, Aurigne, BiogenIdec, Boehringer, Escalier, Janssen, Lilly,

Novartis, Pfizer, Roche, and Valeant. Drs Frew and Vaughan and Ms

Jiang and Singh, Mr Grand, and Ms Navrazhina have no conflicts of

interest to declare.

This publication was based on research data from AbbVie Inc,

which had no input into the design or execution of the study,

statistical analysis, or composition of the article.

Accepted for publication December 17, 2019.

Reprints not available from the authors.

John W. Frew, MBBS, FACD, Laboratory of Investigative

Dermatology, Rockefeller University, 1230 York Ave, New

York, NY 10065. E-mail: jfrew@rockefeller.edu.

Published online December 24, 2019.

0190-9622/$36.00

� 2019 by the American Academy of Dermatology, Inc.

https://doi.org/10.1016/j.jaad.2019.12.044

http://crossmark.crossref.org/dialog/?doi=10.1016/j.jaad.2019.12.044&domain=pdf
mailto:jfrew@rockefeller.edu
https://doi.org/10.1016/j.jaad.2019.12.044


J AM ACAD DERMATOL

VOLUME 82, NUMBER 5
Frew et al 1151
counts in PIONEER 2. Further investigation into the effect of body mass index on clinical response is
required. ( J Am Acad Dermatol 2020;82:1150-7.)

Keywords: hidradenitis suppurativa; acne inversa; HiSCR; IHS4; outcomemeasures; BMI; tunnels; placebo.
CAPSULE SUMMARY

d The hidradenitis suppurativa clinical
response clinical end point is the gold
standard outcome measure in
hidradenitis suppurativa clinical trials.
The effect of draining tunnels (in
advanced disease) on the measured
efficacy of adalimumab in hidradenitis
suppurativa is not well described. Other
outcome measures (such as the
International Hidradenitis Suppurativa
Severity Scoring System) include
draining tunnels, but no direct
comparison of outcome measures within
a common data set has been
undertaken.

d Clinical response to adalimumab is
significantly greater than placebo
regardless of the use of outcome
measure in PIONEER 2 but not PIONEER
1. Placebo response rates in the PIONEER
1 and 2 phase 3 trials are significantly
lower when the hidradenitis suppurativa
clinical response is replaced by the
International Hidradenitis Suppurativa
Severity Score System. Draining tunnels,
smoking, antibiotic use, and body mass
index are significantly associated with
reduced hidradenitis suppurativa clinical
response in PIONEER 2, and differences
between results of PIONEER 1 and 2
studies are attributable to different
disease severities of patient populations.
BACKGROUND
The hidradenitis suppura-

tiva clinical response (HiSCR)1

outcome measure is currently
considered the gold standard
primary outcome measure for
the assessment of new phar-
macologic interventions in
hidradenitis suppurativa clin-
ical trials.1,2 HiSCR is defined
as a 50% reduction in abscess
and nodule count without any
increase in the number
of abscesses or draining
tunnels relative to baseline.1

However, high rates of
placebo response have been
identified and are problematic
for the evaluation of novel
pharmacologic interventions
in this disease.3 As such,
studies using the HiSCR
may be prone to measure-
ment bias when comparing
different stages and severities
of disease.4 The International
Hidradenitis Suppurativa
Severity Scoring System5

(IHS4), developed by
the European Hidradenitis
Suppurativa Foundation
Investigator Group, is an
alternative outcome measure
that is often included as a
secondary outcome, but to
our knowledge the results of
this outcome measure have
not been reported in any

phase 3 clinical trial to date, nor have there been
any attempts to compare different outcome
measures using the same clinical trial data set.
This comparison would enable the identification of
specific clinical variables that may predict response
to therapy and also allow the evaluation of
measurement bias within specific outcome measures
themselves.

Given the heterogeneous clinical manifestations
of hidradenitis suppurativa6 (including nodules,
abscesses, tunnels, and scarring), the quantification
of abscesses and nodules as an outcome measure
(HiSCR) does not take into
account the response of
draining tunnels to pharma-
cologic therapy.

Given the overall response
rates of hidradenitis suppura-
tiva to adalimumab (41.8%
and 58.9% in the PIONEER 1
and 2 studies, respectively)7,8

and the significant dropout
rates in existing studies
because of lack of efficacy
(27%-50%),7,8 it is important
that we understand the effect
of draining tunnels on
treatment efficacy.

We hypothesized that the
presence of draining tunnels
in hidradenitis suppurativa
has no effect on rates of
clinical response to adalimu-
mab therapy. This was
assessed through compari-
son of 2 outcome measures
(HiSCR and IHS4, both as
binary and continuous vari-
ables) within the PIONEER 1
and PIONEER 2 phase 3
clinical trial data set at week
12 compared with baseline
(week 0).

Our specific aims
included evaluating the effi-
cacy of adalimumab versus
placebo using the IHS4
outcome measure in place
of HiSCR and assessing the
effect of the presence of
draining tunnels on clinical response as measured
by the HiSCR and change in nodule counts.

METHODS
Deidentified individual patient data from

PIONEER 1 and 2 studies were made available by
AbbVie Inc and accessed through the secure Vivli
online platform.7 Raw data were extracted and
compared with the available published data to
ensure accuracy.7 Only data for period A (week
0 to week 12) comparing adalimumab 40 mg weekly
versus placebo were included in the analysis to



Abbreviations used:

BMI: body mass index
CI: confidence interval
HiSCR: hidradenitis suppurativa clinical response
IHS4: International Hidradenitis Suppurativa

Severity Scoring System
OR: odds ratio
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reflect current dosing recommendations. Individuals
with incomplete data and those who received
antibiotic therapy in PIONEER 1 were excluded
from analysis. Antibiotic therapy in PIONEER 2 was
included as a covariate. Our statistical methods
mirrored those of the PIONEER 1 and 2 statistical
analysis,7 with the exception that the HiSCR (sliding
dichotomous variable) was replaced with the IHS4.
The IHS4 was expressed as a continuous variable,
using available raw individual patient data according
to the published equation by Zouboulis et al5

(nodule count) 1 (abscess count 3 2) 1 (draining
tunnel count 3 4). It was also calculated as a sliding
dichotomous variable determined by progression to
a lower-severity category. Severity categories (mild
0-3; moderate 4-10; severe $11) were derived from
Zouboulis et al.5 All data analysis was conducted in
R (version 3.5.3; R Core Team, Vienna, Austria).9

Each variable of interest was assessed for
normality with the Shapiro-Wilk test and histograms.
The differences between treatment groups were
compared withWelch’s t test for normally distributed
continuous variables and the Mann-Whitney U test
for nonnormally distributed continuous variables.
Chi-square and Fisher’s exact tests were used for
categorical variables. Potential associations with the
presence of draining tunnels, as well as other a priori
potential associations (age, sex, Hurley stage,
smoking status, family history, antibiotic use
[for PIONEER 2 only], and body mass index [BMI]),
were assessed with logistic regression for HiSCR
and binary IHS4 and with linear regression for
percentage change in IHS4 and absolute change in
nodule count. Draining tunnels was not investigated
as a covariate in linear or logistic expression when
IHS4 was the outcome of interest (because draining
tunnels were a component of the IHS4). P\.05 was
considered statistically significant.

RESULTS
Demographic characteristics of the participants

included in the statistical analysis are presented in
Table I. The number, percentage, and intergroup
differences between adalimumab and placebo arms,
as measured by the HiSCR, change in IHS4 severity
category, change in nodule counts, and percentage
change in IHS4 score are presented in Table II.
Statistically significant differences between adalimu-
mab and placebo therapy were observed regardless
of whether HiSCR, change in nodule counts, or
change in IHS4 score was used as the primary
outcomemeasure (Table II). Change in IHS4 severity
category as an outcome measure identified
statistically significant change only in PIONEER 2
(Table II). Rates of placebo response were markedly
lower when continuous variables (as opposed to
sliding dichotomous ones) were used as primary
outcome measures (Table II).

Unadjusted logistic regression identified greater
odds of HiSCR with adalimumab compared with
placebo in PIONEER 1 (odds ratio [OR] 1.98; 95%
confidence interval [CI] 1.22-3.26; P = .006). When
adjusted for covariates, adalimumab therapy
displayed greater odds than placebo of association
with achieving HiSCR (OR 2.05; 95% CI 1.25-3.47;
P = .005). No covariates were statistically significant
in altering the odds of achieving HiSCR (Table III).
Adalimumab had increased odds of association with
an HiSCR response in unadjusted analysis of
PIONEER 2 (OR 3.77; 95% CI 2.32-6.19; P \ .001).
When covariates were adjusted, patients receiving
adalimumab had a further increase in the odds of
achieving HiSCR than placebo (OR 4.22; 95% CI
2.50-7.28; P \ .001). Current smokers had reduced
odds of achieving HiSCR compared with
nonsmokers (OR 0.56; 95% CI 0.31-0.98; P = .04),
and the presence of draining tunnels reduced the
odds of achieving HiSCR (OR 0.45; 95% CI 0.25-0.79;
P = .01). In addition, the use of antibiotics reduced
the odds of achieving HiSCR (OR 0.47; 95% CI
0.23-0.93; P = .03) and every unit increase in BMI
significantly reduced the odds of achieving HiSCR by
7.1%. (OR 0.93; 95% CI 0.89-0.97; P\ .001).

No significant difference in OR was identified
between adalimumab and placebo in achieving IHS4
category change in PIONEER 1 (OR 1.58; 95% CI
0.96-2.62; P = .07). After adjusting for covariates,
adalimumab still did not significantly increase the
odds of achieving IHS4 category change versus
placebo (OR 1.69; 95% CI 1.00-2.86; P = .05).
Hurley stage 3 disease significantly reduced the
odds of achieving IHS4 category change (OR 0.52;
95% CI 0.30-0.88; P = .02). Patients receiving
adalimumab had increased odds of achieving IHS4
category change compared with those receiving
placebo in PIONEER 2 (OR 2.70; 95% CI 1.66-4.43;
P = \.001). Adjusting for covariates increased the
overall odds (OR 2.91; 95% CI 1.75-4.91; P =\.001),
with Hurley stage 3 disease (OR 0.57; 95% CI
0.33-0.95; P = .03), increase in BMI (OR 0.95; 95%
CI 0.91-0.98; P = .01), and male sex (OR 0.55; 95% CI



Table I. Population characteristics

Characteristic

PIONEER 1 PIONEER 2

Adalimumab Placebo P value Adalimumab Placebo P value

N 144 145 149 140
Women 85 (59.0) 100 (69.0) .10 97 (65.1) 98 (70.0) .45
Men 59 (41.0) 45 (31.0) 52 (34.9) 42 (30.0)
White 111 (77.1) 113 (77.9) .35 130 (87.2) 110 (78.6) .07
Black 30 (20.8) 25 (17.2) 8 (5.4) 18 (12.9)
Other 3 (2.1) 7 (4.8) 11 (7.4) 12 (8.6)
Age, y
Median 35.0 (28.0, 45.0) 37.0 (30.0, 47.0) .14 35.0 (27.0, 42.0) 35.0 (26.0, 43.3) .49
Mean 36.5 6 11.0 38.4 6 11.4 34.8 6 10.1 36.4 6 12.2

BMI
Median 32.1 (27.1, 38.0) 33.9 (28.5, 39.4) .07 30.3 (26.3, 36.0) 31.3 (26.8, 36.0) .22
Mean 32.9 6 7.7 34.6 6 8.1 30.9 6 6.4 31.8 6 6.8

Hurley stage
2 80 (55.6) 79 (54.5) .95 76 (51.0) 79 (56.4) .42
3 64 (44.4) 66 (45.5) 73 (49.0) 61 (43.6)

Nicotine use 77 (53.5) 88 (60.7) .26 96 (64.4) 99 (70.7) .31
Family history 37 (25.7) 28 (19.3) .25 36 (24.2) 39 (27.9) .56
Presence of draining tunnels 108 (75.0) 108 (74.5) [.99 99 (66.4) 87 (62.1) .52
Antibiotics d d 27 (18.1) 28 (20.0) .80
Nodules
Median 8 (4.75, 14) 7 (4, 15) .88 6 (4,11) 6 (4, 10.25) .98
Mean 11.4 6 11.1 11.6 6 14.2 8.2 6 6.0 8.8 6 8.0

Abscesses
Median 1.5 (0, 4) 2 (0, 3) .77 1 (0, 3) 1 (0, 3) .88
Mean 2.7 6 3.3 2.6 6 3.6 2.0 6 2.5 2.3 (3.2)

Draining tunnels
Median 2.5 (0.75, 7) 2 (0, 5) .38 2 (0, 4) 1 (0, 4) .60
Mean 4.5 6 5.1 3.7 6 4.3 3.0 6 4.0 3.5 6 5.8

Baseline IHS4
Median 26.5 (15, 45.25) 25.0 (12, 40) .28 19 (10, 34) 18 (8.75, 32.25) .91
Mean 34.7 6 26.8 31.6 6 27.9 24.2 6 20.0 27.3 6 29.3

Data are reported as no. (%) with median (25th and 75th percentile) and mean 6 standard deviation for age, BMI, nodules, abscesses,

draining tunnel counts, and baseline IHS4. P values were calculated with the x2 or Fisher’s exact test for categorical variables, Mann-Whitney

U test for non-normally distributed continuous data, and Welch’s t test for normally distributed continuous data. BMI, Body mass index;

IHS4, International Hidradenitis Suppurativa Severity Score; d, not applicable.
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0.31-0.96; P = .04) significantly reducing the odds of
IHS4 category change.

Linear regression identified adalimumab therapy
as associated with a mean alteration in nodule count
of 2 at week 12 compared with placebo (b = e2.38;
95% CI e4.38 to e0.38; P = .02) in PIONEER 1.
Accounting for covariates, the association with
adalimumab remained significant, implying that, all
other covariables being the same, the mean change
in nodule count was on average higher by 2 nodules
for patients with Hurley stage 3 at week 12 compared
with stage 2 (b = 2.23; 95% CI 0.01-4.48; P = .05).
PIONEER 2 demonstrated a degree of alteration in
mean nodule count similar to that of adalimumab
therapy in unadjusted analysis (b = e2.54; 95% CI
e3.92 to e1.16; P \ .001) and adjusted analysis
(b = e2.58; 95% CI e3.97 to e1.19; P \ .001).
The mean change in nodule count was on average
higher at week 12 in the presence of draining tunnels
(b = 1.87; 95% CI 0.32-3.43; P = .02) compared with
the absence of them.

Linear regression identified that adalimumab
therapy was associated with an average reduction
of 18.74% in IHS4 compared with placebo in
unadjusted analysis of PIONEER 1 (b = e18.74;
95% CI e32.97 to e4.57; P = .01). With inclusion of
covariates, adalimumab treatment was significantly
associated with an 18.60% reduction in IHS4
compared with placebo (b = e18.60; 95% CI
e33.64 to e3.55; P = .02) (Table IV). Unadjusted
analysis of PIONEER 2 illustrated a 41.11% reduction
in IHS4 with adalimumab compared with placebo
(b = e41.11; 95% CI e56.23 to e25.99; P\ .001). In
PIONEER 2, adalimumab therapy was associated



Table II. Comparing hidradenitis suppurativa clinical response and International Hidradenitis Suppurativa
Severity Score (as both binary and continuous variables) as primary outcome measures in PIONEER 1 and 2
phase 3 randomized controlled trial data

Outcome measure at week 12

PIONEER 1 PIONEER 2

Adalimumab Placebo P value Adalimumab Placebo P value

N 144 145 149 140
No. of patients achieving HiSCR (%) 62 (43.06) 40 (27.59) .01 92 (61.74) 42 (30.00) <.001
No. of patients achieving change
in IHS4 category (%)

53 (36.81) 39 (26.90) .09 76 (51.01) 39 (27.86) <.001

Mean change in AN counts
(mean % change from baseline)

e5.47 (e33.80) e2.81 (e13.51) .006 e5.64 (e50.02) e2.24 (e16.01) <.001

Mean change in IHS4 value
(mean % change from baseline)

e11.08 (e30.82) e4.91 (e12.08) .002 e10.36 (e46.29) e1.33 (e5.18) <.001

AN, total abscess and inflammatory nodule count; HiSCR, Hidradenitis suppurativa clinical response; IHS4, International Hidradenitis

Suppurativa Severity Score; d, not applicable.

Bold data indicates statistical significance.

Table III. Results of logistic regression models of hidradenitis suppurativa clinical response achievement
(model 1) and International Hidradenitis Suppurativa Severity Score category change (model 2) in patients
treated with adalimumab and placebo in PIONEER 1 and 2

Variable

PIONEER 1 PIONEER 2

Odds ratio 95% CI P value Odds ratio 95% CI P value

Model 1 Achieving HiSCR
Adalimumab 2.08 1.25e3.47 .005 4.23 2.51e7.31 <.001
Hurley stage 3 0.91 0.52e1.59 .74 0.64 0.37e1.11 .11
Family history 0.77 0.41e1.40 .40 0.73 0.39e1.32 .30
Current smoker 0.98 0.59e1.65 .94 0.56 0.32e1.0 .05
Presence of draining tunnels 0.63 0.34e1.18 .15 0.47 0.26e0.84 .01
Antibiotic use d d d 0.48 0.24e0.95 .04
BMI 1.01 0.97e1.04 .74 0.93 0.89e0.97 <.001
Male sex 0.85 0.49e1.47 .57 0.89 0.49e1.61 .70
Age 1.0 0.97e1.02 .73 1.0 0.98e1.02 .97

Model 2 Achieving IHS4 category change
Adalimumab 1.69 1.00e2.86 .05 2.91 1.75e4.92 <.001
Hurley stage 3 0.52 0.30e0.88 .02 0.57 0.33e0.95 .03
Family history 1.02 0.55e1.86 .96 1.25 0.70e2.22 .45
Current smoker 0.82 0.48e1.39 .45 1.01 0.58e1.76 .97
Antibiotic use d d d 0.76 0.39e1.47 .42
BMI 1.02 0.99e1.06 .22 0.95 0.91e0.98 .006
Male sex 0.73 0.41e1.29 .29 0.55 0.31e0.96 .04
Age 1.0 0.98e1.02 .94 0.99 0.97e1.02 .63

BMI, Body mass index; CI, confidence interval; HiSCR, hidradenitis suppurativa clinical response; IHS4, International Hidradenitis Suppurativa

Severity Score; d, not applicable.
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with a 39.79% reduction in IHS4 score in adjusted
analysis (b = e39.79; 95% CI e54.92 to e24.65;
P\.001). Each unit increase in BMI (as a continuous
variable) attenuated the percentage change in IHS4
score by 1.65% (b = 1.65; 95% CI 0.50-2.81; P = .01).
No other significant covariates were identified.

DISCUSSION
The effect of substituting HiSCR with IHS4 as the

primary outcome measure of the PIONEER phase 3
clinical trials depended on whether the outcome
variable was binary or continuous. Substituting
HiSCR with change in IHS4 category resulted
in no statistically significant difference between
adalimumab and placebo in PIONEER 1 (Table II).
Continuous variables (both nodule counts and IHS4
values) were statistically significant in both studies.
Integrating draining tunnel status (using the IHS4)
reduced placebo response rates in both PIONEER 1
and 2 regardless of whether a binary or continuous



Table IV. Linear regression model of change in nodules (model 1) and % change in International Hidradenitis
Suppurativa Severity Score outcome measure (model 2) in adalimumab-treated patients in PIONEER 1 and
PIONEER 2

Variable

PIONEER 1 PIONEER 2

Estimate 95% CI P value Estimate 95% CI P value

Model 1 Change in nodules
Adalimumab e2.36 (e4.40 to e0.31) .02 e2.58 (e3.97 to e1.19) <.001
Hurley stage 3 2.23 (e0.01 to 4.48) .05 e0.17 (e1.63 to 1.29) .82
Family history e0.74 (e3.19 to 1.72) .56 e0.59 (e2.17 to 0.99) .47
Current smoker e1.00 (e3.08 to 1.08) .35 e0.05 (e1.56 to 1.46) .94
Presence of draining tunnels 1.09 (e1.49 to 3.66) .41 1.87 (0.32 to 3.43) .02
Antibiotic use e e e 1.10 (e0.67 to 2.88) .22
BMI e0.04 (e0.18 to 0.09) .54 e0.01 (e0.11 to 0.10) .89
Male sex e0.46 (e2.67 to 1.75) .68 0.02 (e1.55 to 1.60) .98
Age 0.03 (e0.06 to 0.12) .51 0.03 (e0.03 to 0.09) .38

Model 2 % Change in IHS4
Adalimumab e18.60 (e33.64 to e3.55) .02 e39.79 (e54.92 to e24.67) <.001
Hurley stage 3 8.45 (e6.89 to 23.80) .28 2.54 (e12.83 to 17.90) .75
Family history e3.61 (e21.50 to 14.28) .69 e6.59 (e23.77 to 10.59) .45
Current smoker 1.29 (e14.04 to 16.63) .87 4.68 (e11.71 to 21.07) .57
Antibiotic use e e e 16.75 (e2.52 to 36.02) .09
BMI 0.17 (e0.82 to 1.15) .74 1.65 (0.50 to 2.81) .01
Male sex 10.61 (e5.52 to 26.75) .20 8.82 (e7.70 to 25.34) .29
Age 0.27 (e0.40 to 0.94) .43 e0.04 (e0.72 to 0.65) .92

BMI, Body mass index; IHS4, International Hidradenitis Suppurativa Severity Score.
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variable was used. The use of the IHS4 as a
continuous variable resulted in placebo response
rates consistent with those of studies of psoriasis
and atopic dermatitis (4.5%-12%).10-13 This suggests
that the placebo response rate is partially a product
of the HiSCR outcome measure (ie, the use of a
binary outcome), as well as the natural variability of
inflammatory lesions in hidradenitis suppurativa
and interrater variation in counting lesions.3 It is
recognized that the use of dichotomous outcomes
reduces the power to detect difference between
groups, increases the risks of false-positive results,
and subsumes the variability in response within a
group or cohort.14 Because the IHS4 score is
weighted toward abscesses and draining tunnels
as opposed to nodules, it can be hypothesized that
tunnels are less susceptible to such variability
compared with superficial nodules, and hence
the resolution of drainage is more indicative of
successful therapy. The interrater variability of
counting nodules has been previously identified
as a factor contributing to placebo response rates,3

and recent proposals for outcome measures assess-
ing disease severity that do not include counts may
provide a novel approach once validated in larger
cohorts.15 The association of elevated placebo
response rates with specific outcome measures is
an important finding, given the recent nonsignifi-
cant results of clinical trials evaluating C5a
antagonists in hidradenitis suppurativa.3,10 A recent
phase 2b trial concluded that IFX-1 (InflaRx, Jena,
Germany) was nonsuperior to placebo as measured
by the HiSCR, with a placebo response rate of
47.2%. Post hoc analysis identified a significant
reduction in draining tunnels compared with pla-
cebo as well as quality-of-life outcomes.10

Severe disease (assessed by the presence of
draining tunnels) was significantly associated
with a reduction in achieving HiSCR in PIONEER 2
(Table III), and Hurley stage 3 disease was associated
with reduced odds of achieving IHS4 category
change (Table III). In linear regression modeling,
Hurley stage 3 disease was associated with an altered
mean change in nodule count in PIONEER 1, and
draining tunnels were associated with an altered
mean change in nodule count in PIONEER 2. These
results are consistent with the fact that severe disease
(manifested either in increased Hurley staging or
presence of draining tunnels) is less responsive
to adalimumab therapy. BMI was significant in
reducing HiSCR achievement, IHS4 category
improvement, and percentage change in IHS4 in
PIONEER 2. Every unit increase in BMI decreased the
OR of achieving HiSCR by 7.1%, IHS4 category
improvement by 4.9%, and the percentage change
in IHS4 by 1.57%. The possibility of weight-based
responses to current dosages of adalimumab in
hidradenitis suppurativa requires further
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investigation. Smoking is known to affect the efficacy
of adalimumab in Crohn’s disease,16 and this is
mirrored in hidradenitis suppurativa with our results
(Table III, PIONEER 2 HiSCR).

The presence of any draining tunnels was
significantly associated with HiSCR in PIONEER 2
but was not significantly different between
adalimumab and placebo groups (Table I).
Therefore, we conclude that draining tunnels is not
a confounder on the effect of adalimumab in
hidradenitis suppurativa but does have a significant
associationwith HiSCR and change in nodule counts.
The discrepancies in results between PIONEER 1
and 2 studies may be attributable to statistically
significant differences in baseline patient
characteristics (Supplemental Table I; available at
https://doi.org/10.17632/7jmyytrzyx.1. Statistically
significant differences were observed in race, age,
BMI, smoking status, and presence of draining
tunnel, and the median nodule and draining tunnel
counts were significantly lower in PIONEER 2
compared with PIONEER 1. Additionally, baseline
IHS4 scores were higher in PIONEER 1, indicating
patients had more severe disease in PIONEER 1 than
PIONEER 2.

The results of our analysis concur with those of
Kimball et al2 in that draining tunnels are not a
confounder on the effect of adalimumab in
hidradenitis suppurativa. However, our results go
farther in identifying that draining tunnels, smoking
status, antibiotic use, and BMI have an effect on
clinical response as measured by HiSCR. These
effects were more prominent in PIONEER 2 in the
presence of less severe disease, suggesting they
may influence response to adalimumab in patients
with a disease severity similar to that of those
included in PIONEER 2. Using an outcome measure
that integrates draining tunnels (IHS4) identifies
individuals with Hurley stage 3 disease as having
reduced odds of achieving a change in IHS4
severity category compared with those with
Hurley stage 2 disease. Stage 3 patients also
exhibited a decreased change in nodule counts in
the setting of adalimumab therapy compared with
placebo. This suggests that despite the recent dis-
cussion in regard to the lack of biological correla-
tion between Hurley staging and disease severity,17

Hurley stage 3 disease has a statistically significant
effect on the reduction of nodules in the setting of
adalimumab therapy.

The limitations of this study include the inherent
limitations of using clinical trial data, with
the PIONEER studies not being an accurate
representation of actual clinical practice. They also
exclude the most severe cases of hidradenitis
suppurativa, given that more than 20 draining
tunnels was an exclusion criterion. Additionally,
the data analyzed included only 12weeks of therapy,
but independent analysis suggests that response at
week 12 is associated with clinical response at week
36 of therapy.18

The potential clinical applications of our findings
are immediate in that treatment with adalimumab
before the development of draining tunnels and
Hurley stage 3 disease may be more efficacious. The
statistically significant association with BMI also
suggests that patients with increased BMI may have
a decreased clinical response to adalimumab;
however, it is unclear whether the degree of change
(Tables III and IV) reaches clinical significance.
Further investigation into the weight-based response
to adalimumab in hidradenitis suppurativa is
warranted, given these preliminary findings.
CONCLUSIONS
Adalimumab 40mgweekly is effective in reducing

clinical disease activity as measured by both the
HiSCR and the IHS4 compared with placebo in
participants with hidradenitis suppurativa. High pla-
cebo response rates may be a product of the use of
binary outcome measures such as HiSCR. Regression
analyses identified draining tunnels, smoking, anti-
biotic use, and BMI as independent significant
associations with clinical response to adalimumab
as measured by HiSCR in PIONEER 2. Only BMI was
significantly associated with the use of percentage
change in IHS4 in PIONEER 2. Future placebo-
controlled studies of novel therapies in hidradenitis
suppurativa should acknowledge the influence of
outcome measure in the interpretation of their data.
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Primary imputation methods impact
efficacy results in hidradenitis
suppurativa clinical trials
To the Editor: Missing data is a common issue in
clinical trials. Analytic management of missing data
involves including participants who drop out of a
study in an intention-to-treat (ITT) analysis.1

Analyzing only participants who complete a trial
( per protocol [PP]) can eliminate missing data but at
the expense of statistical power and external val-
idity.1 If the participant and disease-associated char-
acteristics of those who completed the trial are
representative of the ITT population, then PP can
be valid. This is particularly important in placebo-
controlled trials, where using PP may decrease the
ability to detect a difference between groups
(because only participants receiving placebo with a
positive response tend to stay in the trial).1

In ITT, management of missing data involves
primary imputation of missing values (Table I).1

Multiple imputation involves complex statistical
modeling and is beyond the scope of this discussion;
the reader is directed to the statistical literature
(Supplemental Materials; available via Mendeley at
https://doi.org/10.17632/h8734gr7bc.1).1 Primary
imputation involves allocating participants a
response based on the reasons/assumptions for
missing data. Data can be classified as missing not
at random (due to treatment-related factors, eg, lack
of efficacy), missing at random (due to other
documented factors such as age/sex that can be
taken into account in multiple imputation), or
missing completely at random (due to other
Table I. Definitions of primary imputation terms

Primary imputation term

Missing equals success (MES) Individuals with m
of interest

Missing equals failure (MEF) Individuals with m
endpoint of int

Nonresponder imputation (NRI) Individuals with m
endpoint of int

Last observation carried forward (LOCF) Individuals with m
observation, ex
endpoints of in
undocumented variables not related to disease/
treatment).1 A sensitivity analysis (comparison of
multiple primary imputation methods) is required to
determine the effect of different analyses on the
outcome(s) of interest.1 This is especially pertinent
given that clinical trial populations are not directly
reflective of the general population.1

In the setting of hidradenitis suppurativa (HS),
the high burden of disease and moderate thera-
peutic response rates may contribute to the high
clinical trial dropout rates. The statistical methods
used in these trials (Table II) vary, making com-
parisons complex. The PIONEER 1 and 2 studies
were the only studies to conduct a sensitivity
analysis,2 conservatively presenting results of
nonresponder imputation analysis. In contrast, the
PIONEER Open Label Extension study3 presented
only PP data from a subset of participants, with last
observation carried forward (LOCF) beyond week
96. This raises concerns regarding data validity,
given that LOCF inflates response rates in long-term
studies and is not recommended.1 The use of ITT/
nonresponder imputation in a randomized
controlled trial of anakinra4 in HS resulted in a
loss of statistical significance. No dropout was seen
in a phase 2a trial of IFX-1,5 with differential
attrition seen between arms of a phase 2 trial of
bermekimab.6 This may explain the apparent
contradictory findings of an increased response
rate in participants for whom antietumor necrosis
factor (TNF) therapy failed (63%) when compared
with anti-TNFenaive participants6 (61%). Given
that all participants who dropped out in the anti-
TNFefailed arm achieved hidradenitis suppurativa
clinical response, this may erroneously conflate the
true efficacy of the drug in this population. In a
cohort study of secukinumab,7 71% of the partici-
pants who dropped out did not achieve HiSCR,
suggesting that LOCF presents a more conservative
estimate of response compared with PP analysis,
although the characteristics of the participants who
Description

issing data are presumed to have achieved the endpoint

issing data are presumed to have not achieved the
erest (equivalent to NRI)
issing data are presumed to have not achieved the
erest (equivalent to MEF)
issing data are presumed to have maintained the last
trapolated forward to all future timepoints including
terest
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Table II. Sensitivity analysis of missing data analysis in hidradenitis suppurativa clinical trials

Clinical trial

Reported primary

outcome (method)

PP analysis,

n/N (%)

ITT analysis, n/N (%)
Participants

who dropped out, nMES MEF (NRI)* LOCF

PIONEER 1
(adalimumab
vs placebo)

Week 12 HiSCR
INT: 41.8%
(ITT/NRI)

Week 12
HiSCR PBO:
26% (ITT/NRI)

64/145 (44.1)

40/145 (27.6)

CMH: P\ .01

72/153 (47.1)

49/154 (31.8)

CMH: P\ .01

64/153 (41.8)

40/154 (26)

CMH: P\ .01

— 8 outcome
(s) unknown

9 outcome(s)
unknown

PIONEER 2
(adalimumab
vs placebo)

Week 12
HiSCR INT:
58.9% (ITT/NRI)

Week 12
HiSCR PBO:
27.6% (ITT/NRI)

96/155 (61.9)

45/151 (29.8)

CMH: P\ .001

104/163 (63.8)

57/163 (35.0)

CMH: P\ .001

96/163 (58.9)

45/163 (27.6)

CMH: P\ .001

— 8 outcome(s)
unknown

12 outcome(s)
unknown

PIONEER OLE
(adalimumab)

Week 12
HiSCR INT: (PP)y

46/88 (52.3) — — Used for data
[week 96

Unable to
calculate

Anakinra
(vs placebo)

Week 12
HiSCR INT:
7/9 (78%) vs
PBO:
3/10 (30%)
(PP)

INT: 7/9 (78)

PBO: 3/10 (20)
�2: P = .04

INT: 8/10 (80)

PBO: 3/10 (30)
�2: P = .02

INT: 7/10 (70)

PBO: 3/10 (30)
�2: P = .07

INT: 7/10 (70)

PBO: 3/10 (30)
�2: P = .07

1 outcome
unknown

0

IFX-1
(C5a)

Day 50 HiSCR:
9/12 (75%)

9/12 (75) 9/12 (75) 9/12 (75) 9/12 (75) No dropout

Bermekimab
(IL-1a)

Week 12 HiSCR:
TNF failed
(63%) (ITT LOCF)

Week 12 HiSCR
TNF naive
(61%) (ITT LOCF)

13/22 (59)

7/11 (64)

17/24 (71)

13/18 (72)

13/24 (54)

7/18 (39)

15/24 (63)

11/18 (61)

2/2 achieved
HiSCR (100%)

4/7
achieved (57%)

Secukinumab
(IL-17A)

Week 12 HiSCR:
13/20 (65%)
(ITT LOCF)

11/13 (85) 11/13 (85) 11/20 (55) 13/20 (65) 2/7 achieved
HiSCR (29%)

CMH, Cochran-Mantel-Haenszel method; HiSCR, hidradenitis suppurativa clinical response; IL, interleukin; INT, intervention; ITT, intention to

treat; LOCF, last observation carried forward; MEF, missing equals failure; MES, missing equals success; NRI, nonresponder imputation; OLE,

Open Label Extension; PBO, placebo; PP, per protocol.

*MEF and NRI in the context of these studies are interchangeable.
yLOCF was imputed for timepoints beyond 96 weeks, as per the methods.
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dropped out requires comparison to the overall
cohort to assess the relationship between dropout
and disease-related factors.

The decision about the best method of analysis is
based on the individual study and the characteristics
of the participants who dropped out. Future HS
clinical trials should report and discuss participant
dropout, and readers should critically evaluate the
methods used to understand and acknowledge the
potential bias in results.
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Efficacy of oral zinc and
nicotinamide as maintenance
therapy for mild/moderate
hidradenitis suppurativa: A
controlled retrospective clinical
study
To the Editor: Hidradenitis suppurativa (HS) is a
chronic cutaneous disease that involves follicular
occlusion in the apocrine gland-bearing regions.
Treatment is a challenge because of the paucity of
effective therapies and frequent exacerbations, with
a negative impact on quality of life.1 Brocard et al2

first described zinc gluconate (90 mg daily for 4
months) as an effective therapeutic alternative for the
management of HS. In our study, the efficacy of oral
zinc and nicotinamide as maintenance treatment in
mild to moderate HS was investigated
retrospectively. A total of 92 patients affected by
Hurley stage I and II HS were evaluated (Table I). All
included patients had previously been treated with
oral tetracycline (minocycline 100 mg daily) for 12
weeks with clinical and ultrasonographic benefit.
The patients were divided into 2 groups according to
treatment received or not received at the end of
systemic antibiotic course. Specifically, 47 patients
started oral therapy with capsules containing 90 mg
of zinc gluconate and 30 mg of nicotinamide once
daily for 90 days. The treated group was compared
with a control group of 45 patients who did not
receive any treatment. Each participant was evalu-
ated at baseline and at 90 and 180 days after
treatment. At 12 and 24 weeks, we observed a
significant reduction in the number and mean
duration of acute flares in the treated versus control
groups. Patients of the treated group correspond-
ingly reported a marked reduction in mean Visual
Analogue Scale, Dermatology Life Quality Index,
and International HS Severity Score System scores
compared with the control group both at 12 and 24
weeks (P\ .005). Disease-free survival was signifi-
cantly longer in the treated group, and it showed
sustained improvement even after discontinuation of
oral supplementation. Slightly decreased or stable
International HS Severity Score System score and
pain Visual Analogue Score during the maintenance
treatment was collaterally observed in the treated
group with no statistically significant difference at 24
weeks (Table II). Two patients reported nausea;
neither stopped the treatment. The use of oral zinc as
a helpful treatment in HS (as monotherapy or in
association with topical therapy) has been rarely
described in the literature.1-4 However, to our
knowledge, no studies have investigated its useful-
ness as a maintenance treatment to potentiate the
beneficial effects obtained with other agents, such as
antibiotics, that are frequently used in HS. The
efficacy of zinc could be related to its anti-
inflammatory activity, inhibiting the chemotaxis of
neutrophils, activating natural killer cells and the
phagocytic function of granulocytes, andmodulating
the production of tumor necrosis factor �, inter-
leukin 6, and metalloproteinases.2,4 Additionally, it
seems to have an antiandrogen activity, modulating
5�-reductase type I and II expression levels and
activity.2 Nicotinamide, as zinc, has anti-
inflammatory and antioxidant activity by inducing
the expression of the enzyme zinc/copper superox-
ide dismutase and reducing the accumulation of free
radicals.2,5 The main limitations of the study are the
retrospective nature, with absence of a randomized,
blinded control group. This study seems to suggest
that zinc and nicotinamide supplementation in
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Quantifying the natural variation in
lesion counts over time in untreated
hidradenitis suppurativa: Implications
for outcome measures and trial design
John W. Frew, MBBS, MMed MS,a Caroline S. Jiang, MS,b Neha Singh, MS,b Kristina Navrazhina, BA,c

Roger Vaughan, DrPH,b and James G. Krueger, MD, PhDa

New York, New York
Background: Hidradenitis suppurativa (HS) demonstrates high placebo response rates in clinical trials,
possibly due to the natural variability of the disease. No quantification of variability in lesion counts of
untreated disease has been undertaken.
Objective: To quantify the variability of untreated HS.
Methods: Deidentified individual patient data from the placebo arms of PIONEER studies were analyzed,
and measurements of within-subject coefficients of variation were examined. Variability was stratified by
disease-associated variables (Hurley stage, BMI, sex, smoking, family history) and body site.
Results: Analysis of within-subject coefficients of variation demonstrated that half of the participants had a
middle spread [difference between 75th and 25th percentiles of the subject’s abscess and nodule counts]
greater than 33% and 40% of their median abscess and nodule counts, and 25% of the subjects had a middle
spread greater than 70% and 78% of their median abscess and nodule counts in PIONEER I and II,
respectively. Hurley stage 2 participants had significantly greater within-subject variation than Hurley stage
3 patients. Variation was greater in the axillary and groin regions than in other anatomical locations.
Limitations: Limitations include the use of precollected clinical trial data.
Conclusion: The within-subject variability of the lesion counts in untreated HS was greater than previously
appreciated. This has profound effects on outcome measures and the conduct of future clinical trials of HS.
( JAAD Int 2020;1:208-21.)

Key words: acne inversa; clinical trials; hidradenitis suppurativa; natural history; variability.
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BACKGROUND
Hidradenitis suppurativa (HS) is a chronic inflam-

matory disease manifesting as painful nodules and
abscesses and chronically draining tunnels in flex-
ural areas.1 Current outcome measures to assess
disease severity in the clinic and in clinical trials
rely upon counting the number of nodules, ab-
CAPSULE SUMMARY

d The natural variability of clinical disease
in hidradenitis suppurativa remains
incompletely defined.

d The within-subject variability of abscess
and nodule counts in untreated
hidradenitis suppurativa significantly
contributes to placebo response rates
and is greater for Hurley stage 2, axillary,
and groin disease.
scesses, and tunnels (also
known as sinus tracts or fis-
tulas).2-4 The current gold
standard outcome measure,
HS clinical response
(HiSCR),5,6 is defined as a
50% reduction in the number
of abscesses and nodules
(AN count), with no increase
in the number of abscesses or
draining tunnels.5,6 One
known disadvantage of
HiSCR is the elevated pla-
cebo response rates that
occur with its use.4,7
Placebo response rates in pivotal PIONEER studies
of adalimumab for HS ranged between 26% and
27.6%, as measured by the percentage of participants
achieving HiSCR.7 Additionally, the placebo
response rate in a phase 2b study of IFX-1 (a
complement C5a) inhibitor, was very high at
47%,4,8 with no statistically significant difference
between the rates of HiSCR between the intervention
and placebo arms.4,8

Factors that may contribute to the high placebo
response rates include the sliding dichotomous
nature of the outcome measure as well as the low
inter-rater reliability of counting lesions.2-4,9 A third
aspect requiring further examination is the natural
variation in lesion counts in untreated HS,9 which
remains incompletely defined.4,9 Patient-reported
retrospective questionnaires have been used to
quantify the length of time for which the lesions
persist (with 6.9 days reported for nodules).10

However, given that clinical trials are based on an
objective physician’s evaluation of the clinical
lesions,7 the quantification of lesion variability
needs to be assessed based on the physician’s
evaluation to maintain validity in the setting of
clinical trials. A high level of test-retest reliability
of the HiSCR outcome measure (R = 0.91) is at odds
with the elevated placebo response rates previously
described.5 However, the primary endpoint for
clinical trials is often at week 12 or 16,7,11 suggesting
that short-term observations may overestimate the
stability of the lesion counts.
It has been acknowledged that individuals with
AN counts of\3 at baseline should not be included
in clinical trials as they would only require a one-
lesion reduction (which may be in the range of
natural disease fluctuation) in order to achieve
HiSCR.7 Additionally, such patients would not meet
the criteria for moderate or severe disease. A number
of studies have reportedmin-
imum AN counts of [5 in
order to minimize issues with
elevated placebo response
rates11; however, the benefits
are unclear given that the
quantification of natural (un-
treated) disease variability
has not been performed.12

The placebo arms of
PIONEER I and II provided
objective, physician-evalua-
ted data for a period of
12 weeks of untreated (with
the exception of topical anti-
septic washes) moderate-to-severe HS. These data
provide an opportunity to assess the natural vari-
ability of disease activity and develop a design for
future clinical trials. Our overall aimwas to assess the
within-subject variability of lesion counts (inflamma-
tory nodules, abscesses, draining tunnels, and AN
counts) in participants enrolled in time period A
(week 0 to week 12) in the placebo arms of the
PIONEER I and PIONEER II phase 3 clinical trials
using descriptive statistics and quantification of
within-subject variations.

METHODS
Deidentified individual patient data from the

PIONEER I and PIONEER II phase 3 studies of
adalimumab therapy for HS were made available
by AbbVie Inc and accessed through the secure Vivli
online platform.7 Raw data were extracted and
compared with the available published data to
ensure accuracy.7 Data for participants allocated to
the placebo arms in time period A (week 0 to week
12) were included in the analysis. Subjects were
excluded if they had received any rescue antibiotics
in PIONEER I or baseline concomitant antibiotics in
PIONEER II. All data analyses were conducted using
R version 3.5.3.13

Quantification of inflammatory nodules, ab-
scesses, and draining tunnels (as previously defined)
each available time point (Weeks 0, 2, 4, 6, 8, and 12)
was undertaken.5-7 As the lesion counts had skewed
distributions (Fig 1), we examined 2 robust measures



Abbreviations used:

AN: abscess and nodule
CVm: median absolute deviation divided by the

median
CVq: interquartile range divided by the median
HiSCR: hidradenitis suppurativa clinical response
HS: hidradenitis suppurativa
IQR: interquartile range
MAD: median absolute deviation
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of the within-subject coefficients of variation: (1)
interquartile range (IQR) divided by the median
(CVq) and (2) median absolute deviation (MAD)
divided by the median (CVm). IQR is the difference
between the 75th (Q3) and 25th percentile (Q1), the
range of themiddle half of the subject’s data. Another
measure of spread or dispersion that is more robust
against outliers than IQR is (MAD). MAD is defined as
the median of the absolute deviations from
the subject’s median value: MAD = median
(jxi �median(xi)j), where xi represents the repeated
measurements for a subject. Both measures of
within-subject variation (CVq and CVm) were multi-
plied by 100 to obtain a percentage.

To illustrate this with an example, consider a
subject with AN counts of 11, 12, 9, 8, and 7 from
baseline to week 12. The median value of this
subject’s data is 9, with Q1 = 8 and Q3 = 11
(IQR = 3). The absolute deviations about the median
are 2, 3, 0, 1, and 2, which in turn have a median
value of 2. MAD for these data is 2, and the within-
subject CVm is 22% (2/93 100). The midpoint of the
absolute differences about the subject’s median is
22% of their median AN count. The within-subject
CVq is 33% (3/93 100) and is interpreted as follows:
the spread of the middle half of the subject’s data is
33% of their median AN count. Higher percentages of
the within-subject coefficient of variation indicate
more dispersion around the median and higher
within-subject variability over the 12-week period.
Note that the MAD is 0 when majority of the subject’s
lesion counts are the same. For example, a subject
with abscess counts of 1, 1, 1, 4, and 5 has a MAD of
0 and CVm of 0% (0/1 3 100), whereas the CVq is
calculated as 300% (3/1 3 100).

Within-subject variation was also visualized using
spaghetti plots and heat maps. Stratification by the
type of lesions (inflammatory nodule, abscess, drain-
ing tunnel, AN count), known a priori treatment
efficacy-associated factors (Hurley stage, gender,
BMI category, nicotine use, family history), and
anatomical location was undertaken. The
ManneWhitney U test was used to compare the AN
count’s CVq and CVm values by Hurley stage,
gender, nicotine use, and family history. The
KruskaleWallis test was used to compare the AN
count’s CVq and CVm values by BMI category
(underweight/normal [\25 kg/m2], overweight [25
to\30 kg/m2], and obese [$30 kg/m2], according to
the Centers for Disease Control and World Health
Organization guidelines for adults). P \ .05 was
considered statistically significant.
RESULTS
Of the 633 available participants identified in

PIONEER I and II, 262 participants in the placebo
arms were included in the analysis (n = 141 in
PIONEER I and n = 121 in PIONEER II). The baseline
demographic and disease characteristics of the
included subjects are presented in Table I. Baseline
disease activity was more severe in the PIONEER I
subjects, with higher median lesion counts, IHS4
score, and proportion of subjects with Hurley stage
3, than in the PIONEER II subjects. The distributions
of the baseline lesion counts for both the PIONEER
studies are presented in Fig 1. The heat maps and
spaghetti plots of the lesion counts of the inflamma-
tory nodules, abscesses, draining fistulas, and AN
counts over time for PIONEER II are presented in
Figs 2 and 3. Additional plots for PIONEER I are
presented in Figs 4 to 6.

The calculated measurements of the within-
subject variance, stratified by inflammatory nodules,
abscesses, draining tunnels, and AN counts, are
presented in Table II. The distributions of these
measures were non-normal (Fig 7). The median
within-subject CVq ranged from 33% to 50% for the
lesion counts in both PIONEER I and II. The median
CVq for the AN count was 33% (Q1 = 14%, Q3 = 70%)
in PIONEER I and 40% (Q1 = 19%, Q3 = 78%) in
PIONEER II. The interpretation is that half of the
participants had middle spreads (difference between
the 75th and 25th percentiles of the subject’s AN
counts) greater than 33% and 40% of their median AN
count in the placebo arms of PIONEER I and II,
respectively. The 75th percentile of CVq for the AN
count suggested that 25% of the subjects had
middle spreads greater than 70% and 78% of
their median AN counts in PIONEER I and II,
respectively.

The spaghetti plots of the within-subject absolute
deviations from themedians for PIONEER I and II are
presented in Fig 8. The median within-subject CVm
for the lesion counts ranged from 4% to 17% for
PIONEER I and from 11% to 25% for PIONEER II. The
within-subject variationwas lower for abscesses than



Table I. Baseline characteristics of the subjects included in the analysis

Characteristic PIONEER I placebo (n = 141) PIONEER II placebo (n = 121)

Gender
Female 99 (70.2%) 90 (74.4%)
Male 42 (29.8%) 31 (25.6%)

Race
White 110 (78.0%) 98 (81.0%)
Black 24 (17.0%) 15 (12.4%)
Other 7 (5.0%) 8 (6.6%)

Median Age* 36.0 (30.0-47.0) 33.0 (26.0-42.0)
Median BMI* 33.8 (28.4-39.3) 31.7 (26.5-36.5)
BMI category
Underweight/normal 12 (8.5%) 22 (18.3%)
Overweight 35 (24.8%) 23 (19.2%)
Obese 94 (66.7%) 75 (62.5%)

Hurley stage
2 75 (53.2%) 74 (61.2%)
3 66 (46.8%) 47 (38.8%)

Nicotine use 85 (60.3%) 89 (74.2)
Family history 28 (19.9%) 31 (25.6%)
Presence of draining tunnels 104 (73.8%) 73 (60.3%)
Median inflammatory nodules* 7 (4-15) 6 (4-10)
Median abscesses* 2 (0-3) 1 (0-3)
Median AN count* 11 (6-17) 8 (5-13)
Median draining tunnels* 2 (0-5) 1 (0-3)
Median baseline IHS4* 25 (13-40) 1 (9-30)

Data are presented as n values with percentages for categorical variables.

AN, Abscess and nodule.

*Data are presented as medians with interquartile ranges in parentheses.

Fig 1. Histograms of the distribution of baseline disease activity in the PIONEER I and
PIONEER II trials.
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for other lesion counts in PIONEER I when MADwas
used as the measure of dispersion. Forty-three out of
87 subjects had the same abscess count for at least 3
out of the 5 visits, which resulted in a MAD of 0 and
subsequently a CVm of 0%. The median CVm for the
AN count was 16% (Q1 = 5%,Q3 = 31%) in PIONEER I
and 20% (Q1 = 8%, Q3 = 39%) in PIONEER II. For half
of the subjects, the MAD (middle of the absolute



Fig 2. The heat maps of the lesion counts for the abscesses, inflammatory nodules, draining
fistulas, and abscess and nodule (AN) counts during the 12-week time period of PIONEER II.
These heat maps allow a visual representation of the within-subject variability for all the
subjects included over time. The heat maps use a blue-green-yellow color scale, with the lowest
count for each lesion type indicated in blue and the highest in yellow.
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differences from the subject’s median) was greater
than 16% and 20% of their median AN counts in
PIONEER I and II, respectively. For 25% of the
subjects, the MAD was greater than 31% and 39% of
their median AN counts in PIONEER I and II,
respectively.

The small sample size for within-subject variation
measures of the abscesses and draining tunnels in
PIONEER I and II is noteworthy. The subjects in both
the studies had low baseline counts for these lesions,
and the coefficient of variation measures was unde-
fined when divided by a median of 0. The within-
subject variation measures of the AN count (sum of
the number of abscesses and inflammatory nodule
count important for determining the HiSCR
response) were computable for 99.3% (140/141) of
the subjects in PIONEER I and 97.5% (118/121) of the
subjects in PIONEER II.
The stratification of the within-subject variation
measures in AN counts by the a priori treatment
efficacy-associated factors showed that the partici-
pants with Hurley stage 3 had significantly lower
within-subject variability, as measured by CVq
(Table III), compared to the participants with
Hurley stage 2 in PIONEER I (P = .011) and II
(P = .048). This difference was only observed in
PIONEER I (P = .004) when CVm was used as the
measure of within-subject variability (Table IV). No
significant differences were observed when CVq and
CVm were stratified by gender, BMI category,
nicotine use, or family history.

The plots of the within-subject variations
(measured by absolute deviations from the median
AN counts) stratified by body site indicated that the
axillary and inguinal regions demonstrated the
greatest variability (Fig 9). The MAD was 0 across



Fig 3. The spaghetti plots of the within-subject variability for abscesses, inflammatory nodules,
draining fistulas, and abscess and nodule (AN) counts during the 12-week time period of
PIONEER II. The x axis represents the absolute values of disease activity, and the y axis
represents the time in weeks.
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all body sites in PIONEER I and II. However, the
means of their absolute deviations were consis-
tently higher for the axillary and inguinal sites than
for the other body sites (Table V). The measure-
ments of CVq and CVm stratified by body site were
not undertaken due to sparse AN counts when
examining each body site separately. The CVq and
CVmwere calculated by dividing the median values
by 0, which gave an undefined result across mul-
tiple body sites.

DISCUSSION
Our results have identified significant within-

subject variability in the lesion counts in untreated
participants from the placebo arms of the PIONEER I
and II phase 3 studies. To our knowledge, this is the
first report to quantify the natural variability of
clinical HS and explain the high placebo response
rates reported in the original studies (26.0% and
27.6%, respectively).7 The median and IQR of the
changes in the AN counts from the baseline (Table
VI) and the placebo response rates were seen to
progress over time (15.6% and 12.4% at week 2,
respectively; 20.1% and 24.0% at week 4, respec-
tively; 22.5% and 28.1% at week 8, respectively; and
27.7% and 30.6% at week 12, respectively) in both
PIONEER I and II. This supports the concept of
natural variation in the disease, accounting for the
results presented.

Participants in PIONEER II had a higher within-
subject variation in the AN count compared to those
in PIONEER I based on the quartiles (40% vs 33%,
respectively) and MAD (20% vs 16%, respectively),
which supports the higher placebo response rates
seen in PIONEER II at weeks 4, 8, and 12 compared
to those seen in PIONEER I. In PIONEER I, the
Hurley stage 3 subjects had significantly lower
variance in the AN count when compared to those
with Hurley stage 2 when both the measures of the
within-subject coefficient of variation were used.
This may be due to the difficulty in assessing the
abscesses and inflammatory nodules in the presence
of significant scarring. The higher placebo response
rates in PIONEER II may be explained by the higher
proportion of Hurley stage 2 subjects than those in
PIONEER I (Table I). This implies that individuals



Fig 4. A and B, Heat maps of the lesion counts for the abscesses, inflammatory nodules, and
draining fistulas and the abscess and nodule (AN) count during the 12-week time period of
PIONEER I, with (A) and without (B) an outlier with consistently high inflammatory nodule
counts throughout the 12-week period (this subject was included in all the analyses and
excluded only here for visualization purposes).
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Fig 5. A, Spaghetti plots of the lesion counts for the abscesses, inflammatory nodules, draining
fistulas, and abscess and nodule (AN) count during the 12-week time period of PIONEER I with
and without an outlier with consistently high inflammatory nodule counts throughout the 12-
week period (this subject was included in all analyses and excluded only for visualization
purposes). B, Spaghetti plots of changes in the abscesses, inflammatory nodules, draining
fistulas, and AN count during the 12-week time period of PIONEER II.
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with lower disease severity are more prone to intra-
subject variability.

Significant differences were identified when CVq
was stratified by the morphological type of the
lesion, with subepidermal lesions (abscesses/tun-
nels) having the greatest variation. Additionally, the
within-subject variance was greater in the axillary
and groin regions compared to that in the other
anatomical locations. This variation between
different anatomical sites may be inherent to the
disease and of such a degree that it does not carry
any clinical significance; however, it must be
acknowledged that ‘‘counting fatigue’’ by investiga-
tors in clinical trials may also play a role.

We can confirm that the analyzed data included
coding regarding which investigator performed
which ratings. For all individuals, the same investi-
gator performed the ratings at the baseline and at all
the time points through week 12. This indicates that
the variability is due to intrapatient variation and not



Table II. The measures of within-subject variation in clinical disease activity of participants with hidradenitis
suppurativa in the placebo arms of PIONEER I and II*

PIONEER I Abscess (n = 87) Inflammatory nodule (n = 137) Draining fistula (n = 96) AN count (n = 140)

Coefficient of variation
quartiles (CVq) = IQR/
median 3 100 (%)

50.0 (11.2, 100.0) 37.5 (18.8, 71.4) 40.0 (6.3, 100.0) 33.3 (14.0, 70.4)

Median absolute deviation
(MAD) = median
(jxi � median(xi)j)

0.0 (0.0, 1.0) 1.0 (0.0, 3.0) 0.0 (0.0, 1.0) 1.0 (1.0, 2.5)

Coefficient of variation
MAD (CVm) = MAD/
median 3 100 (%)

4.0 (0.0, 42.7) 16.7 (0.0, 37.5) 16.7 (0.0, 35.0) 15.8 (5.4, 31.4)

PIONEER II Abscess (n = 58) Inflammatory nodule (n = 113) Draining fistula (n = 73) AN count (n = 118)

Coefficient of variation
quartiles (CVq) = IQR/
median 3 100 (%)

45.0 (11.1, 100.0) 50.0 (25.0, 75.0) 33.3 (10.0, 100.0) 40.0 (18.7, 77.7)

Median absolute deviation
(MAD) = median
(jxi � median(xi)j)

0.0 (0.0, 1.0) 1.00 (1.00, 2.00) 0.0 (0.0, 1.0) 1.0 (1.0, 2.0)

Coefficient of variation
MAD (CVm) = MAD/
median 3 100 (%)

15.5 (0.0, 50.0) 25.0 (9.1, 44.4) 11.1 (0.0, 40.0) 20.0 (8.3, 39.4)

AN, Abscess and nodule; IQR, interquartile range (Q3-Q1); MAD, median absolute deviation; xi, repeated measurements for a subject.

*Data are presented as medians with the 25th (Q1) and 75th (Q3) percentile values in parentheses. For the MAD calculations, n = 141 in

PIONEER I and n = 121 in PIONEER II.

Fig 6. Spaghetti plots of change from baseline to each time point for abscess, inflammatory
nodule, draining fistula, and AN count during period A (12 weeks) for PIONEER I.
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Fig 7. Histograms of the distribution of within-subject variability measures in PIONEER I and
PIONEER II.
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inter-rater reliability. The progression of the placebo
response rates over time would be more consistent
with the intrasubject variability because of the natu-
ral variation in the disease activity rather than with
the undocumented switching of the investigators. If
there was any undocumented switching of investi-
gators, this has not been captured in the dataset
examined.
This analysis is limited by the inherent aspects of
using clinical trial data as well as the restrictions
according to the inclusion and exclusion criteria of
the studies of interest. Other large databases of real-
life clinical data exist, such as UNITE registry14;
however, all of those patients were exposed to
some form of systemic therapy. The placebo arms
of the PIONEER studies provide the largest cohort of



Fig 8. Spaghetti plots of the within-subject variability as measured by absolute deviations from
the median for the abscesses, inflammatory nodules, draining fistulas, and abscess and nodule
(AN) counts during the 12-week time period of PIONEER I and PIONEER II.

Table III. Within-subject variations in AN count as measured by coefficient of variation quartiles (cvq %)
stratified by a priori features*

Characteristic PIONEER I (n = 140) P value PIONEER II (n = 118) P value

Gender
Female 33.3 (14.9-72.0) .684 40.0 (17.8-80.0) .582
Male 32.1 (12.1-65.9) 33.3 (22.3-72.9)

BMI category
Underweight/normal 22.2 (13.6-55.7) 36.7 (17.8-100.0)
Overweight 25.0 (11.1-71.3) .607 64.5 (16.7-100.0) .637
Obese 37.5 (16.7-70.0) 34.4 (21.8-66.7)

Hurley stage
2 48.5 (20.3-96.9) .011 49.1 (26.0-100.0) .048
3 23.8 (7.72-50.0) 33.3 (15.7-66.7)

Nicotine use
No 37.5 (14.6-66.2) .939 34.4 (16.7-66.7) .229
Yes 28.6 (13.2-80.0) 40.0 (20.0-83.7)

Family history
No 33.3 (14.8-72.5) .518 35.9 (19.7-73.3) .831
Yes 25.7 (11.1-58.8) 40.7 (16.7-96.9)

AN, Abscess and nodule.

Bold numbers indicate statistical significance.

*Data are presented as medians with interquartile ranges in parentheses. Statistical analyses were conducted using ManneWhitney U test

for gender, Hurley stage, nicotine use, and family history and KruskaleWallis test for BMI category.
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untreated patients for an extended time period,
which is most applicable to investigate the placebo
response rates in clinical trials. Further prospective
studies of the natural histories of untreated patients
are still needed and would further add to our
knowledge in this aspect. The role of training
investigators in improving the accuracy of HiSCR
scoring and reducing variability remains unclear;
however, the investigators in the PIONEER studies
underwent HiSCR training,7 suggesting that the high
degree of intrasubject variation is a true product of
clinical disease activity. Our analysis was also limited
by the inability to assess the natural variation in
disease activity from potential confounding factors
such as ‘‘counting fatigue,’’ undocumented use of
multiple investigators at a single site, and variations



Table IV. Within-subject variation in the AN count as measured by the coefficient of variation (cvm) based on
the median absolute deviation stratified by a priori features*

Characteristic PIONEER I (n = 140) P value PIONEER II (n = 118) P value

Gender
Female 16.23 (7.69, 32.69) 22.22 (10.00, 40.00)
Male 14.36 (3.95, 30.22) .527 13.39 (0.00, 31.25) .123

BMI category
Underweight/normal 11.11 (0.00, 36.36) 18.33 (0.00, 91.67)
Overweight 14.29 (6.97, 34.29) 19.35 (10.42, 50.00)
Obese 16.67 (5.26, 30.77) .856 20.00 (9.32, 33.33) .801

Hurley stage
2 22.22 (10.00, 48.86) 22.65 (10.39, 40.00)
3 11.11 (2.46, 20,00) .004 14.84 (4.25, 30.78) .12

Nicotine use
No 16.67 (5.85, 28.57) 18.01 (5.63, 33.33)
Yes 15.38 (5.00, 33.33) .988 20.00 (8.33, 40.00) .605

Family history
No 16.23 (5.41, 31.41) 20.00 (7.50, 38.12)
Yes 13.45 (4.69, 31.41) .824 22.50 (8.75, 39.38) .684

Bold numbers indicate statistical significance.

*Data are presented as medians with the 25th and 75th percentiles (Q1, Q3). Statistical tests were conducted using the ManneWhitney U test

for gender, Hurley stage, nicotine use, and family history and the KruskaleWallis test for BMI category.

Fig 9. Spaghetti plots of the within-subject variability as measured by absolute deviations from
the median for the abscess and nodule (AN) counts during the 12-week time period of
PIONEER I and PIONEER II, stratified by body site.
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in the counting methods between different
investigators.

In order to address the identified within-subject
variance and reduce the placebo response rates,
various options could be employed in future HS
clinical trials. Increasing the minimum number of
lesions for inclusion in clinical trials would reduce
the external validity of future trials and is not
recommended. Elevating the clinical response
definition from a 50% reduction to a [75%
reduction ([third quartile of CVq) in the AN count
(HiSCR-75) would reduce the placebo response
rates. Analyzing PIONEER II data based on
HiSCR-75 would result in a placebo response rate
of 15%, and 36% of those in the adalimumab arm
would achieve HiSCR-75 (P \ .0001). The third
option would be to develop and validate a new
clinical outcome measure that does not involve
counting lesions and sliding dichotomous
outcomes.



Table V. Stratification of the within-subject MAD stratified by body site*

Body site

PIONEER 1 (n = 141) PIONEER 2 (n = 121)

Mean (min, max) Median (Q1, Q3) Mean (min, max) Median (Q1, Q3)

Axilla
Left axilla 0.22 (0.00, 2.00) 0.00 (0.00,0.00) 0.21 (0.00, 2.00) 0.00 (0.00, 0.00)
Right axilla 0.23 (0.00, 2.00) 0.00 (0.00, 0.00) 0.29 (0.00, 2.00) 0.00 (0.00, 0.00)

Groin
Left inguinocrural fold 0.41 (0.00, 2.00) 0.00 (0.00, 1.00) 0.37 (0.00, 2.00) 0.00 (0.00, 1.00)
Right inguinocrural fold 0.40 (0.00, 3.00) 0.00 (0.00, 1.00) 0.36 (0.00, 2.00) 0.00 (0.00, 1.00)
Perineal area 0.13 (0.00, 3.00) 0.00 (0.00, 0.00) 0.10 (0.00, 2.00) 0.00 (0.00, 0.00)

Submammary
Intermammary area 0.05 (0.00, 2.00) 0.00 (0.00, 0.00) 0.03 (0.00, 1.00) 0.00 (0.00, 0.00)
Left submammary area 0.09 (0.00, 2.00) 0.00 (0.00, 0.00) 0.07 (0.00, 2.00) 0.00 (0.00, 0.00)
Right submammary area 0.14 (0.00, 5.00) 0.00 (0.00, 0.00) 0.05 (0.00, 2.00) 0.00 (0.00, 0.00)

Buttock
Left buttock 0.19 (0.00, 4.00) 0.00 (0.00, 0.00) 0.14 (0.00, 3,00) 0.00 (0.00, 0.00)
Right buttock 0.17 (0.00, 4.00) 0.00 (0.00, 0.00) 0.13 (0.00, 4.00) 0.00 (0.00, 0.00)
Perianal 0.06 (0.00, 1.00) 0.00 (0.00, 0.00) 0.08 (0.00, 4.00) 0.00 (0.00, 0.00)
Other 0.21 (0.00, 3.00) 0.00 (0.00, 0.00) 0.17 (0.00, 2.00) 0.00 (0.00, 0.00)

MAD, Median absolute deviation.

*Data are presented as mean with ranges (min, max) or as medians with 25th and 75th percentiles (Q1, Q3).

Table VI. Changes in the AN count at each time
point from the baseline*

Time

point

PIONEER I

(n = 141) P value

PIONEER II

(n = 121) P value

Week 2 �1 (�3, 0) .0002 0 (�3, 0) \.0001
Week 4 �1 (�4, 1) \.0001 �2 (�4, 1) \.0001
Week 8 �2 (�5, 2) .001 �2 (�6, 1) \.0001
Week 12 �2 (�6, 0) \.0001 �2 (�5, 1) \.0001

AN, Abscess and nodule.

*Data are presented as medians with 25th and 75th percentiles (Q1,

Q3). P-values were calculated using the Wilcoxon signed-rank test.
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CONCLUSIONS
The natural variability in the lesion counts in the

untreated participants in the placebo arms of
PIONEER I and II was significantly larger than
previously appreciated. This variation was greater
among Hurley stage 2 than stage 3 subjects and
also varied by body site. Clearly, if lesion counts
continue to be used as primary outcomes, this
higher than previously appreciated variability will
have an untoward impact on the required sample
sizes, costs, and time to completion for future clinical
trials.

This publication is based on research data from AbbVie
Inc, which have been made available through Vivli Inc.
Vivli Inc and AbbVie Inc had no role in the design or
execution of the study, statistical analysis, or composition
of the manuscript.
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4.6: Novel Therapeutics in HS: 

Manuscript 
No 

Manuscript Reference 

6-1 Frew JW, Navrazhina K, Grand D, Sullivan-Whalen M, 
Gilleaudeau P, Garcet S, Ungar J, Krueger JG The Effect of 
Subcutaneous Brodalumab upon Clinical Disease Activity in 

Hidradenitis Suppurativa: An Open Label Cohort Study. J Am 
Acad Dermatol 2020; 83(5):1341-1348 

6-2 Frew JW, Navrazahina K, Garcet S, Sullivan-Whalen M, 
Gilleaudeau P, Krueger JG Weekly Administration of 

Brodalumab in Hidradenitis Suppurativa: An Open Label Cohort 
Study. Br J Dermatol 2020; 184(2):350-352  

Table 4.6.1 

It is well-acknowledged that there is a large unmet need for novel therapeutics in HS19. Based 

on the previously described mechanisms of the Th17 immune axis, IL-17A, Il-17C and IL-17F in 

the epithelium of HS, it has been proposed that IL-17 antagonism may be a novel therapeutic 

approach to treating HS19. Various monoclonal antibody therapies against different components 

of the Th17 immune axis exist including Secukinumab and Ixekizumab (IL-17A Monoconal 

Antibodies), Bimikizumab (IL-17A/F antibody) and Brodalumab (an IL-17RA antagonist)81. 

Brodalumab is unique amongst these agents that it is a receptor antagonist which blocks the 

action of all IL-17 isoforms (IL-17A, IL-17C and Il-17F) identified in HS epidermal tissue82. IL-

17RA is also present on fibroblasts, B cells, Neutrophils and various other immune cells which 

have been implicated in HS45,46,50,82. 

The initial proof of concept study demonstrating a high level of clinical response with 

Brodalumab (6-1) showed a rapid and sustained reduction in inflammatory nodules and 

reduction in draining tunnels in select individuals. Heterogeneity was seen between individuals 

with the presence of draining epithelialised tunnels associated with a lack of sustained clinical 
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response. This has direct relevance to the mechanistic insights seen in chapter 4.2, particularly 

publications 2-4 and 2-5.  

These observations led to the design and conduct of a second clinical study (6-2) examining an 

increased frequency of administration of Brodalumab. This increased frequency of 

administration demonstrated significant benefits in both objective and subjective measurements 

of disease activity when compared to the standard frequency of administration. 

Overall, these open-label clinical trials provide direct clinical relevance as to the role of IL-17RA 

related pathways in HS, as well as emphasising the impact of epithelialised tunnels upon 

impacting the efficacy of therapy in the disease. 
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4.6.1:  Publication 6-1 

Frew JW, Navrazhina K, Grand D, Sullivan-Whalen M, Gilleaudeau P, Garcet S, Ungar 

J, Krueger JG The Effect of Subcutaneous Brodalumab upon Clinical Disease Activity in 

Hidradenitis Suppurativa: An Open Label Cohort Study. J Am Acad Dermatol 2020; 

83(5):1341-1348 
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Background: Hidradenitis suppurativa is an autoinflammatory disorder of keratinization, with
dysregulation of T helper type 17 cytokines. Brodalumab is a monoclonal antibody that targets the
interleukin (IL) 17 receptor A receptor.
Objectives: To assess the safety and tolerability and clinical response at weeks 12 and 24 of
brodalumab in moderate to severe HS. Ten participants with no history of inflammatory bowel
disease were administered brodalumab 210 mg/1.5 mL subcutaneously at weeks 0, 1, and 2 and every
2 weeks thereafter until week 24. Participants were assessed for adverse events (grade 2/3 adverse
events) and clinical response (Hidradenitis Suppurativa Clinical Response [HiSCR], Sartorius,
International Hidradenitis Suppurativa Severity Scoring System [IHS4]), including ultrasonography
and skin biopsies.
Results: All 10 participants completed the study. No grade 2/3 adverse events associated with the use of
brodalumab were reported. All patients (100%) achieved HiSCR, and 80% achieved IHS4 category change
at week 12. HiSCR achievement occurred as early as week 2, likely due to the unique blockade of IL-17A,
IL-17C, and IL-17F by brodalumab. Significant improvements were seen in pain, itch, quality of life, and
depression.
Conclusions: Brodalumab was well tolerated in this HS cohort, with no serious adverse events and
improvement in clinical outcomes. Alterations in dose frequency may be required in those with advanced
disease, which requires further exploration. ( J Am Acad Dermatol 2020;83:1341-8.)
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Hidradenitis suppurativa (HS) is an autoinflam-
matory disorder of keratinization1; the inflammatory
component of the disease involves dysregulation of
the T helper (Th) type 17 immune axis.2 Interleukin
(IL) 17A, IL-17C, IL-17F, and IL-23 have all been
identified in lesional tissue of patients with HS,3,4 and
a number of IL-17 therapeutic antibodies are
CAPSULE SUMMARY

d In this open-label cohort study (N = 10)
investigating the effect of subcutaneous
brodalumab 210 mg/1.5 mL every
2 weeks on disease activity in
hidradenitis suppurativa (HS), no serious
adverse effects were reported; 100% of
participants (N = 10) achieved
Hidradenitis Suppurativa Clinical
Response at week 12. Significant
improvements were seen in pain, itch,
quality of life, and depression, with no
episodes of self-harm or suicidality.

d Brodalumab was well tolerated and
showed a high rate of clinical response in
this cohort. Larger placebo-controlled
studies stratifying by disease severity are
encouraged to further explore the safety
and efficacy of brodalumab in HS.
currently undergoing clinical
trials in HS. However,
because of the differential
affinity of these agents
against different IL-17 iso-
forms,5 the relative contri-
butions of each to the
inflammatory mechanisms
in HS remain unclear.

Brodalumab6 is an IL-17
receptor (IL-17R) antagonist
approved by the US Food
and Drug Administration for
the treatment of moderate to
severe psoriasis.7,8 Through
binding to IL-17RA (part of
the IL-17 receptor dimer), it
enables blockade of multiple
isoforms of IL-17, most perti-
nently IL-17A, IL-17C, and
IL-17F, which are known
contributors to inflammation
in psoriasis and atopic
dermatitis9 as well as in

lesional HS tissue.4

The objectives of this open-label pilot cohort
study were to evaluate the safety and tolerability of
brodalumab in participants with HS (as graded by the
National Cancer Institute’s Common Terminology
Criteria for Adverse Events, version 5.0)10 as well as
the effect of brodalumab upon clinical disease
activity (if any) in participants with HS. Clinical
disease activity was assessed through the use of
Hidradenitis Suppurativa Clinical Response
(HiSCR),11 International Hidradenitis Suppurativa
Severity Score (IHS4),12 and Sartorius score.13 This
study was approved by the institutional review
board of Rockefeller University and prospectively
registered on clinicaltrials.gov (NCT03960268).
Reporting was conducted in line with the
Strengthening Reporting of Observational Studies
in Epidemiology (STROBE) checklist.14

METHODS
This study was conducted at The Rockefeller

University Hospital, New York, between May 2019
and January 2020. Patients were screened and, if
eligible, underwent informed consent discussions in
line with the Declaration of Helsinki. Patients older
than 18 years with moderate to severe (Hurley stage
2 or 3) HS were eligible for participation. Patients
were required to have negative tests results for
hepatitis B virus surface antigen, hepatitis C virus
antibody, HIV, and tuberculosis (as measured by
QuantiFERON Gold) and could not be pregnant or
breastfeeding. Individuals
with a personal history of
inflammatory bowel disease
were also excluded from
participation.15 Complete in-
clusion and exclusion criteria
for this study are provided in
Supplemental Table I (avail-
able via Mendeley at https://
data.mendeley.com/datasets/
98pmyyz67m/1). Individuals
taking a biologic or immuno-
modulating therapy under-
went a washout period of
5 half-lives before enroll-
ment in the trial. Clinical
assessments, blood work
(routine hematologic values
including hemoglobin, leu-
cocyte, and platelet count)
and skin biopsies were taken
at weeks 0, 4, and 12.
Biopsies were performed
with the assistance of cuta-
neous ultrasonography (GE
[Boston, MA] Logic Q 20-MHz probe), and biopsy
sites (lesional, perilesional, and unaffected) were
chosen in line with published recommendations for
translational research studies in HS.16 Brodalumab
210 mg/1.5 mL was administered via a prefilled
syringe at weeks 0, 1, and 2 and every 2 weeks
thereafter until week 24.

The primary safety evaluation was the number of
grade 2/3 adverse events during the 24 weeks of the
clinical study. Change in clinical disease activity was
assessed by the number of patients achieving HiSCR11

(defined as a $50% reduction in inflammatory lesion
countdabscesses plus inflammatory nodulesdand
no increase in abscesses or draining fistulas) at week
12 and week 24 compared with baseline; as well as
change in the Sartorius score13 and the IHS412 at
weeks 12 and 24 compared with baseline. Patient-
reported outcomes including Visual Analogue Scales
of pain, itch, and global disease assessment;
Dermatology Life Quality Index17 (DLQI); Beck
Depression Inventory18 (BDI); and Patient Health
Questionnaire-919 were administered at weeks 0, 12,
and 24.

http://clinicaltrials.gov
https://data.mendeley.com/datasets/98pmyyz67m/1
https://data.mendeley.com/datasets/98pmyyz67m/1
https://data.mendeley.com/datasets/98pmyyz67m/1


Abbreviations used:

AN: abscess and nodule count
BDI: Beck Depression Inventory
DLQI: Dermatology Life Quality Index
HiSCR: Hidradenitis Suppurativa Clinical

Response
HS: hidradenitis suppurativa
IHS4: International Hidradenitis Suppurativa

Severity Score
IL: interleukin
IL-17R: interleukin 17 receptor
Th: T helper
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Statistical analyses of safety and tolerability were
analyzed descriptively. Changes in clinical outcomes
and patient-reported outcomes were analyzed using
nonparametric assessments for paired assessments
(Wilcoxon’s matched-pairs signed rank test) with
correction for multiple comparisons. Missing data
was handled using nonresponder imputation.

RESULTS
Demographic characteristics of included patients

are presented in Supplemental Table II (available via
Mendeley at https://data.mendeley.com/datasets/
98pmyyz67m/1). Overall, 50% of participants were
male, and 50% were female, with 6 out of 10 patients
being active smokers. Eight of the 10 participants had
Hurley stage 2 disease with a median abscess and
nodule count (AN count) of 10 (range, 4-16) and
median draining fistula count of 3 (range, 0-35). Six
of the 10 patients were obese (body mass index,
[30.0 kg/m2), and previous therapies included oral
antibiotic therapies (n = 10), adalimumab (n = 7),
infliximab (n = 4), secukinumab (n = 2), ixekizumab
(n = 2), and large surgical excisions with HS
recurrence (n = 6).

All 10 patients completed the 2 primary
timepoints of week 12 and week 24. A 12-week
observation period was designed after the
completion of the 24-week treatment period to
assess response after treatment withdrawal;
however, all participants withdrew from the study
at week 24 to avoid the 12-week treatment
withdrawal period. All patients elected to continue
with brodalumab therapy after the completion of the
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
AN 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 (Fig 1). 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.

Average nodule counts, draining tunnel counts,
and IHS4 scores all reduced dramatically within the
first 2 weeks of therapy (Fig 2), with an increase in
draining tunnel counts at week 4, which then
continued to decrease over time. Pain and Itch
Visual Analogue Scale scores steadily decreased
(Fig 2), which mirrored the steady decreases in
patient-reported outcomes such as overall disease
severity, DLQI, BDI, and PHQ-9 scores (Fig 3). Total
Sartorius scores significantly decreased at weeks 12
and 24 compared to baseline in all participants. The
changes in nodule, draining tunnel, IHS4, and pain
and itch scores were statistically significant
compared to baseline at all timepoints (Fig 2). The
changes in disease severity, DLQI, and PHQ-9 scores
were statistically significant from baseline at weeks
12 and 24, with the changes in BDI scores significant
from baseline only at the week 24 timepoint (Fig 3).

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 (Fig 4).
Doppler signal reductions were particularly
apparent in the superficial dermis and surrounding
parallel hyperechoic structures of the dermis,
indicative of epithelialized tunnels (Fig 4, A, B, E,
and F ).

Reduction in psoriasiform epidermal hyperplasia,
with re-establishment of a granular layer, reduction
in parakeratosis, and CD31 and CD11c dermal
infiltrates were also noted at weeks 4, 12, and 24
compared with baseline (Fig 5). These changes were
seen in lesional, perilesional, and unaffected skin
samples across all participants.
DISCUSSION
No serious adverse events were noted in the

setting of brodalumab therapy in this HS cohort.
The 4 adverse events reported (Supplemental Table
III, available via Mendeley at https://data.mendeley.
com/datasets/98pmyyz67m/1) were minor, with 3 of
the 4 events unlikely to be associated and the 1
self-resolving upper respiratory tract infection
possibly associated, given the reports of upper
respiratory tract infection in the phase 3 randomized
controlled trial of brodalumab in psoriasis.8

https://data.mendeley.com/datasets/98pmyyz67m/1
https://data.mendeley.com/datasets/98pmyyz67m/1
https://data.mendeley.com/datasets/98pmyyz67m/1
https://data.mendeley.com/datasets/98pmyyz67m/1


Fig 1. Measures of clinical response to brodalumab therapy in hidradenitis suppurativa. 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. AN, Abscess
and nodule count; HiSCR, Hidradenitis Suppurativa Clinical Response; IHS4, International
Hidradenitis Suppurativa Severity Score.
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The rapid reduction in inflammatory lesion count
(AN count) was unexpected but consistent with the
mechanism of action of brodalumab as an IL-17RA
antagonist acting on a number of different cell types,
including neutrophils, dendritic cells, keratinocytes,
and other inflammatory leucocytes.5 The ability of
brodalumab to block IL-17A, IL-17C, and IL-17F may
be important because each of these cytokines can
drive neutrophilic inflammation,7 with the blockade
of all 3 isoforms a potential benefit above other
agents blocking only IL-17A or IL-17A/IL-17F. Other
IL-17 monoclonal antibodies trialed in HS do not
have the ability to block the range of IL-17 isoforms
possible with brodalumab. The pharmacodynamic
properties of brodalumab in suppressing the
downstream cascade of keratinocyte-derived CXCL
cytokines and other inflammatory mediators has
been observed in psoriasis,7 and verification of
brodalumab’s similar mechanism of action in HS is
required. If verified, this would lend further
credence to the suggestion of HS being an
autoinflammatory disease of keratinocytes.1

The pronounced reduction in cutaneous
inflammation is visible upon clinical examination
(Fig 1), although larger nodules and deeper
abscesses may take longer than 12 weeks to resolve
(along with any residual postinflammatory
hyperpigmentation). The rapid reduction in pain
(Fig 2) and steady improvement in patient-reported
outcomes (Fig 3) such as the DLQI are consistent
with the known PD properties of this drug in
suppressing Th17-mediated inflammatory path-
ways.7 Two participants with severe, widespread
Hurley stage 3 disease had greater pain levels during
the 24 weeks of treatment, despite clinical
improvement, and this may be explained by a degree
of central pain sensitization in the setting of severe
disease.20

What is not able to be appreciated from the
clinical photographs is the reduction in dermal



Fig 2. Brodalumab therapy shows significant reductions in (A) mean nodule count, (B) mean
draining tunnel count, (C) mean IHS4 score, (D) mean pain numerical score, and (E) mean
itching numerical score. Each outcome was statistically significant from baseline at weeks 12
and 24 with average nodule count, average IHS4 score, average pain score, and average itch
score being statistically significant at week 2 of therapy. IHS4, International Hidradenitis
Suppurativa Severity Score.

Fig 3. Patient-based outcome measures were significantly reduced at weeks 12 and 24 of
brodalumab therapy compared with baseline scores. Patient-rated disease severity (A) Visual
Analogue Scale scores, (B) mean DLQI scores, (C) mean Beck Depression Inventory scores,
and (D) Mean PHQ-9 scores were reduced significantly at weeks 12 and 24.DLQI, Dermatology
Life Quality Index; PHQ-9, Patient Health Questionnaire-9.

J AM ACAD DERMATOL

VOLUME 83, NUMBER 5
Frew et al 1345



Fig 4. A, C, E, and G, Ultrasonographic changes at baseline and (B, D, F, H) 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) baseline.
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tunnel drainage after administration of brodalumab.
Lesional edema, tenderness, and drainage were
reduced significantly during the loading doses of
brodalumab (weeks 0, 1, and 2) and after drug
administration throughout the remainder of the
24 weeks (Supplemental Fig 4, available via
Mendeley at https://data.mendeley.com/datasets/
98pmyyz67m/1). This suggests that the action of
brodalumab not only targets the development of
cutaneous nodules and abscesses but also the puru-
lent discharge from epithelialized dermal tunnels.
This is supported by the results of decreased dermal
Doppler ultrasonographic intensity surrounding tun-
nels and the reduction in the diameter and hyper-
echoic intensity of tunnels after Brodalumab
therapy. The suggestion that epithelialized tunnels
may be active contributors to inflammation is a
concept that requires further mechanistic evaluation.

A black box warning exists in the United States
regarding the association between brodalumab and
suicidality, although the causation has been disputed
in the literature.21 In the design of this pilot study, we
astutely monitored each patient’s mental state at each
visit and via telephone contact in between visits and
had no occurrences of suicidal thoughts or
behaviors. In fact, patient-reported depression
scores (BDI and PHQ-9) were significantly reduced
at week 24 compared to baseline, with PHQ-9 also
significantly reduced at week 12. Despite the small
sample size, this lends credence to the suggestion of
Lebwohl et al21 (supported by observational
evidence22) that untreated or insufficiently treated
cutaneous disease is a large contributor to
depression and suicidality.

The fact that 100% of patients achieved HiSCR at
week 2 of this study emphasizes the response of this
cohort to brodalumab therapy. Given the docu-
mented concerns regarding elevated placebo
response rates in HS clinical trials23,24 and the results
of this and other cohort studies of IL-17 and IL-23
inhibitors in HS,25-28 we undertook a deeper analysis
of clinical response through evaluation of the 75%
and 100% response rates in this cohort, showing a
progressive reduction in clinical disease throughout
the 24 weeks of the study. In a similar way to how
reductions in Psoriasis Area and Severity Index
scores of 50%,75%, and 90% have been surpassed
in psoriasis, more comprehensive measures of
clinical response may need to be adopted in HS.
The additional complicating factor in HS, however, is
that the morphologic heterogeneity of disease
(nodules, tunnels, etc), means that the IHS4 may
have advantages over nodule counts, given the
inclusion of draining tunnels in its scoring.24 The

https://data.mendeley.com/datasets/98pmyyz67m/1
https://data.mendeley.com/datasets/98pmyyz67m/1


Fig 5. Representative histology of (A, D) lesional, (B, E) perilesional, and (C, F) unaffected
tissue at (A-C) baseline (week 0) and (D-F) week 12 of treatment with brodalumab
210 mg/1.5 mg every 2 weeks. Baseline lesional and perilesional samples illustrate significant
psoriasiform epidermal hyperplasia (red asterisk) with diffuse mixed dermal inflammatory
infiltrate (blue arrows). Unaffected tissue illustrates milder manifestations of inflammatory
infiltrates and psoriasiform epidermal hyperplasia. After 12 weeks of brodalumab
therapy, psoriasiform epidermal hyperplasia is much less pronounced (green asterisk), with
a noticeable reduction in dermal inflammatory infiltrates (orange arrows).
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response rate in this study may be influenced by the
fact that 8 of the 10 participants had Hurley stage 2
disease, with 5 participants with dermal tunnels on
ultrasonography and histology. Given the influence
of tunnels on clinical response rates with
adalimumab,24 it is not inconceivable that stratifica-
tion of severity by the presence of tunnels may be
required in larger trials to accurately assess the
impact of Brodalumab on Hurley stage 3 disease.

Two patients had widespread, severe Hurley
stage 3 disease (patients 2 and 6) (Supplementary
Table II), and although these patients achieved
HiSCR, the response of their draining tunnels was
cyclic. Tunnels would reduce and/or cease draining
within 24 hours of dose administration, and the
greatest sustained improvement was seen during the
loading dose period (weeks 0-3). Once on the
every-2-week dosing regimen, however, 5t o 7 days
after dosing, the patient would report extensive
painful drainage, suggesting an insufficient
frequency of dosing. Although overall the trend
over 24 weeks was toward improvement, these
patients represent anecdotal evidence that in severe
disease with extensive dermal tunnels, an increased
frequency of dosing (as in recalcitrant psoriasis29)
may need to be explored.

This study is limited by its lack of placebo control
arm, size (N = 10), and short duration of therapy
(24 weeks). It is comparable in size to studies
involving anakinra30 and infliximab,31 but larger
cohorts, longer trials, and a variety of dosing
frequencies are suggested as considerations for
future studies, given the positive response of this
pilot cohort.

CONCLUSION
Brodalumab administered over 24 weeks in this

pilot cohort did not result in any severe adverse
events. Clinical response to brodalumab therapy
was rapid, with 100% of the cohort achieving
HiSCR at weeks 12 and 24. No safety signals
regarding depression or suicidality were identified.
Alterations in dosing frequency may be required in
future studies to provide sustained effect in
participants with extensive draining tunnels. Larger
placebo-controlled studies are required to establish
the true potential of brodalumab as an effective
treatment for HS.
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All brodalumab used in this study was provided under
an Investigator Initiated Study Agreement with Valeant
Pharmaceuticals. Valeant Pharmaceuticals had no input
into the conduct of the study, analysis of the data, or
composition of the manuscript.
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4.6.2: Publication 6-2 
Frew JW, Navrazahina K, Garcet S, Sullivan-Whalen M, Gilleaudeau P, Krueger JG 

Weekly Administration of Brodalumab in Hidradenitis Suppurativa: An Open Label 

Cohort Study. Br J Dermatol 2020; 184(2):350-352 

Article Not Included due to Copyright Restrictions.

Article Available on Publisher Website:

https://onlinelibrary.wiley.com/doi/10.1111/bjd.19478
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CHAPTER 5: HOW THE PRESENTED PUBLICATIONS ARE 

LINKED: 

All of the publications included in this dissertation focus upon the disease Hidradenitis 

Suppurativa. Chapter 1 focuses on the existing body of knowledge regarding the molecular 

pathogenesis of the disease. Chapter 2 critically examines the potential roles of other 

mechanisms which have theoretical foundations in playing a role in the pathogenesis of the 

disease. Chapter 3 integrates the existing knowledge regarding the genetics of HS and uses in 

silico techniques to test hypotheses regarding the genetic underpinnings of polymorphisms in 

the gamma secretase complex in the pathogenesis of HS. Chapter 4 then takes individual 

patient level data from Phase 3 clinical trials and re-analyses this data to examine the role of 

various clinical manifestations upon the efficacy of TNF-alpha antagonism in HS. Chapter 5 then 

presents investigations and analyses of how clinical trials and mechanistic investigations in HS 

are designed and implemented in order to highlight current deficiencies in HS clinical trials and 

provide evidence-based solutions to address these issues. The final chapter (Chapter 6) then 

presents the results of two open-label clinical trials using a novel therapeutic in HS – 

Brodalumab – and presents data regarding the clinical efficacy of this intervention in the setting 

of HS. 

As a coherent body of work the publications in this dissertation summarise, critically evaluate, 

and present new analyses of existing data pertaining to the pathogenesis and clinical 

management of HS. Additionally, several publications present novel data regarding the 

pathogenesis of HS, the clinical relevance of disease morphology to disease activity, as well as 

clinical evidence regarding a novel therapeutic agent (Brodalumab). 
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CHAPTER 6: OVERALL SIGNIFICANCE, LIMITATIONS AND 

FUTURE DIRECTIONS: 

6.1 Significance of Presented Work: Bibliometric Data 

The significance of publications included in this dissertation can be assessed using citations, as 

well as metrics of engagement via internet searches, internet views/downloads and discussion 

on social media platforms since publication. These can be quantified and objectively assessed 

through bibliometrics and altimetrics83. Bibliometrics are used to explore the impact of certain 

authors or publications using methods including citation analysis, impact factor or h-index. 

Altmetrics are considered ‘non-traditional’ forms of bibliometrics which can often complement 

the aforementioned methods by examining attention and/or engagement regarding specific 

authors or publications. 

6.1.1 Article-level Bibliometric Data 

Bibliometric data for each publication presented in this dissertation up to and including the date 

30/06/2021 are included in table 6-1-1 below. The included publications have attained a total of 

127 citations via Web of Science and 239 citations via google scholar over a period of 30 

months since the first publication release. Additionally, 16 of the 23 included publications have 

documented discussion in news outlets and social media platforms (including twitter) as 

indicated via Altmetrics. 
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No. Date of 
Publication 

Bibliometric Measures (as of 30th June 2021) 

Web of 
Science 

(citations) 

Google 
Scholar 

(citations) 

ResearchGate Altmetrics 

Views Citations Recommendations Score Twitter Mendeley 

1-1 Dec 2018 NL 36 99 35 1 3 6 17 

1-2 Dec 2018 NL 11 42 8 0 6 10 12 

1-3 March 2019 18 31 2825 28 1 4 9 49 

2-1 Aug 2019 9 12 141 13 0 1 0 20 

2-2 Jan 2020 8 9 113 9 1 0 0 33 

2-3 May 2020 1 1 56 2 0 2 5 10 

2-4 Feb 2021 3 6 86 4 0 1 2 7 

2-5 March 2021 NL 2 32 2 1 2 2 2 

2-6 July 2020 NL 2 245 3 1 6 7 6 

3-1 Oct 2017 33 50 228 42 0 2 4 45 

3-2 Sept 2019 12 20 32 38 0 0 0 14 

3-3 Sept 2019 2 3 74 4 1 11 3 9 

3-4 Feb 2019 2 5 51 3 0 1 1 6 

3-5 April 2020 1 4 62 4 0 0 0 8 

4-1 March 2021 2 6 59 4 1 1 1 5 

4-2 June 2021 NL 0 12 0 0 1 1 0 

4-3 Oct 2020 3 3 40 3 0 0 0 8 

5-1 Dec 2019 7 13 75 10 0 2 4 16 

5-2 May 2020 15 17 166 18 0 2 3 14 

5-3 August 2020 2 1 33 2 0 1 3 1 

5-4 Dec 2020 NL 0 40 0 0 0 0 0 

6-1 Nov 2020 9 15 107 15 0 7 10 16 

6-2 Feb 2021 0 2 62 2 0 0 0 5 

Table 6-1-1: Tabulated Details of Bibliometric and Altmetric statistics for the publications 

presented in this dissertation. NL= Not Listed 



313 

6.1.2 Journal Level Bibliometric Data 

The relevance and impact of the included publications in the field is also indicated by the 

journal-level bibliometric data. This gives an indication of the journal ranking within the field of 

dermatology as well as impact factor and citation index to give an indication of the distribution 

and circulation of the included publications.  

Ten of the included publications were published in journals ranked in the top 4 of international 

dermatology journals globally (Table 6-1-2). Publication 2-4 was published in the Journal of 

Allergy and Clinical Immunology, ranked 15th in the field of immunology. 14 of the publications 

were in journals with impact factors greater than 5.00, with 21/23 included publications in 

journals with a 2020 journal citation indicator greater than 1.00 (Table 6-1-2). This indicates that 

the majority of these publications were present in journals that reported a greater than average 

number of citations in the field. Two journals (JAAD International – Publications 2-6 and 5-4, 

and F1000 Research- Publications 1-1 and 1-2) were not listed on Web of Science and hence 

comparable Impact factors and Journal Citation Indicators could not be computed for those 

articles. The impact of these articles are represented by the article level metrics above. 
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Journal 
(Category) 

Journal Rank Impact Factor Journal Citation Indicator 

2017 2018 2019 2020 2017 2018 2019 2020 2017 2018 2019 2020 

Journal of Allergy 
and Clinical 
Immunology 

(Immunology) 

6/155 6/158 11/159 15/162 13.25 14.11 10.22 10.79 2.93 2.97 2.51 2.35 

Journal of the 
American 

Academy of 
Dermatology 

(Dermatology) 

2/64 2/66 1/68 1/68 6.89 7.10 8.27 11.52 2.65 2.67 2.83 2.96 

Journal of 
Investigative 
Dermatology 

(Dermatology) 

3/64 4/66 3/68 4/68 6.44 6.29 7.14 8.55 2.69 2.52 2.65 2.51 

British Journal of 
Dermatology 

(Dermatology) 

4/64 3/66 4/68 3/68 6.12 6.71 7.00 9.31 2.02 2.30 2.44 2.45 

Therapeutic 
Advances in 

Chronic Disease 
(Pharmacology & 

Pharmacy) 

20/261 36/267 51/271 60/275 4.90 4.45 4.25 5.09 1.01 0.90 0.96 0.86 

Frontiers in 
Medicine 

(Medicine, 
General and 

Internal) 

N/A 32/160 29/165 28/169 N/A 3.11 3.90 5.09 0.70 0.88 1.06 1.09 

Experimental 
Dermatology 

(Dermatology) 

19/64 19/66 15/68 19/68 2.60 2.86 3.36 3.96 1.25 1.26 1.30 1.32 

Clinical and 
Experimental 
Dermatology 

(Dermatology) 

44/64 38/66 38/68 25/68 1.48 1.77 1.97 3.47 0.65 0.66 0.64 0.76 

Table 6-2-1: Journal Level Metrics for the Journals in which the compiled articles have been 

published. Journals in which manuscripts have been published with Journal Rank, Impact 

Factor and Citation Indices over the years in which the compiled manuscripts were published. 

N/A= Not Available 
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6.2 Limitations and Scope for Future Works 

The included publications have a number of limitations inherent to the type of studies 

employed and small sample sizes used. In the setting of systematic reviews (1-1,1-2, 1-

3) publication bias is a major limitation to interpretation of the data. Negative results and

those not in keeping with the accepted literature are less likely to be published. 

Additionally, in the setting of a systematic review- only the “known unknowns” can be 

identified and discussed. Novel data is needed to explain the reasons underlying such 

observations. A pertinent example is regarding inflammatory mediators in HS, the 

heterogeneity of inflammation in previous studies was identified in publications 1-1 and 

1-2. However, the reasons underlying such heterogeneity were not appreciated until the

publications 2-S1 and 2-S2 presented novel data regarding the inflammatory nature of 

epithelialized tunnels to potentially explain such heterogeneity.  

Publications 2-1, 2-2 and 2-3 identify and discuss novel hypotheses pertaining to the 

pathogenesis of HS. Limitations to these publications are that they are supported by 

data in other disease entities, but not validated in the setting of HS. It is important to 

note however, that since the publication of these articles, a number of the published 

hypotheses (pertaining to the role of complement in draining epithelialised tunnels and 

the role of B cells) are currently being explored by a number of research groups and 

pharmaceutical companies. Specifically, clinical trials targeting aspects of the 

complement system have been seen to be clinically and statistically significant only in 

severe tunnel-associated disease83,84, and B cells are established to play a strong role 

in severe longstanding HS85.  The novel mechanistic insights presented in publications 
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2-S1 and 2-S2 are based on relatively low sample sizes and independent validation

would be needed in independent cohorts. 

Regarding the genetics of HS, (3-1, 3-2, 3-3, 3-4, 3-5) although the data and 

interpretation of the role of Notch signalling was based upon a systematic review and in-

silico studies, the hypotheses of pathophysiological heterogeneity has been validated in 

independent experimental studies73. The study by Hessam et al73 demonstrating that the 

Notch-PI3K-AKT pathways are not modulated in European HS cohorts73 in the same 

way observed in East Asian Kindred reported by Xiao et al71. More mechanistic work is 

required to examine the other GSC substrates identified in 3-3 as well as further work 

through GWAS in the field. 

The insights provided in 4-1, 4-2, 4-3 are limited by the assumption that the original data 

collated in the PIONEER studies is valid and reliable. Similar post-hoc analyses in other 

clinical trials (using IL-17, IL-23 and complement antagonists) would be of interest to 

see whether these covariates are disease-associated or therapy specific. These 

publications have already raised interest in how clinical trials are designed- and if there 

is a need to stratify trials by disease severity or epithelialised tunnels. As previously 

mentioned, despite the lack of a positive primary outcome in a Phase 2 study; Phase 3 

studies with Avacopan (a complement C5aR1 antagonist) are planned for Hurley Stage 

3 HS. Also, inclusion criteria in almost all future HS studies have now been raised to 

include >5 inflammatory lesions, with the IHS4 and HASI used as secondary outcome 

measures, based on the published results of publications 5-2 and 5-4. 
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The preliminary results from 6-1 and 6-2 were limited by their small sample sizes and 

lack of placebo control groups, however the premise of using other outcome measures 

alongside the HiSCR has been embraced by many ongoing and future planned clinical 

trials. 
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Conclusion: 

In summary, the presented publications in this dissertation have provided much needed 

critical evaluation of the current pathogenic paradigm of HS. Objective bibliographic 

data demonstrate the wide reach of these publications in the limited time frame since 

publication. A number of the novel interpretations and hypotheses, particularly regarding 

complement, B cells and the genetic underpinnings of the disease have been validated 

and investigated in independent mechanistic studies. Additionally, the mechanistic 

insights into the immunological role and clinical importance of epithelialised tunnels has 

made a major impact in the understanding of the heterogeneity of the disease, as well 

as how targeting of future therapeutics should proceed. Additionally, the way in which 

future HS clinical trials are designed and implemented has been fundamentally altered 

by the results of the data from these publications. This dissertation presents work which 

alters the pathogenic paradigm of HS and lays the foundation for the identification and 

evaluation of future novel therapeutic targets in the disease. 
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