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Abstract

:

The development of next generation sequencing, coupled with advances in bio-informatics, has provided new insights into the role of the cutaneous microbiome in the pathophysiology of a range of inflammatory skin diseases. In fact, it has even been suggested that the identification of specific skin microbial signatures may not only be useful in terms of diagnosis of skin diseases but they may also ultimately help inform personalised treatment strategies. To date, research investigating the role of microbiota in the development of inflammatory skin diseases has largely focused on atopic eczema and psoriasis vulgaris. The role of the microbiome in Hidradenits suppurativa (HS)—also known as acne inversa—a chronic auto-inflammatory skin disease associated with significant morbidity, has received comparatively little attention. This is despite the fact that antimicrobial therapy plays a central role in the treatment of HS. After briefly outlining the clinical features of HS and current treatment strategies, we move on to review the evidence of microbial dysbiosis in HS pathophysiology. We conclude by outlining the potential for metagenomic studies to deepen our understanding of HS biology but more importantly to identify novel and much needed treatment strategies.
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1. Background


Whilst the pathophysiology of HS remains to be clearly elucidated, the morbidity associated with the disease is profound, often under-estimated and may even exceed that encountered with other inflammatory skin diseases including psoriasis [1,2,3]. In addition to the psychosocial morbidity associated with HS, the economic costs of HS should not be underestimated [4]. In fact, in England alone, the average yearly hospital utilisation costs for patients with HS are over 2000 pounds per patient [5]. The economic costs are even more significant given that the patients are typically younger and of working age [6].



Clinically, the disease is hallmarked by the development of chronic and recurrent painful papules and nodules, abscesses, fistulae, sinus tracts and scarring in the typical predilection sites (axillae, inguinal fold, perianal and perineal regions, buttocks and infra/intermammary folds (Figure 1) [7]. Disease severity can be assessed using several measures, including the Hurley staging system, Sartorius scoring and the HS severity index. Whilst the precise incidence and prevalence of HS is unclear [8], due partly to the diagnostic difficulty associated with HS and the use of both registry data and self-report questionnaires [9]. Garg et al. reported a prevalence of 0.1% in a US-based population analysis, leading the authors to conclude that HS is an uncommon but not rare disease, with over-representation in young, female and African American patients [10]. The current multi-modal treatment approach includes the use of intralesional steroids, surgical and laser therapy, topical and systemic medical antimicrobial therapy and biologic treatments [11].



In terms of antimicrobial therapy, Mendonca et al. [12] reported the efficacy of a ten week combined course of rifampicin and clindamycin in small retrospective study of 14 patients, of which over half achieved a clinical remission. A number of subsequent, predominantly retrospective, studies have confirmed the efficacy of rifampicin and clindamycin in the management of HS but there has been no randomised control trial of this treatment regime to date [13,14,15,16]. Moreover, there remains a debate centred on treatment duration, long-term safety, the need for combined antimicrobial versus single agent therapy and the risk posed by the development of antibiotic resistance [17,18,19,20,21,22,23].



Based on the results of Phase III clinical trials, the anti-tumour necrosis factor alpha (anti-TNFα) monoclonal antibody adalimumab has also been added to the therapeutic armamentarium for moderate to severe HS [24]. Although Infliximab was the first biologic to demonstrate efficacy in the management of moderate to severe HS in a randomised, double-blind, placebo-controlled cross-over trial, its use remains off-label [25,26]. In a comprehensive review of the on-going or completed clinical trials for HS, Maarouf et al. [27] identified the following treatment targets—TNFα inhibition, the use of IL-1R antagonists, molecules targeting the IL-17 and IL-12/23 signalling pathways and complementary 5a inhibitors. More recently, the effect of the phosphodiesterase 4 inhibitor Apremilast has been examined in two studies, namely a phase II open label trial [28] and a small randomised placebo controlled trial [29]. Both studies demonstrated a clinical response associated with Apremilast and the treatment was generally well tolerated. Given the small sizes and treatment/follow-up periods (ranging from 16 to 24 weeks), further studies are required to determine the extent to which whether phosphodiesterase 4 inhibition will play a future role in the management of HS.



A combination of treatment modalities is often necessary to optimise outcomes [30]. Whilst this has traditionally focussed on the combination surgical and medical treatment strategies, recent studies have explored the effect of combining systemic medical treatments. For example, based on a retrospective analysis of the treatment of dermatologist diagnosed HS, treated in academic medical centres in the US, McPhie et al. [31] identified several drug combinations as potentially promising treatment strategies. These included retinoids and anti-androgens for mild disease, retinoids or tetracycline antibiotics and adalimumab for moderate disease and cyclosporine and adalimumab for severe disease. Whilst additional case reports highlight the successful treatment of moderate to severe HS with combined biologic treatments (adalimumab and ustekinumab) [32] and biological treatments combined with systemic steroid therapy [33], the current evidence base to support these strategies is limited. Another innovate approach is the combination of surgery (radical resection) with adjuvant biologic treatment [34]. DeFazio et al. [34] combined radical resection with post-operative infliximab or ustekinumab for an average of 10.5 months. New disease developed in 18% and 50% of the combined surgery and biologic treated versus surgical monotherapy patients respectively. Future clinical trials, specifically examining the effects of combined therapies are urgently needed to determine the efficacy and short- and long-term safety of these treatment approaches.




2. Characterising the Cutaneous Microbiota in HS


Despite the development of new therapeutic agents for the treatment of HS and established treatment algorithms, the clinical course of the disease is frequently chronic and often refractory to multiple treatment modalities [7,11]. Therefore, in order to develop new treatment strategies, research is currently focussed on developing a more comprehensive understanding of the pathophysiology of HS, in which the cutaneous microbiota may play an important role.



In order to review the evidence that HS is associated with changes in the cutaneous and gastrointestinal microbiomes, a PubMed based review of the English language literature was performed. Search terms include “Acne Inversa,” “Hidradentis Suppurativa,” “microbiome,” “microbiota,” “biologics,” “TNFα,” “IL-17,” “IL12/23,” “clinical trial,” and “antimicrobial peptides.” The PubMed data based was accessed between the 1. November 2019 and the 5. February 2020.



Indeed, there is increasing evidence that HS is associated with specific changes in the cutaneous microbiome (Figure 2) [9]. Traditionally, characterisation of the composition of the cutaneous microbiome in HS has relied heavily on direct bacterial culture using superficial swabs [35]. However, aspiration of pus has also been utilised to obtain samples for culture. For example, almost two decades ago, Brook et al. described the polymicrobial nature of axillary HS with Staphylococcus aureus, Streptococcus pyogenes and Pseudomonas aeruginosa the most prominent aerobic bacteria and Pepto- streptococcus spp., Prevotella spp., micro-aerophilic streptococci, Fusobacterium spp. and Bacteroides spp., the most common anaerobes [36]. Whilst this was a relatively small study, in which over one third of the patients had already received antibiotic therapy, it did identify the range of bacteria which could be cultured and highlighted the importance of anaerobic culture. More recently, in a prospective culture-based study of 46 patient with HS, Benzecry et al. [37] reported positive bacterial cultures in over half of the cases, with severe disease associated with an increased likelihood of positive bacterial culture. This led the authors to speculate that bacterial superinfection may play a role in the maintenance of inflammation.



Given that bacterial cultures may have simply represented colonisation of and/or contamination by resident or transient skin bacteria, subsequent efforts were undertaken to mitigate this problem by obtaining microbiological samples following CO2 laser ablation of disease tissue. Both superficial and deep level cultures following laser ablation were frequently positive, with Staphylococcus aureus and coagulase-negative staphylococci (CNS) the species most commonly identified. In terms of anaerobic bacteria, Peptostreptococcus sp. and Propionibacterium acnes were the most frequently identified [38]. The same group performed a similar study in acute HS flares in 10 patients and confirmed both the predominance of CNS at both the deep and superficial levels and the polymicrobial nature of the HS cutaneous flora [39]. Interestingly, Staphylococcus aureus was not present in the cultures from the acute lesions. Given the small sample size and lack of information regarding topical and/or systemic antibiotic use, the inability to culture Staphylococcus aureus should be interpreted with caution. Nevertheless, it does raise the possibility of both temporal and spatial changes in the cutaneous microbiome in HS which may be associated with disease flares. Of course, whether it causes or merely reflects disease activity remains unclear.



Moving on from the reliance on traditional bacterial culture, Ring et al. conducted a case-control study using peptide nucleic acid (PNA)-FISH probes in combination with confocal microscopy to determine the microbiota present in normal appearing skin in patients with HS compared to site-matched skin in healthy controls [40]. The study used skin biopsies rather than skin swabs or aspirates. Although the study was not sex-matched and the results were not validated by bacterial culture, fewer bacteria and reduced biofilm formation were seen in non-lesional HS skin when compared to that in healthy controls. Indeed, the hair follicles in the healthy control group were associated with marked biofilm formation which invited the authors to speculate that this may be protective. Moreover, the identification of biofilm formation sits well with the aforementioned studies demonstrating the preponderance of CNS in lesional HS skin.



Most recently, in a landmark review, Ring et al. confirmed that CNS, Staphylococcus aureus and mixed anaerobic bacteria are the most commonly identified bacteria in HS studies [41]. The authors review included six studies where bacterial identification was based on aerobic and anaerobic culture using swabs, skin biopsies or aspirates. Despite methodological differences in terms of specimen collection, disease-site location, antibiotic use and whether acute or chronic lesions were investigated, all of the studies identified members of the Firmicutes phylum (CNS and Streptococci), with Staphylococcus aureus present in over 80% of the studies [35,36,38,39,42,43]. In another review of the bacteriology of HS, Nikolakis et al. [44] also reported that 7 out of 9 studies reported the presence of anaerobic bacteria and otherwise a preponderance of CNS and Staphylococcus aureus. It should be noted that several of the studies were examined in both the reviews by Nikolakis and Ring et al. [41,44] leading to some overlap. Nonetheless, from the classical bacterial culture studies to date, HS is clearly associated with polymicrobial bacterial culture, with CNS, Staphylococcus aureus and anaerobes frequently identified irrespective of sampling method.




3. The benefits of 16S rRNA Sequencing and Metagenomic Approaches


Bearing in mind that traditional culture methods may only identify a tiny proportion of the cutaneous microbiome, perhaps even less than 1% [45], there has been a shift towards characterisation of cutaneous microbiota using 16S rRNA sequencing. Drawing on the techniques described in the seminal publications of Grice et al. [45,46,47], new insights have been gained into the bewildering complexity of individual cutaneous microbiomes. Not only is the cutaneous microbiome extremely diverse and highly individual but is also tightly regulated both within and between difference skin regions and stable over time. In fact, this stability over time means that individual microbial signatures or “fingerprints” have been the focus of research in forensic medicine, even allowing the identification of individuals based on the retrieval of the microbial information from surfaces the individual has touched [48].



In terms of cutaneous pathophysiology, shifts in the composition of the cutaneous microbiome (dysbiosis) have been identified in a range of inflammatory and autoimmune conditions including psoriasis [49,50,51,52], atopic eczema [53,54,55], bullous pemphigoid [56,57] and acne vulgaris [58]. Building on the evidence from culture-based studies that HS is associated with dysbiosis, Guet-Revillet et al. [59] employed both culture and metagenomic techniques to comprehensively characterise the cutaneous microbiome in HS. In the largest 16S rRNA based study of HS to date, 82 patients with HS were recruited and samples obtained via swabbing, aspiration and biopsy. Not only were the samples obtained from multiple sites but also from various stages of disease according to the Hurley classification. Patients who had undergone topical or systemic antibiotic treatment in the month prior to study participation were excluded. Based on bacterial culture, two microbiological profiles became apparent; profile A in which Staphylococcus lugdunensis predominated and profile B which was characterised by a mixed anaerobic flora but including anaerobic actinomycetes and/or Streptococcus milleri. Moreover, there was evidence that the microbiological profile varied with affected site and Hurley stage, for example profile A was associated with Hurley Stage 1 disease, particularly buttocks and mammary region, whilst profile B and C was more commonly associated with stage 2 and 3 disease [59]. Metagenomic sequencing, albeit from only 6 HS lesions, revealed Staphylococcus to be the predominant taxon in Hurley stage 1 and anaerobic species (Prevotella, Porphyromonas, Anaerococcus and Mobiluncus spp.) dominated in chronic suppurating lesions.



In order to more carefully define the anaerobic bacterial populations associated with HS, the same group performed a follow-up prospective metagenomic study in 65 patients with HS [60]. Furthermore, the study examined both lesional and non-lesional skin. In terms of bacterial culture, HS lesional skin was colonised by anaerobic bacteria and normal skin commensals. However, there were differences between lesional and non lesional skin. For example, Streptococcus dysgalactiae was only present in lesions, in which the proportion of commensal bacterial was significantly lower than in non lesional skin. Whilst alpha diversity was similar between lesional and non lesional skin, there was evidence of specific differences in the composition of the cutaneous microbiome according to lesional status. Namely, in non lesional skin, Actinobacteria and Firmicutes predominated, with the anaerobic microbiome rich in the genera Anaerococcus, Finegoldia and Peptoniphilus, members of the Clostridiaceae family. In contrast, lesional samples were hallmarked by an increased proportion of anaerobic gram-negative rods from the Bacteroidetes and Fusobacteria phyla, specifically of the Prevotella, Porphyromonas and Fusobacterium genera [60]. Moreover, the composition of the HS microbiota varied with clinical severity, with Prevotella and Porphyromonas associated with lesions. Consistent with the early metagenomic studies [59,60], recent studies have confirmed the association between Prevotella and Porphyromonas and HS, particularly in HS tunnels [61].



A limitation of the metagenomics studies to date has been the lack of a control group, particularly site-matched healthy controls. Several recent studies have specifically addressed this issue. Naik et al. [62] investigated the cutaneous microbiome at predefined predilection sites for HS in 12 subjects (predominantly Hurley stage 2) and 5 healthy controls. There was a decreased relative abundance of the commensal Cutibacterium spp. in HS compared to controls, whereas gram positive and negative anaerobes predominated in HS skin. Bacterial diversity was increased in HS skin when compared to healthy controls, at least in terms of the inguinal region. Consistent with Ring et al. [61], there was an abundance of Prevotella and Porphyromonas, which may underpin an association between these bacteria and disease severity. As the authors themselves acknowledged, the cross-sectional nature of the study and relatively small number of participants should be borne in mind before extrapolating the results to the wider HS population. However, it is also worth drawing attention to the use of the V1-V3 hypervariable region of the 16S ribosomal RNA gene for sequencing, given that the V1-V3 region may better capture the cutaneous microbiota populations when compared to the V4 region [63].



However, given that bacterial colonisation, especially in the inguinal region, may include typical members of the gastrointestinal microbiota, Schneider et al. [64] deliberated targeted the V3–V4 region to identify both the skin and gastrointestinal-derived skin microbiota in HS. Not only did the study include a healthy control population but in addition both lesional and non lesional HS was evaluated using swabs and glue-based follicular biopsies. Beta diversity was significantly decreased in both lesional and non lesional HS skin when compared to healthy controls. The authors were unable to confirm a difference in the bacterial composition of non lesional and lesional HS skin; a finding which had been reported in previous studies using bacterial culture, nucleic acid fluorescence in situ hybridization and metagenomics [40,60]. However, it should be noted that there were significant methodological differences between the studies, especially in terms of sampling technique, which may have influenced the results. Indeed, the optimal sampling technique for cutaneous microbiome studies remains an area of debate [45,65,66].




4. Environmental Factors


Any examination of the cutaneous microbiome in health and disease must take account of environmental factors. In terms of HS etiopathology, the association between smoking and HS is well known and established. Whilst a recent meta-analysis of 25 studies (101,977 HS patients and 17,194,921 non-HS controls) was unable to demonstrate a causal relationship between smoking and the development of HS, patients with HS were four times more likely to smoke [67]. To date, no studies have specifically addressed the effect of smoking on the cutaneous microbiome in general and on the cutaneous microbiome in HS in particular.



However, there is evidence that tobacco smoke effects both the pulmonary [68] and, perhaps more interestingly, the gastrointestinal microbiome [69]. Smoking is not only associated with a decreased diversity in the composition of the gastrointestinal microbiome but also with promoting specific bacterial genera, including Bacteroides, Prevotella, Enterobacteria and Clostridium [69]. Given the potential interaction between the gastrointestinal and cutaneous microbiomes, it is at least conceivable that tobacco smoke may directly and/or indirectly affect the cutaneous microbiome, potentially contributing to the development of HS. This intriguing possibility underpinned by research demonstrating the altered gastrointestinal microbiome in patients with inflammatory dermatoses [70]. Indeed, there is a growing interest in the gut-skin-axis, with probiotics already being postulated as a future treatment strategy for skin disorders including HS [71].



There is clearly an urgent need to definitely characterise both the cutaneous and gastrointestinal microbiome in HS, not only given the association between HS and inflammatory bowel disease [72] but also given the role of antimicrobial therapy in the management of HS, which itself can dramatically and fundamentally alter the composition of the gastrointestinal bacterial flora. The extent to which these changes may contribute to the HS pathophysiology, either promoting disease progression or even serving a protective role, needs to be urgently clarified to optimise treatment selection. It remains to be seen whether the composition of the gastrointestinal microbiome is a risk factor for the development of HS, dependent on additional genetic and environmental factors and whether it influences treatment success with antimicrobial and/or biologics, analogous to the effect of checkpoint inhibitors in the treatment of metastatic melanoma [73].




5. Limitations of the Current Metagenomic Evidence Base


Perhaps the most striking methodological concerns with the culture-based and metagenomic studies in HS to date are the reliance on cross-sectional study designs and sampling at single time points. These concerns are compounded by the use of various sampling techniques and a wide spectrum of sampling sites [61]. It is readily accepted that the cutaneous microbiome is both skin-site and skin-microenvironment dependent and may be influenced by the use of topical antiseptic agents, albeit in the short-term [74]. Moreover, systemic tetracycline antibiotics and retinoids have also been shown to affect the composition of the cutaneous microbiome in acne vulgaris [75]. These latter factors are of particular relevance given that local antiseptic and systemic antibiotic treatment are part of the mainstay of clinical management of HS [76].



Therefore, in order to address these concerns, standardised, prospective, longitudinal studies of the cutaneous microbiome in HS are urgently required, ideally with samples from involved and non-involved skin and including a control group. Not only would such studies potentially shed new light on the pathophysiology of the disease but they may also identify novel biomarkers of disease activity and treatment response. In fact, given that HS is a chronic inflammatory disease, which frequently undergoes periods of relapse and remission, longitudinal non-invasive metagenomic studies could identify any changes in the composition of cutaneous microbiome over time. If these changes were correlated to disease flares, this would open up the possibly of adjusting and/or intensifying treatment in this “prodromal phase” to prevent exacerbations.



Indeed, metagenomic studies in psoriasis and atopic dermatitis have blazed a trail in this respect. For example, there is evidence of temporal shifts in the composition of the cutaneous microbiome in patients with atopic dermatitis related to both treatment and disease flares [53,77]. Furthermore, systemic treatment has been shown to affect the cutaneous microbiome in patients with psoriasis, increasing the ratio of actinobacteria to firmicutes [49,78]. In fact, there is evidence that combining metagenomic sequencing based studies with traditional bacterial culture and identification with mass spectrometry may shed additional light on composition and ultimately function, of cutaneous microbiota [78]. Of course, association studies cannot ultimately determine whether changes in the cutaneous microbiome contribute to the disease pathophysiology or result from it. Nevertheless, longitudinal studies of both lesional and non-lesional skin in patients with HS can potentially identify dysbiosis associated with the transition from non-lesional to lesional skin; providing a potential therapeutic target.




6. The Cutaneous and/or Gastrointestinal Microbiomes as a Therapeutic Targets


In terms of HS therapy, biologic agents, particularly targeting tumour necrosis factor alpha (TNFα), are now an integral part of the management of moderate to severe disease [79,80,81]. Although clinical benefit has been reported with several biologics, including infliximab [82], ustekinumab [83] and secukinumab [84], only adalimumab is licensed at present for the treatment of moderate to severe HS. Bearing in mind that the use of biologics is associated with changes in the composition of both the cutaneous [78,85] and gastrointestinal microbiomes [86], it is at least conceivable that biomarkers of treatment response may be identified in future metagenomic studies. Moreover, there is emerging evidence that chronic inflammatory skin disorders may be associated with specific perturbations in the gastrointestinal microbiome. For example, whilst psoriasis was associated with reduced levels of Faecalibacterium prausnitzii and increased levels of Escherichia coli, this was not the case in HS [70]. The cross-talk between the cutaneous and gut microbiome, termed the gut-skin axis, is currently the focus of intense research [87]. Indeed, there is evidence that exposure of the skin to ultraviolet radiation can alter the gut microbiome [88] and modulation of the gut microbiome may represent a novel mechanism to treat skin diseases [71], although prospective randomized clinical trials are lacking.



Understanding the complex interplay between the cutaneous and gastrointestinal microbiome, which may be largely regulated by both the innate and acquired immune systems, is one of the central challenges facing metagenomic research. There is an urgent need to comprehensively map the skin-site-specific and disease-dependent composition of the cutaneous microbiome in HS in order to generate new insights into the pathophysiology of HS and ultimately identify novel treatment strategies and targets. It is also important to re-examine our understanding of the skin microbiota as passive bystanders in an immune-driven autoinflammatory disease and to explore the possibility that the bacteria themselves may play a role a significant role in disease flares or even serve as protective factors.



In this regard, it is interesting to note that HS is associated with the expression of cutaneous anti-microbial peptides including cathelicidin in the apocrine sweat gland and distal outer root sheath of the hair follicle (HF) epithelium in lesional skin. In addition to cathelicidin, the expression of psoriasin, human β-defensin 3, α-melanocyte stimulating hormone, macrophage migration inhibitory factor and tumor necrosis factor are all significantly increased in HS epidermis when compared to healthy controls [89]. Additional cytokines, including IL-17, IL-1β and interferon γ have also been implicated in the pathogenesis of HS [90,91]. Future metagenomic research would be well advised to investigate the potential mechanisms through which bacteria, both resident and transient, can modulate the local inflammatory milieu to contribute to or even prevent disease flares.




7. Conclusions


Hidradenitis suppurativa is a chronic, debilitating inflammatory skin disease whose pathophysiology remains poorly understood [92]. Although the disease itself is relatively uncommon, it is frequently associated with significant physical and psychological morbidity [93] and undoubtedly represents an area of unmet clinical need [2]. Whilst it has long been recognized that HS is associated with changes in the resident bacterial flora, only now are metagenomic studies starting to shed new light on the diversity, complexity and regulation of the cutaneous microbiome in HS. Ultimately, prospective, controlled, longitudinal studies of the microbiome in HS lesional and non lesional skin are required, potentially complemented by genetic studies [94,95], to comprehensively determine the extent to which genetic and environmental factor contribute to dysbiosis and consequently disease pathology, but, more importantly, to identify much needed novel therapeutic targets.
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Figure 1. The clinical features of Hidradenitis suppurativa (HS). Erythema, erosions, pustules and scarring in the axilla of a male patient. Similar features in the perineal area in a female patient. 
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Figure 2. Hidradenitis suppurativa pathogenesis. Inflammation, follicular occlusion, neutrophilic infiltration and a pro-inflammatory cytokine milieu. Microbial colonisation is shown. It remains unclear whether the colonisation results from the disease or contributes to its pathophysiology. The figure was made in ©BioRender—biorender.com. 
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