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Abstract: Hidradenitis suppurativa is a chronic disease of the pilosebaceous unit. The name of
the condition is a testament to the presumed relationship between the disease and the microbiome.
The pathophysiology of hidradenitis suppurativa is, however, complex and believed to be the
product of a multifactorial interplay between the interfollicular epithelium, pilosebaceous unit,
microbiome, as well as genetic and environmental factors. In this review we assimilate the existing
literature regarding the role played by the human microbiome in HS in various contexts of the
disease, including the pathophysiologic, therapeutic, and potentially, diagnostic as well prognostic.
In conclusion, the role played by the microbiome in HS is extensive and relevant and can have
bench-to-bedside applications.

Keywords: hidradenitis suppurativa; microbiome

1. Introduction

Hidradenitis Suppurativa (HS) is a complex condition of the pilosebaceous unit (PSU).
Patients experience multiple nodules, abscesses, and draining fistulae in intertriginous skin,
which cause a significant impact on their quality of life [1]. The pathophysiology of HS is
multifaceted and is the product of interactions between inflammation, a genetic tendency,
the microbiome, and environmental factors [2]. The name Hidradenitis Suppurativa is mis-
leading as it suggests the condition to be the result of purely infective processes involving
the apocrine glands. This name is the subject of controversy, with some recommending
that the disease should be renamed Acne Inversa [3,4]. The latter name conceptualizes the
fact that unlike acne, patients with HS experience deep seated abscesses which involve
skin that is not usually affected by acne (intertriginous skin), and which therefore hosts a
distinct microbiome [5]. The propensity of HS to manifest as a purulent disease involving
apocrine gland-bearing skin is undeniable. However, dismissing the pathophysiological
processes at play as purely infective would be an oversimplification.

The intricate role of the microbiome has been investigated in various cutaneous
disorders, including psoriasis, atopic dermatitis, and other diseases of the PSU such as
acne [6–8]. In this review, we scrutinize the existing literature with regard to how the skin
microbiome in HS skin differs from that in healthy skin, whether it incites or potentiates
disease, how it alters in response to therapy, and whether it can be manipulated to alter
disease trajectory.

2. Materials and Methods

A review of the literature pertaining to hidradenitis suppurativa and the cutaneous
microbiome was conducted in PubMed, Science Direct, and Google scholar. The following
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Medical Subject Heading (MeSH) terms were used: “hidradenitis”, “suppurativa”, “acne”,
“inversa”, “pathophysiology”, “microbiome”, “cutaneous”, “gut”, “intestinal”, “dysbio-
sis”, “biofilm”, “antibiotic”, “bacteria”, “fungi”, “probiotic”, “biomarker”. The Boolean
operators used were “AND” and “OR”. Genomic studies investigating changes in the
composition or characteristics of the skin microbiome in human or animal studies were
included. Additionally, studies exploring the role of the gut–skin axis in HS, and the effects
of diet or antibiotics in modulating HS skin microbiomes and disease risk, progression,
and outcome were also included. The search covered articles published between January
1990 and July 2021 and was restricted to articles published in the English language. Fur-
thermore, handsearching and citation review of relevant studies were also conducted to
identify studies that were not captured by electronic database search.

Exclusion Criteria

Studies were excluded if they did not directly investigate the association between
the cutaneous microbiome and HS. More specifically, articles whose primary objective
was the investigation of skin composition or gut microbiome in metabolic syndrome or
its components were not included. Articles not written in the English language, reviews,
editorial letters, and comments were excluded.

3. Results
3.1. The Human Microbiota

The human microbiota describes a complex set of microorganisms that colonise the
skin and several mucosal environments, including the gastrointestinal, respiratory, and
urogenital tracts. These microorganisms form an elaborate and discrete ecosystem that
maintains a commensal relationship with normal host physiology. Additionally, changes
in the microbiota are intricately implicated in several disease processes through the modu-
lation of metabolism and immunity. The magnitude and diversity of the human microbiota
relative to somatic cells is extensive. Recent estimates suggest a ratio of 1.3 bacterial cells
per human cell, and an estimated 500–1000 bacterial species inhabit the human body at any
one time [9,10]. These estimates do not consider fungi and viruses. Furthermore, microor-
ganisms exhibit significant diversity, each having several genetically unique subspecies.
Collectively, the microbial genome (microbiome) catalogue exceeds the estimated 20,000
human genes by several orders of magnitude [11,12]. The human microbiome is not static
but evolves in response to a wide array of host elements, including age, lifestyle, diet, en-
docrine factors, and underlying disease. In addition, a significant extent of interindividual
heterogeneity is reported even in the absence of disease [13]. These factors showcase the
dynamic nature of human microbiome ecosystems which have coevolved to adapt to con-
stantly changing host physiological conditions. They also complicate our understanding
of changes in the microbiome that are causally associated with disease or reflect ongoing
pathology. Alterations in the composition of human microbiota (or dysbiosis) has been
associated with several diseases ranging from inflammatory bowel disease, malignancies,
asthma, type 1 and type 2 diabetes, to major depressive disorder [14–19].

3.2. Surveying the Skin Microbiome

The past decade has witnessed a surge in microbiome research, driven by methodolog-
ical advances in the field. The two principal sequencing-based approaches for microbiome
research are metataxonomics and metagenomics [20]. Metataxonomics involves the tar-
geted amplification and sequencing of marker genes that are specifically conserved across
taxa, such as the 16S ribosomal RNA (rRNA) gene in bacteria and the internal transcribed
spacer 1 (ITS1) in fungi. These genes are characterized by hypervariable regions that enable
species identification, and contain conserved regions that can be targeted by universal
primers [21]. Metataxonomic techniques enable the fast and cost-effective identification
of microorganisms. However, they possess several drawbacks. They cannot capture viral
sequences, and short-read sequencing of amplicons cannot offer species-level resolution.
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Additionally, some studies have highlighted the limitations of sequencing 16S rRNA for
bacterial detection [22,23].

Metagenomics is based on the random shotgun sequencing of microbial DNA without
the prior selection of specific loci. This technique enables a de novo assembly of genomes
and is free from amplification bias as it sequences all genetic material in a given sample.
Crucially, metagenomic approaches allow for the assessment of the relative abundances
of different kingdoms and enable a high-resolution assessment of microorganisms at the
species and strain levels [24]. These constitute significant advantages over amplicon-
based approaches and explain the increasing popularity of metagenomics-based analyses.
Metagenomic studies require a high read count, require alignment to a reference genome
for classification, and can capture a large quantity of reads from the host organism [25].

Complementary multi-omics approaches are also available. These techniques sup-
plement sequencing data with transcriptomic, proteomic, and metabolomic data for the
improved profiling of microbial communities [26]. A detailed overview of microbial multi-
omics approaches is provided by Franzosa et al. [27]. Although beyond the scope of this
article, such approaches provide direct insight into the functional activity of the microbiota
at the transcriptional and metabolic levels, as evidenced by proteomic and metabolomic
studies in the human gut [28,29]. As techniques for the integration of multi-dimensional
datasets develop further, an improved understanding of microbiota biology in health and
disease is anticipated, fuelling translational advances in biomarker discovery or treatment
development.

Human skin provides a unique environment with low microbial biomass, a high
contamination risk, and a wide diversity of microbiota, coupled with site-specific mi-
croorganisms. These elements necessitate important considerations for microbial studies
to avoid bias. It is essential for both researchers and clinicians to understand that the
comparability of microbiome research can be limited by several elements. These include
sampling and methodological variation between studies, and laboratory factors during
DNA extraction and downstream processing [30–34]. Kong et al. reviewed skin micro-
biome research standards and highlighted several factors and pitfalls to consider when
performing or interpreting skin microbiome research [35].

3.3. Composition and Diversity of the Human Skin Microbiome

As the body’s largest interface with the external environment, the skin is home to
an extensive array of symbiotic and commensal microorganisms. The skin microbiota
orchestrates several key homeostatic processes, including protection against pathogens,
immune development, and the breakdown of natural products through a bidirectional
metabolic exchange with host cells [36,37]. Disruption of the natural balance between
commensal and pathogenic microbes can lead to skin or even systemic disease, and thus a
detailed understanding of the properties of healthy skin microbiome is presented next.

The composition and relative abundance of skin microbial taxa hinge primarily on
the physiological attributes of the skin microenvironment, with notable changes between
moist, dry, and sebaceous sites. Distinct skin niches that differ in moisture, sebum content,
topography, pH, UV exposure, and temperature are colonised by different bacterial taxa in
a site-specific manner [38]. Metagenomic sequencing studies in healthy adults demonstrate
that sebaceous regions are dominated by members of the lipophilic Cutibacterium (formerly
known as Propionibacterium) and Staphylococcus genera. Moist areas such as the antecubital
and popliteal fossae are favoured by members of the Corynebacterium and Staphylococcus
genera [39,40]. Relatively dry regions exposed to fluctuations in temperature such as
the limb surfaces exhibit less microbial diversity. These sites are primarily dominated
by Proteobacteria, Bacteroidetes, and Actinobacteria. Conversely, the fungal skin composi-
tion is relatively uniform across core body sites. Members of the genus Malassezia are
found throughout the body, although a higher fungal diversity is reported in the feet, with
combinations of Aspergillus, Cryptococcus,, Rhodotorula, Epicoccum, and other species [41].
Across all body sites, bacteria are more abundant than fungi. While several studies on
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the cutaneous microbiome have focused on bacteria and fungi, the diversity of skin viral
communities are less well understood. Eukaryotic DNA viruses are specific to individuals
rather than anatomic site, with no core DNA viral sequence being conserved across differ-
ent individuals [42]. Despite the broad variation in microbiome composition and structure
across different body sites, and the extensive exposure to the external environment, lon-
gitudinal sampling studies have shown that in the healthy adult, microbial communities
remain largely stable over time [43]. Bacterial and fungal species at sebaceous sites are the
most stable, whereas microbial species in the feet are the least stable. The long-term stability
of the human skin microbiome thus bears similarity with the longitudinal maintenance of
the human gut microbiome [44].

Skin metagenomic studies also enable the high-resolution examination of skin bacterial
communities at the level of strain diversity. Different bacterial strains can exhibit variation
in transmissibility, virulence, antibiotic resistance, and metabolism. Consequently, strain
resolution analysis can have implications for health and disease. Oh et al. applied strain
analysis to the common skin commensals Cutibacterium acnes and Staphylococcus epidermidis.
They showed that differences in the S. epidermidis strain distribution were primarily driven
by anatomic site, whereas the strain distribution of Cutibacterium acnes is individual-specific
rather than site-specific [39].

The colonisation of specific skin microenvironments by different taxa hinges on the
capacity of resident microbiota to utilise resources in the skin. Compared to the human
gut, the skin is deficient in carbohydrates and rich in lipids, and thus demonstrates a
relative paucity of nutrients capable of supporting microbial growth. Skin appendages
such as sweat glands, sebaceous glands, and hair follicles can create conditions favouring
or inhibiting the growth of specific microorganisms. For example, Cutibacterium acnes
is a facultative anaerobe that uses proteases to liberate arginine from skin proteins and
lipases to degrade sebum triglycerides into free fatty acids [37,45]. The free fatty acids
produced by sebum lipid hydrolysis inhibit the growth of Gram-positive pathogenic
bacteria such as Staphylococcus aureus and Streptococcus pyogenes [46]. Sweat contains
antimicrobial peptides that inhibit microbe colonisation, and its evaporation acidifies the
skin environment, rendering it unfavourable for the growth of specific organisms [47].

3.4. Skin Microbiota–Immune System Crosstalk

The immune system is central to the maintenance of commensal skin microorgan-
isms and the elimination of pathogenic microbes. Extensive interplay occurs between
the innate and adaptive arms of the immune system, keratinocytes, and skin microbiota.
Keratinocytes express pathogen recognition receptors that recognize and bind to pathogen-
associated molecular patterns, triggering microbicidal and pro-inflammatory innate im-
mune responses to eliminate or contain harmful pathogens [48]. Skin epithelial cells
produce a wide array of anti-microbial peptides (AMPs), including several proteins (de-
fensins, cathelicidins, and others) that possess anti-bacterial, anti-fungal, and anti-parasitic
activity [49,50]. Skin commensals function in the development and regulation of cutaneous
adaptive immunity [51]. The neonatal period constitutes a crucial window for establishing
immune tolerance to commensal microbes. The host–commensal symbiosis in human
skin is dependent on regulatory T cells [52]. Following the initial period of immune toler-
ance, skin commensals elicit distinct effects on the immune system through interleukin-1
signalling, where the induction of effector T cells occurs in the absence of classical inflam-
mation [53]. The skin microbiome thus plays a critical role in the induction and education
of host immunity, enabling sustained tolerance to innocuous antigens, a process termed
“homeostatic immunity” [54]. Conversely, when skin commensals are introduced systemi-
cally such as in the setting of a skin barrier breach, a classical inflammatory response is
elicited. This showcases how the microbiome–host relationship is context-specific, ranging
from commensal to pathogenic and depending on host factors, and how the dysregulation
of the host–microbiome dialog can result in chronic inflammatory host responses.



Vaccines 2021, 9, 1076 5 of 17

3.5. Cutaneous Dysbiosis

The skin microbiota is a necessary component of the immune barrier, with microor-
ganisms preventing the colonisation and growth of pathogenic bacteria—a process known
as colonisation resistance. Its transition to an altered state, or dysbiosis, involves a change
in the structural and functional balance of the microbiome, and is associated with both
systemic and localised dermatological disorders. In the setting of cutaneous dysbiosis,
the pathogenic potential of the microbial components of healthy skin can be activated.
Several common skin pathologies such as acne, atopic dermatitis, and chronic wounds
are correlated with an underlying microbial component. In acne, the inflammation of the
pilosebaceous unit is associated with the proliferation of lipophilic bacteria, specifically
Cutibacterium acnes. This bacterium secretes hyaluronases and lipases that damage the pi-
losebaceous unit and encodes immunogenic proteins that activate classical and alternative
complement pathways [55,56]. Multiple studies have demonstrated that the presence of
Cutibacterium acnes biofilms in follicles and the type 1A1 phylogroup are associated with
acne development [57,58]. In atopic dermatitis, the relative abundance of Staphylococcus
aureus and Staphylococcus epidermidis increases during flare ups, although the functional
role of staphylococci in driving disease is not fully understood [59,60]. Microbial changes
with reduced diversity in unaffected skin of adults prone to atopic dermatitis have been
described [61,62]. Microbiome research in both acne and atopic dermatitis have provided
valuable insight into how commensal bacteria can initiate or exacerbate skin disorders,
often against a background of skin barrier defects and/or altered immunity. Dysbiosis is
common to many skin diseases, although distinguishing whether dysbiosis is a cause or
effect of disease is a challenging question to address [7]. In the next section, a systematic
overview of cutaneous dysbiosis in HS is presented.

3.6. Cutaneous Dysbiosis in Hidradenitis Suppurativa

Several investigations have characterized the skewed cutaneous microbiome that
distinguish HS. Next generation sequencing (NGS) targeting 16S rRNA has been employed
in different contexts of the disease. A summary of key studies employing this technique is
provided in Table 1.

Table 1. Studies employing next generation sequencing targeting 16S rRNA to unravel the microbiome in various specimen
types of HS patients.

Study Group Specimen Findings Comments

Riverain-Gillet
et al. [63]

Skin surface of
non-lesional skin

swab

Fourteen bacterial taxa statistically
discriminated HS from healthy control
skin were predominantly Prevotella but

also Actinomyces, Campyobacter ureolyticus,
and Mobiluncus.

Bacterial richness is similar between HS
skin and skin of healthy controls.

Evenness is significantly higher in HS skin
samples.

The microbiome of clinically unaffected
intertriginous skin in HS patients is
characterized by an anaerobic shift

contrasting with a decreased abundance of
aerobic skin commensals.

H C Ring
et al. [64]

Lesional HS skin
biopsy

Dominated by Corynebacterium spp.,
Prophyromonas, and Peptoniphilus spp.

No difference in richness between
three groups.

Non-lesional HS
skin biopsy

Dominated by Acinetobacter and
Moraxella spp.

Healthy control
skin biopsy Equally distributed microbiome.

H C Ring
et al. [65] Tunnels Dominated by anaerobic species

(Prophyromonas spp and Prevotella spp.).
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Table 1. Cont.

Study Group Specimen Findings Comments

H C Ring
et al. [66]

Consistent levels of various bacteria such
as Acinetobacter and Moraxella, which do
not differ significantly between control

and HS blood.

Source of bacteria is likely from skin of the
antecubital fossa discovered due to high

sensitivity of NGS.

Hispan et al. [67]
Presence of bacterial DNA was

significantly higher in HS group vs.
control. Dominant species was E. coli.

HS skin appears to have a microbiome distinct from that of healthy skin and which
is overwhelmingly populated by anaerobic Gram-negative bacteria [68]. Differences in
HS microbiome can be detected even in the absence of clinically observable lesions [69].
Differential abundance gene testing (which refers to the statistical method of investigating
the significance of specific bacterial species abundance in two different ecosystems) showed
significant differences between lesional and healthy (control) skin as well as between
lesional and non-lesional skin [70]. The comparison of non-lesional and healthy skin,
however, shows no significant difference in bacterial species abundance [71]. Functional
analysis also confirms significant metagenomic differences between lesional and healthy
control skin as well as between lesional and non-lesional skin, but not between non-lesional
and healthy control skin [71]. The microbiome can vary even between HS-lesion type,
with Staphylococcuslugdunesis being associated with nodules and abscesses, polymicrobial
anaerobes with chronic suppurating lesions, and anaerobic Actinomycetes with severe
suppurating lesions [72].

Firmicutes constitute the broadest bacterial phylum in the skin of both healthy individ-
uals as well as HS patients, with the genera Staphylococcus and Streptococcus predominating.
S aureus and coagulase negative staphylococci (CNS) have been identified as the most
common bacterial species at various skin depths in HS [73]. Conversely, none of the 27 HS
patients recruited in a retrospective study investigating the microbiome in resection spec-
imens had Staphylococcus spp. identified by IF/FISH, peptide nucleic acid-fluorescence
in situ hybridization (PNA-FISH), and immunostaining with anti-Gram-positive anti-
bodies [74]. Nasal colonisation of S. aureus has been found to be significantly reduced
in patients with HS when compared to healthy controls [75]. Notwithstanding, and de-
spite having higher levels of the antimicrobial chemokine Il-26 in plasma, HS patients
appeared to be more susceptible to staphylococcal infections [76]. This may be explained
by the fact that unlike healthy controls, neither Il-26 nor toxic shock syndrome toxin
1(TSST1)-stimulated peripheral blood mononuclear cells (PBMC) inhibit Staphylococcus
aureus growth. In these conditions, HS-PBMC cytotoxicity is reduced when compared
to healthy controls [76]. Additionally, elevated levels of Il-26 have been associated with
sustained local inflammation [77].

Other deficiencies in HS skin immune response to pathogenic organisms include
decreased concentrations of the antimicrobial peptide Dermcidin, which is naturally found
in human sweat [78,79]. Dermcidin is also found in lower concentrations in plasma as well
as in the lesional skin of acne patients when compared to controls, and increases upon
treatment with low or conventionally dosed isotretinoin, a retinoid which has been used
with varied success for the treatment of HS [80–84].

Another emerging pathogenic factor in various skin disorders, including HS, is the
biofilm [85]. Biofilms represent microbial aggregates suspended in a self-produced slurry
of extracellular polymeric substances [86]. A histological evaluation of HS skin reveals that
it is inundated with biofilm [87]. Ten HS patients whose skin was affected with inflamed
nodules revealed biofilms in two of the patients, suggesting that biofilm-associated bacteria
are not only related to chronic lesions such as sinus tracts, but also acute lesions such
as nodules [88]. Unaffected HS axillary skin also demonstrates the presence of biofilm,
supporting the hypothesis that HS is a disease of bacterial biofilm [89].
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Certain processes favour the tendency of HS skin to host a biofilm. S. epidermidis, a
usually non-virulent commensal in healthy skin, has been shown to have a propensity for
planktonic growth and biofilm production in both lesional and non-lesional HS skin [90].
This bacterium is the abundant CNS in HS patients [91]. A matter of concern is S. epidermis
in lesional skin, which demonstrates resistance to guideline-recommended antibiotics such
as tetracyclines and clindamycin [90,92]. The biofilm-producing potential of other CNS
such as Staphylococcus lugdunensis is also enhanced in HS-lesional skin when compared to
non-lesional, control, and reference strains [93].

HS patients with identified biofilms are found to have an increased concentration of
CD4+ cells when compared to healthy controls (with or without biofilm) and HS patients
without biofilm. These findings suggest that biofilms may stimulate the production of reg-
ulatory T cells, resulting in an intensified immunomodulatory response [89]. On the other
hand, healthy patients have a tendency to host biofilms, which is cocci-predominant [94].
This suggests that the composition of the biofilm partly dictates cutaneous homeostasis.

As a disease of the PSU, the next step in decoding the complexity of HS is to investigate
the composition of the follicular microbiome. Metataxonomic studies targeting bacterial 16S
rRNA and eukaryotic 18S rRNA genes performed on cutaneous biopsies revealed follicular
lesional skin to contain an abundance of Corynebacterium, Porphyromonas, and Peptoniphilus
species, whilst Acinetobacter and Moraxella predominated non-lesional skin [64]. As a
species, C. acnes and C. striatum are significantly more abundant in follicles of healthy
controls when compared to lesional skin [64]. The richness of bacterial species does not
appear to differ between HS and healthy controls [64].

The role played by individual bacterial species in HS pathology has been reviewed [95].
However, it is clinically relevant to recognize that some organisms, such as Actinomyces
schaalii, may exacerbate the disease state by inducing abscess formation, which may be
unrelated to HS and the PSU altogether [96]. Nodules secondary to deep dermatophytosis
in patients with HS can also be mistaken for the malignant transformation of chronically
affected HS skin, which is a known association [97–99]. The rapid identification of such
pathogens, including slow-growing organisms such as Actinomyces neuii is essential in
avoiding confounding symptomatology [100].

3.7. Beyond the Skin Microbiome

Although HS manifests in the skin, other microbiomes such as the gut microbiome
have the potential of mediating disease by facilitating systemic inflammatory pathways
supported by the gut–skin axis [101]. This pathophysiological axis has been characterized
in atopic dermatitis, psoriasis, and rosacea [102–104]. Enteric microbiota can influence the
skin microbiota, resulting in cutaneous dyshomeostasis, which can ultimately lead to skin
pathology, including that of the PSU such as acne [101].

Congruent with other pathophysiological theories, gut dysbiosis may also potentiate
HS by mediating inflammation. It has been hypothesised that enteric dysbiosis (potentially
caused by a high-fat diet) elevates inflammatory cytokines such as Il-1β, Il-17, and TNF-α.
This ultimately leads to an increased level of matrix metalloproteinases and subsequently
HS lesion formation in susceptible individuals [105].

The 16S rRNA amplification techniques of faecal samples have been employed to
compare enteric and cutaneous microbiome of HS patients and healthy control sub-
jects [106,107]. Worthy of note is Robinsoniella, which was exclusively detected in the
faces of HS patients [106], a feature HS shares with rheumatoid arthritis and ankylosing
spondylitis [106]. It appears that enteric species diversity may be reduced in patients with
HS in keeping with other inflammatory conditions such as inflammatory bowel disease
(IBD) [108].

Indirect evidence of the specific role played by the microbiome can be derived from
co-morbid disease. For example Faecalibacterium prausnitzii abundance was depleted in pa-
tients with concomitant HS and IBD, but not in patients suffering from HS exclusively [109].
The relative abundance of F. prausnitzii does not appear to be diminished when compared
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to healthy controls. Subspecies enrichment of F. prausnitzii has been associated with other
inflammatory dermatoses, including atopic dermatitis [110].

The gut microbiome may also unravel molecular processes linking HS with obesity,
a significant risk factor for the disease [111]. In murine models, a positive correlation
between the abundance of Firmicutes in the gut microbiome and body weight has been
reported, while Bacteroides spp. are negatively correlated with body weight. Lactobacillus
relative abundance is also increased in mice gaining weight from a high fat diet [112]. Es-
tablished HS risk factors such as obesity may then exert a direct influence on the cutaneous
microbiome, forming a feedback loop. It has been shown that the S. aureus, Enterococcus,
and Proteus are more likely to be cultured in obese HS than lean HS patients [113]. Visceral
obesity is accompanied by a systemic, subclinical, proinflammatory state. This is partly
mediated by IL-16, IL-1, and TNF-α. There are also important differences in the gut micro-
biome associated with obesity and the metabolic syndrome, which should be considered as
confounders in metagenomic HS studies [114].

The microbiome extends beyond skin and gut. Bacterial translocation in peripheral
blood is an established phenomenon that has been investigated in HS patients. The data in
this regard is conflicting. In one study including 50 HS patients and 50 healthy controls,
bacterial DNA was more likely to be detected in the peripheral blood of HS patients. The
DNA of Gram-negative bacteria, particularly Escherichia coli, appeared to predominate in
the patient cohort [67]. The identification of bacterial DNA in HS patients was significantly
correlated with increased levels of TNF-α, IL-1β, and Il-17 [67]. Conflicting results were
obtained in a smaller study comparing 27 HS patients and 26 healthy controls using 16S
rRNA sequencing. In the latter study, no significant differences were established between
the bacterial composition of patient and control groups [66]. In such studies, possible
contamination from skin-borne bacteria during transcutaneous needling is an important
caveat that restricts the interpretation of these findings [66]. Ablative surgical treatments
for HS, such as CO2 laser, do not appear to increase the relative risk of bacteraemia in
patients [115].

Further serological evidence supporting the role of microbiome in inflammatory
disease is the presence of anti-Saccharomyces cerevisiae antibodies (ASCA) in HS patients,
which have also been associated with body fat mass [116,117]. It has been suggested
that ASCA positivity may be associated with a specific underlying HS genotype as this
antibody has been associated with Crohn’s disease patients harbouring specific NOD2
variants [118,119].

3.8. Targeting the Microbiome as a Treatment Modality
3.8.1. Antibiotics

Targeting the microbiome appears to be a logical option in the management of HS
patients. Characterizing skin microbiome with the use of genomic techniques can have
direct bench-to-bedside applications. This was exemplified in a patient suffering from
comorbid recalcitrant acne fulminans and HS, who was successfully treated with targeted
antibiotics after lesional skin microbiome was elucidated using NGS [120]. Antibiotic
agents have also been successfully used to induce HS-remission in patients that have
syndromic forms of the disease [121].

Tunnels pose another challenge in the medical management of HS. Their significance
is reflected in the Hurley Staging system (a frequently employed static severity score), as
their presence distinguishes patients with moderate-to-severe HS from a mild form of the
disease. Rifampicin has exclusively been shown to efficiently hinder planktonic growth and
eliminate biofilm in tunnels of HS patients [90,93]. Promising results have been obtained
after sinus tracts were injected with triamcinolone. However, the definitive treatment of
sinus tracts remains to be surgical excision [122].

Despite the importance of antibiotics for the treatment of patients suffering from
HS, antibiotic resistance in HS patients is significant and on the rise. The prevalence of
antibiotic resistance may be as high as 84.7% for tetracyclines, 69.3% for rifampicin, and
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65.7% for clindamycin [123]. The former are antibiotics which are recommended for the
treatment of HS by European, British, and American guidelines [92]. Apart from the
judicious use of antibiotics and the timely initiation of biologic agents to prevent recurrent
flares, other measures can be adopted to reduce antibacterial resistance. For example,
antimicrobial washes may alter antibiotic resistance in HS lesions, particularly that of
cephalosporins [124].

It is relevant to consider that antibiotics, including tetracyclines (considered first-line
treatment for HS), could be contributing to disease remission not only by their bacte-
riostatic or bactericidal effects, but also through their additional anti-inflammatory and
anti-collagenolytic properties [125]. Such observations highlight the underlying inflamma-
tory nature of HS, and the increased risk of other co-morbid metabolic disease (including
metabolic syndrome) characterized by a chronic, low-grade inflammatory response [126].
The identification of HS molecular mediators may allow for drug repurposing through the
elucidation of the drug–gene interaction, paving the way for novel targeted therapeutic
agents [127].

3.8.2. Enteric Microbiome and Diet

Beyond the use of antibiotics, the modification of the enteric microbiome has the
propensity to alter disease trajectory. The use of probiotics as a treatment for HS has
been suggested as a potential treatment option by restoring the cutaneous microbiome,
replenishing Cutibacterium spp., Corynebacterium, and Staphylococcus and thereby restoring
a healthy microbiome, which is less abundant in Gram-negative anaerobes [68,128].

Post-operative dietary restriction of brewer’s yeast in patients with specific anti-
Saccharomyces cerevisiae IgGs has also been successful in inducing disease remission. Intrigu-
ingly, patients experience disease relapse upon re-exposure to the single-cell fungus [129].
The exclusion of dietary Saccharomyces cerevisiae over a longer period also promoted disease
remission in HS patients [130].

As previously described, obesity and HS are strongly linked, with obese HS patients
having a distinct HS phenotype [131]. Mice grown on a high-fat diet have been shown
to have an increased local production of inflammatory cytokines such as TNF-α, IL-1β,
and IL-6. These cytokines were not found to be elevated in the same mice at week 8 on a
high-fat diet. However, levels of serum TNF-α and IFN-γ were elevated at week 12 and
were found to positively correlate with weight [112]. This suggests that diet may alter
the gut microbiome and local inflammatory cytokines, whilst obesity, which is intricately
linked to diet, may contribute to more systemic forms of inflammation.

3.9. The Microbiome—A Potential HS Biomarker?

Biomarkers are defined as “objective indications of medical state observed from out-
side the patient, and which can be measured accurately and reproducibly” [132]. Biomark-
ers can help predict, diagnose, and prognosticate patients. They have been valuable tools
in the management of other inflammatory skin conditions such as psoriasis. However,
they have not yet been extensively characterized and validated in HS [133]. The skin
microbiome has the potential of acting as a biomarker [134].

3.9.1. Prognostic Biomarker

The microbiome has the capacity to function as a prognostic biomarker in HS. Patients
that have severe (Hurley stage III) disease harbor a greater number of bacterial species [91].
Isolating bacteria such as Streptococci, Enterobacteriaceae, and obligate anaerobic Gram-
negative rods has also been associated with more severe disease [91]. Similarly, moderate
but significant positive correlations have been established between HS disease severity
and the relative abundance of mixed anaerobes. Moderate negative correlations have been
made for major skin commensals, including Cutibacterium and Corynebacterium spp. [69].
Conflicting results have been obtained with regard to the correlation of HS severity and
S. aureus [69,91,135].
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ASCA positivity has also been associated with severe (Hurley Stage 3) disease [116].
The presence of bacterial DNA in peripheral blood is associated with significantly higher
levels of pro-inflammatory cytokines such as TNF-α, IL-1β, and IL-17, but does not correlate
with disease severity [67].

3.9.2. Risk Biomarker

In HS patients, changes in the cutaneous microbiome can precede clinical evidence
of the disease and can therefore theoretically act as a risk biomarker. Non-affected skin
of HS patients has been shown to lack bacterial aggregates at the stratum corneum of the
epidermis as well as in hair follicles, as shown by PNA-FISH and confocal laser scanning
microscopy when compared to the skin of healthy controls [94].

3.9.3. Pharmacodynamic Biomarker

The microbiome shows potential as a pharmacodynamic biomarker. In a small cohort
study, patients with moderate-to-severe HS who carry S. aureus nasally were found to be
more likely to experience HS flares that lead to the failure of adalimumab therapy at week
12 than those who do not carry the bacterium (OR 8.67, p = 0.014) [136].

4. Discussion

A complex relationship exists between the microbiome, inflammation, and HS (Figure 1).
HS, as an inflammatory condition, is subject to the effects of dysbiosis, whether cutaneous
or enteric. Various studies have investigated the relationship between the disease and the
microbiome, using an array of sampling and detection methods. Apart from highlighting
the yearning of the HS research community to fully understand the pathophysiology
of HS, they also bring to the fore the importance of global harmonization in sampling
methodology in HS research [137].

Beyond its role in pathophysiology, the microbiome can potentially be targeted as a
treatment option for altering disease trajectory. It has been shown that most antibiotics used
in the treatment of HS exert anti-inflammatory properties. However, research is lacking
with regard to the alteration of the microbiome after antibiotic therapy or any therapeutic
intervention [138]. The use of dietary modification as a therapeutic intervention in the
management of disease has several advantages, including the lack of associated negative
effects and a low financial burden on the patient. The care of patients with restrictive diets
should be overseen by nutritionists, who are ideally familiar with HS and its management
as part of the multidisciplinary team providing personalized care to HS patients. As
outlined above, advances in genomic technologies can facilitate the bench-to-bedside
transition by guiding the management of complex HS cases. Apart from its therapeutic
roles, the microbiome can potentially serve as a disease biomarker for the facilitation
of disease classification, patient stratification, and the monitoring of treatment response.
However, further research is required for the identification and validation of such tools.
Furthermore, the microbiome can also help refine genotype-phenotype associations, this
being another lacuna in our understanding of HS [139].

The studies outlined in this review provide compelling evidence for the dysregulation
of the lesional and peri-lesional skin microbiome in HS. However, a direct cause–effect
relationship cannot be assumed, and several questions arise. Primarily, the role of non-
lesional cutaneous microbiota in the pathogenesis of HS is not completely understood.
More specifically, the characterization of the evolution of microbial composition and
abundance during the transition from unaffected to lesional skin should provide insight
into causative trajectories leading to HS. One can hypothesize on whether changes in
microbiota antedate the development of HS, thus representing a latent or pre-clinical stage
of the disease. Alternatively, it is possible that the observed cutaneous dysbiosis in HS
partly reflects an adaptive microbial response to acute inflammation in active HS lesions.
Physiologically, it is likely that the microbiota contributes to causality, progression, and the
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maintenance of HS against a complex background of host immune response. These factors
jointly determine the ensuing clinical picture and response to therapy.Vaccines 2021, 9, x  11 of 17 
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In conclusion, HS is a complex condition, with changes preceding clinical signs and
symptoms, and differing according to lesion and anatomical location. Possible future
research can be directed towards investigating whether environmental exposure (the
hygiene hypothesis) in childhood is related to dysbiosis and disease trajectory in later life.
An elegant unifying pathophysiological explanation for HS has not yet been established.
Unravelling the role of the microbiome in HS will bring us a step closer to this end.



Vaccines 2021, 9, 1076 12 of 17

Author Contributions: All authors in the manuscript contributed equally to the conceptualisation,
drafting, and revision of the manuscript. All authors have read and agreed to the published version
of the manuscript.

Funding: The APC was funded by Eau Thermale Avène.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Matusiak, Ł.; Bieniek, A.; Szepietowski, J.C. Hidradenitis suppurativa markedly decreases quality of life and professional activity.

J. Am. Acad. Dermatol. 2010, 62, 706–708. [CrossRef]
2. Zouboulis, C.C.; Benhadou, F.; Byrd, A.S.; Chandran, N.S.; Giamarellos-Bourboulis, E.J.; Fabbrocini, G.; Frew, J.W.; Fujita, H.;

González-López, M.A.; Guillem, P.; et al. What causes hidradenitis suppurativa?—15 years after. Exp. Dermatol. 2020, 29,
1154–1170. [CrossRef] [PubMed]

3. Sellheyer, K.; Krahl, D. “Hidradenitis suppurativa” is acne inversa! An appeal to (finally) abandon a misnomer. Int. J. Dermatol.
2005, 44, 535–540. [CrossRef]

4. Scheinfeld, N. Hidradenitis should not be renamed acne inversa. Dermatol. Online J. 2006, 12, 6.
5. Byrd, A.L.; Belkaid, Y.; Segre, J.A. The human skin microbiome. Nat. Rev. Microbiol. 2018, 16, 143–155. [CrossRef] [PubMed]
6. Dréno, B.; Dagnelie, M.A.; Khammari, A.; Corvec, S. The Skin Microbiome: A New Actor in Inflammatory Acne. Am. J. Clin.

Dermatol. 2020, 21, 18–24. [CrossRef] [PubMed]
7. Benhadou, F.; Mintoff, D.; Schnebert, B.; Thio, H.B. Psoriasis and Microbiota: A Systematic Review. Diseases 2018, 6, 47. [CrossRef]
8. Pothmann, A.; Illing, T.; Wiegand, C.; Hartmann, A.A.; Elsner, P. The Microbiome and Atopic Dermatitis: A Review. Am. J. Clin.

Dermatol. 2019, 20, 749–761. [CrossRef]
9. Turnbaugh, P.J.; Ley, R.E.; Hamady, M.; Fraser-Liggett, C.M.; Knight, R.; Gordon, J.I. The Human Microbiome Project. Nature

2007, 449, 804–810. [CrossRef]
10. Sender, R.; Fuchs, S.; Milo, R. Are We Really Vastly Outnumbered? Revisiting the Ratio of Bacterial to Host Cells in Humans. Cell

2016, 164, 337–340. [CrossRef]
11. Qin, J.; Li, R.; Raes, J.; Arumugam, M.; Burgdorf, K.S.; Manichanh, C.; Nielsen, T.; Pons, N.; Levenez, F.; Yamada, T.; et al. A

human gut microbial gene catalogue established by metagenomic sequencing. Nature 2010, 464, 59–65. [CrossRef] [PubMed]
12. Integrative HMP (iHMP) Research Network Consortium. The Integrative Human Microbiome Project: Dynamic analysis of

microbiome-host omics profiles during periods of human health and disease. Cell Host Microbe 2014, 16, 276–289. [CrossRef]
[PubMed]

13. Huttenhower, C.; Gevers, D.; Knight, R.; Abubucker, S.; Badger, J.H.; Chinwalla, A.T.; Creasy, H.H.; Earl, A.M.; FitzGerald, M.G.;
Fulton, R.S.; et al. Structure, function and diversity of the healthy human microbiome. Nature 2012, 486, 207–214.

14. Garrett, W.S. Cancer and the microbiota. Science 2015, 348, 80–86. [CrossRef]
15. Gevers, D.; Kugathasan, S.; Denson, L.A.; Vázquez-Baeza, Y.; Treuren, W.V.; Ren, B.; Schwager, E.; Knights, D.; Song, S.J.; Yassour,

M.; et al. The treatment-naive microbiome in new-onset Crohn’s disease. Cell Host Microbe 2014, 15, 382–392. [CrossRef]
16. Jiang, H.; Ling, Z.; Zhang, Y.; Mao, H.; Ma, Z.; Yin, Y.; Wang, W.; Tang, W.; Tan, Z.; Shi, J.; et al. Altered fecal microbiota

composition in patients with major depressive disorder. Brain. Behav. Immun. 2015, 48, 186–194. [CrossRef] [PubMed]
17. Gurung, M.; Li, Z.; You, H.; Rodrigues, R.; Jump, D.B.; Morgun, A.; Shulzhenko, N. Role of gut microbiota in type 2 diabetes

pathophysiology. EBioMedicine 2020, 51, 102590. [CrossRef]
18. Tilg, H.; Moschen, A.R. Microbiota and diabetes: An evolving relationship. Gut 2014, 63, 1513–1521. [CrossRef]
19. Huang, Y.J.; Boushey, H.A. The microbiome in asthma. J. Allergy Clin. Immunol. 2015, 135, 25–30. [CrossRef] [PubMed]
20. Marchesi, J.R.; Ravel, J. The vocabulary of microbiome research: A proposal. Microbiome 2015, 3, 1–3. [CrossRef] [PubMed]
21. Schoch, C.L.; Seifert, K.A.; Huhndorf, S.; Robert, V.; Spouge, J.L.; Levesque, C.A.; Chen, W.; Fungal Barcoding Consortium; Fungal

Barcoding Consortium Author List. Nuclear ribosomal internal transcribed spacer (ITS) region as a universal DNA barcode
marker for Fungi. Proc. Natl. Acad. Sci. USA 2012, 109, 6241–6246. [CrossRef]

22. Brown, C.T.; Hug, L.A.; Thomas, B.C.; Sharon, I.; Castelle, C.J.; Singh, A.; Wilkins, M.J.; Wrighton, K.C.; Williams, K.H.; Banfield,
J.F. Unusual biology across a group comprising more than 15% of domain Bacteria. Nature 2015, 523, 208–211. [CrossRef]
[PubMed]

23. Eloe-Fadrosh, E.A.; Ivanova, N.N.; Woyke, T.; Kyrpides, N.C. Metagenomics uncovers gaps in amplicon-based detection of
microbial diversity. Nat. Microbiol. 2016, 1, 1–4. [CrossRef]

24. Scholz, M.; Ward, D.V.; Pasolli, E.; Tolio, T.; Zolfo, M.; Asnicar, F.; Truong, D.T.; Tett, A.; Morrow, A.L.; Segata, N. Strain-level
microbial epidemiology and population genomics from shotgun metagenomics. Nat. Methods 2016, 13, 435–438. [CrossRef]
[PubMed]

http://doi.org/10.1016/j.jaad.2009.09.021
http://doi.org/10.1111/exd.14214
http://www.ncbi.nlm.nih.gov/pubmed/33058306
http://doi.org/10.1111/j.1365-4632.2004.02536.x
http://doi.org/10.1038/nrmicro.2017.157
http://www.ncbi.nlm.nih.gov/pubmed/29332945
http://doi.org/10.1007/s40257-020-00531-1
http://www.ncbi.nlm.nih.gov/pubmed/32910436
http://doi.org/10.3390/diseases6020047
http://doi.org/10.1007/s40257-019-00467-1
http://doi.org/10.1038/nature06244
http://doi.org/10.1016/j.cell.2016.01.013
http://doi.org/10.1038/nature08821
http://www.ncbi.nlm.nih.gov/pubmed/20203603
http://doi.org/10.1016/j.chom.2014.08.014
http://www.ncbi.nlm.nih.gov/pubmed/25211071
http://doi.org/10.1126/science.aaa4972
http://doi.org/10.1016/j.chom.2014.02.005
http://doi.org/10.1016/j.bbi.2015.03.016
http://www.ncbi.nlm.nih.gov/pubmed/25882912
http://doi.org/10.1016/j.ebiom.2019.11.051
http://doi.org/10.1136/gutjnl-2014-306928
http://doi.org/10.1016/j.jaci.2014.11.011
http://www.ncbi.nlm.nih.gov/pubmed/25567040
http://doi.org/10.1186/s40168-015-0094-5
http://www.ncbi.nlm.nih.gov/pubmed/26229597
http://doi.org/10.1073/pnas.1117018109
http://doi.org/10.1038/nature14486
http://www.ncbi.nlm.nih.gov/pubmed/26083755
http://doi.org/10.1038/nmicrobiol.2015.32
http://doi.org/10.1038/nmeth.3802
http://www.ncbi.nlm.nih.gov/pubmed/26999001


Vaccines 2021, 9, 1076 13 of 17

25. Breitwieser, F.P.; Lu, J.; Salzberg, S.L. A review of methods and databases for metagenomic classification and assembly. Brief.
Bioinform. 2017, 20, 1125–1136. [CrossRef]

26. Baldrian, P.; López-Mondéjar, R. Microbial genomics, transcriptomics and proteomics: New discoveries in decomposition research
using complementary methods. Appl. Microbiol. Biotechnol. 2014, 98, 1531–1537. [CrossRef]

27. Franzosa, E.A.; Hsu, T.; Sirota-Madi, A.; Shafquat, A.; Abu-Ali, G.; Morgan, X.C.; Huttenhower, C. Sequencing and beyond:
Integrating molecular “omics” for microbial community profiling. Nat. Rev. Microbiol. 2015, 13, 360–372. [CrossRef]

28. Blakeley-Ruiz, J.A.; Erickson, A.R.; Cantarel, B.L.; Xiong, W.; Adams, R.; Jansson, J.K.; Fraser, C.M.; Hettich, R.L. Metaproteomics
reveals persistent and phylum-redundant metabolic functional stability in adult human gut microbiomes of Crohn’s remission
patients despite temporal variations in microbial taxa, genomes, and proteomes. Microbiome 2019, 7, 1–15. [CrossRef]

29. Kim, M.; Vogtmann, E.; Ahlquist, D.A.; Devens, M.E.; Kisiel, J.B.; Taylor, W.R.; White, B.A.; Hale, V.L.; Sung, J.; Chia, N.; et al.
Fecal Metabolomic Signatures in Colorectal Adenoma Patients Are Associated with Gut Microbiota and Early Events of Colorectal
Cancer Pathogenesis. MBio 2020, 11, e03186-19. [CrossRef]

30. Salter, S.J.; Cox, M.J.; Turek, E.M.; Calus, S.T.; Cookson, W.O.; Moffatt, M.F.; Turner, P.; Parkhill, J.; Loman, N.J.; Walker, A.W.
Reagent and laboratory contamination can critically impact sequence-based microbiome analyses. BMC Biol. 2014, 12, 1–12.
[CrossRef] [PubMed]

31. Clooney, A.G.; Fouhy, F.; Sleator, R.D.; O’ Driscoll, A.; Stanton, C.; Cotter, P.D.; Claesson, M.J. Comparing Apples and Oranges?:
Next Generation Sequencing and Its Impact on Microbiome Analysis. PLoS ONE 2016, 11, e0148028. [CrossRef]

32. Bjerre, R.D.; Hugerth, L.W.; Boulund, F.; Seifert, M.; Johansen, J.D.; Engstrand, L. Effects of sampling strategy and DNA extraction
on human skin microbiome investigations. Sci. Rep. 2019, 9, 1–11.

33. Ogai, K.; Nagase, S.; Mukai, K.; Iuchi, T.; Mori, Y.; Matsue, M.; Sugitani, K.; Sugama, J.; Okamoto, S. A Comparison of Techniques
for Collecting Skin Microbiome Samples: Swabbing Versus Tape-Stripping. Front. Microbiol. 2018, 9, 2362. [CrossRef] [PubMed]

34. Manus, M.B.; Kuthyar, S.; Perroni-Marañón, A.G.; Mora, A.N.D.L.; Amato, K.R. Comparing different sample collection and
storage methods for field-based skin microbiome research. Am. J. Hum. Biol. 2021, e23584. [CrossRef]

35. Kong, H.H.; Andersson, B.; Clavel, T.; Common, J.E.; Jackson, S.A.; Olson, N.D.; Segre, J.A.; Traidl-Hoffmann, C. Performing Skin
Microbiome Research: A Method to the Madness. J. Investig. Dermatol. 2017, 137, 561–568. [CrossRef]

36. Belkaid, Y.; Segre, J.A. Dialogue between skin microbiota and immunity. Science 2014, 346, 954–959. [CrossRef]
37. Gribbon, E.M.; Cunliffe, W.J.; Holland, K.T. Interaction of Propionibacterium acnes with skin lipids in vitro. J. Gen. Microbiol.

1993, 139, 1745–1751. [CrossRef]
38. Grice, E.A.; Segre, J.A. The skin microbiome. Nat. Rev. Microbiol. 2011, 9, 244–253. [CrossRef]
39. Oh, J.; Byrd, A.L.; Deming, C.; Conlan, S.; Kong, H.H.; Segre, J.A. Biogeography and individuality shape function in the human

skin metagenome. Nature 2014, 514, 59–64. [CrossRef]
40. Grice, E.A.; Kong, H.H.; Conlan, S.; Deming, C.B.; Davis, J.; Young, A.C.; Bouffard, G.G.; Blakesley, R.W.; Murray, P.R.; Green,

E.D.; et al. Topographical and Temporal Diversity of the Human Skin Microbiome. Science 2009, 324, 1190–1192. [CrossRef]
41. Findley, K.; Oh, J.; Yang, J.; Conlan, S.; Deming, C.; Meyer, J.A.; Schoenfeld, D.; Nomicos, E.; Park, M.; Kong, H.H.; et al.

Topographic diversity of fungal and bacterial communities in human skin. Nature 2013, 498, 367–370. [CrossRef]
42. Hannigan, G.D.; Meisel, J.S.; Tyldsley, A.S.; Zheng, Q.; Hodkinson, B.P.; SanMiguel, A.J.; Minot, S.; Bushman, F.D.; Grice, E.A. The

human skin double-stranded DNA virome: Topographical and temporal diversity, genetic enrichment, and dynamic associations
with the host microbiome. MBio 2015, 6, e01578-15. [CrossRef] [PubMed]

43. Oh, J.; Byrd, A.L.; Park, M.; NISC Comparative Sequencing Program; Kong, H.H.; Segre, J.A. Temporal Stability of the Human
Skin Microbiome. Cell 2016, 165, 854–866. [CrossRef] [PubMed]

44. Faith, J.J.; Guruge, J.L.; Charbonneau, M.; Subramanian, S.; Seedorf, H.; Goodman, A.L.; Clemente, J.C.; Knight, R.; Heath, A.C.;
Leibel, R.L.; et al. The Long-Term Stability of the Human Gut Microbiota. Science 2013, 341. [CrossRef]

45. Marples, R.R.; Downing, D.T.; Kligman, A.M. Control of free fatty acids in human surface lipids by Corynebacterium acnes.
J. Investig. Dermatol. 1971, 56, 127–131. [CrossRef]

46. Fischer, C.L.; Wertz, P.W. Effects of Endogenous Lipids on the Skin Microbiome. In Skin Microbiome Handbook; John Wiley & Sons,
Ltd: Hoboken, NJ, USA, 2020; pp. 217–235. ISBN 978-1-119-59305-8.

47. Gallo, R.L.; Hooper, L.V. Epithelial antimicrobial defence of the skin and intestine. Nat. Rev. Immunol. 2012, 12, 503–516.
[CrossRef]

48. Amarante-Mendes, G.P.; Adjemian, S.; Branco, L.M.; Zanetti, L.C.; Weinlich, R.; Bortoluci, K.R. Pattern Recognition Receptors and
the Host Cell Death Molecular Machinery. Front. Immunol. 2018, 9, 2379. [CrossRef]

49. Gläser, R.; Harder, J.; Lange, H.; Bartels, J.; Christophers, E.; Schröder, J.-M. Antimicrobial psoriasin (S100A7) protects human skin
from Escherichia coli infection. Nat. Immunol. 2005, 6, 57–64. [CrossRef] [PubMed]

50. Schittek, B.; Hipfel, R.; Sauer, B.; Bauer, J.; Kalbacher, H.; Stevanovic, S.; Schirle, M.; Schroeder, K.; Blin, N.; Meier, F.; et al.
Dermcidin: A novel human antibiotic peptide secreted by sweat glands. Nat. Immunol. 2001, 2, 1133–1137. [CrossRef]

51. Naik, S.; Bouladoux, N.; Wilhelm, C.; Molloy, M.J.; Salcedo, R.; Kastenmuller, W.; Deming, C.; Quinones, M.; Koo, L.; Conlan, S.;
et al. Compartmentalized control of skin immunity by resident commensals. Science 2012, 337, 1115–1119. [CrossRef]

52. Scharschmidt, T.C.; Vasquez, K.S.; Truong, H.-A.; Gearty, S.V.; Pauli, M.L.; Nosbaum, A.; Gratz, I.K.; Otto, M.; Moon, J.J.; Liese, J.;
et al. A Wave of Regulatory T Cells into Neonatal Skin Mediates Tolerance to Commensal Microbes. Immunity 2015, 43, 1011–1021.
[CrossRef] [PubMed]

http://doi.org/10.1093/bib/bbx120
http://doi.org/10.1007/s00253-013-5457-x
http://doi.org/10.1038/nrmicro3451
http://doi.org/10.1186/s40168-019-0631-8
http://doi.org/10.1128/mBio.03186-19
http://doi.org/10.1186/s12915-014-0087-z
http://www.ncbi.nlm.nih.gov/pubmed/25387460
http://doi.org/10.1371/journal.pone.0148028
http://doi.org/10.3389/fmicb.2018.02362
http://www.ncbi.nlm.nih.gov/pubmed/30333815
http://doi.org/10.1002/ajhb.23584
http://doi.org/10.1016/j.jid.2016.10.033
http://doi.org/10.1126/science.1260144
http://doi.org/10.1099/00221287-139-8-1745
http://doi.org/10.1038/nrmicro2537
http://doi.org/10.1038/nature13786
http://doi.org/10.1126/science.1171700
http://doi.org/10.1038/nature12171
http://doi.org/10.1128/mBio.01578-15
http://www.ncbi.nlm.nih.gov/pubmed/26489866
http://doi.org/10.1016/j.cell.2016.04.008
http://www.ncbi.nlm.nih.gov/pubmed/27153496
http://doi.org/10.1126/science.1237439
http://doi.org/10.1111/1523-1747.ep12260695
http://doi.org/10.1038/nri3228
http://doi.org/10.3389/fimmu.2018.02379
http://doi.org/10.1038/ni1142
http://www.ncbi.nlm.nih.gov/pubmed/15568027
http://doi.org/10.1038/ni732
http://doi.org/10.1126/science.1225152
http://doi.org/10.1016/j.immuni.2015.10.016
http://www.ncbi.nlm.nih.gov/pubmed/26588783


Vaccines 2021, 9, 1076 14 of 17

53. Belkaid, Y.; Tamoutounour, S. The influence of skin microorganisms on cutaneous immunity. Nat. Rev. Immunol. 2016, 16, 353–366.
[CrossRef] [PubMed]

54. Belkaid, Y.; Harrison, O.J. Homeostatic immunity and the microbiota. Immunity 2017, 46, 562–576. [CrossRef]
55. Brüggemann, H.; Henne, A.; Hoster, F.; Liesegang, H.; Wiezer, A.; Strittmatter, A.; Hujer, S.; Dürre, P.; Gottschalk, G. The complete

genome sequence of Propionibacterium acnes, a commensal of human skin. Science 2004, 305, 671–673. [CrossRef] [PubMed]
56. Kim, J. Review of the innate immune response in acne vulgaris: Activation of Toll-like receptor 2 in acne triggers inflammatory

cytokine responses. Dermatology 2005, 211, 193–198. [CrossRef] [PubMed]
57. Lomholt, H.B.; Kilian, M. Population genetic analysis of Propionibacterium acnes identifies a subpopulation and epidemic clones

associated with acne. PLoS ONE 2010, 5, e12277. [CrossRef] [PubMed]
58. Fitz-Gibbon, S.; Tomida, S.; Chiu, B.-H.; Nguyen, L.; Du, C.; Liu, M.; Elashoff, D.; Erfe, M.C.; Loncaric, A.; Kim, J.; et al.

Propionibacterium acnes strain populations in the human skin microbiome associated with acne. J. Investig. Dermatol. 2013, 133,
2152–2160. [CrossRef] [PubMed]

59. Byrd, A.L.; Deming, C.; Cassidy, S.K.B.; Harrison, O.J.; Ng, W.-I.; Conlan, S.; NISC Comparative Sequencing Program; Belkaid,
Y.; Segre, J.A.; Kong, H.H. Staphylococcus aureus and Staphylococcus epidermidis strain diversity underlying pediatric atopic
dermatitis. Sci. Transl. Med. 2017, 9, eaal4651. [CrossRef]

60. Kennedy, E.A.; Connolly, J.; Hourihane, J.O.; Fallon, P.G.; McLean, W.H.I.; Murray, D.; Jo, J.-H.; Segre, J.A.; Kong, H.H.; Irvine,
A.D. Skin microbiome before development of atopic dermatitis: Early colonization with commensal staphylococci at 2 months is
associated with a lower risk of atopic dermatitis at 1 year. J. Allergy Clin. Immunol. 2017, 139, 166–172. [CrossRef]

61. Chng, K.R.; Tay, A.S.L.; Li, C.; Ng, A.H.Q.; Wang, J.; Suri, B.K.; Matta, S.A.; McGovern, N.; Janela, B.; Wong, X.F.C.C.; et al. Whole
metagenome profiling reveals skin microbiome-dependent susceptibility to atopic dermatitis flare. Nat. Microbiol. 2016, 1, 1–10.
[CrossRef]

62. Hanski, I.; Hertzen, L.V.; Fyhrquist, N.; Koskinen, K.; Torppa, K.; Laatikainen, T.; Karisola, P.; Auvinen, P.; Paulin, L.; Mäkelä, M.J.;
et al. Environmental biodiversity, human microbiota, and allergy are interrelated. Proc. Natl. Acad. Sci. USA 2012, 109, 8334–8339.
[CrossRef] [PubMed]

63. Riverain-Gillet, É.; Guet-Revillet, H.; Jais, J.-P.; Ungeheuer, M.-N.; Duchatelet, S.; Delage, M.; Lam, T.; Hovnanian, A.; Nassif, A.;
Join-Lambert, O. The Surface Microbiome of Clinically Unaffected Skinfolds in Hidradenitis Suppurativa: A Cross-Sectional
Culture-Based and 16S rRNA Gene Amplicon Sequencing Study in 60 Patients. J. Investig. Dermatol. 2020, 140, 1847–1855.
[CrossRef] [PubMed]

64. Ring, H.C.; Thorsen, J.; Saunte, D.M.; Lilje, B.; Bay, L.; Riis, P.T.; Larsen, N.; Andersen, L.O.; Nielsen, H.V.; Miller, I.M.; et al. The
Follicular Skin Microbiome in Patients With Hidradenitis Suppurativa and Healthy Controls. JAMA Dermatol. 2017, 153, 897–905.
[CrossRef]

65. Ring, H.C.; Sigsgaard, V.; Thorsen, J.; Fuursted, K.; Fabricius, S.; Saunte, D.M.; Jemec, G.B. The microbiome of tunnels in
hidradenitis suppurativa patients. J. Eur. Acad. Dermatol. Venereol. JEADV 2019, 33, 1775–1780. [CrossRef] [PubMed]

66. Ring, H.C.; Thorsen, J.; Saunte, D.M.; Lilje, B.; Bay, L.; Theut Riis, P.; Larsen, N.; Andersen, L.O.; Nielsen, H.V.; Miller, I.M.; et al.
Moderate to severe hidradenitis suppurativa patients do not have an altered bacterial composition in peripheral blood compared
to healthy controls. J. Eur. Acad. Dermatol. Venereol. JEADV 2018, 32, 125–128. [CrossRef]

67. Hispán, P.; Murcia, O.; Gonzalez-Villanueva, I.; Francés, R.; Giménez, P.; Riquelme, J.; Betlloch, I.; Pascual, J.C. Identification of
bacterial DNA in the peripheral blood of patients with active hidradenitis suppurativa. Arch. Dermatol. Res. 2020, 312, 159–163.
[CrossRef]

68. Ring, H.C.; Thorsen, J.; Fuursted, K.; Bjarnsholt, T.; Bay, L.; Saunte, D.M.; Thomsen, S.F.; Jemec, G.B. Probiotics in Hidradenitis
Suppurativa: A potential treatment option? Clin. Exp. Dermatol. 2021. [CrossRef]

69. Naik, H.B.; Jo, J.-H.; Paul, M.; Kong, H.H. Skin Microbiota Perturbations Are Distinct and Disease Severity-Dependent in
Hidradenitis Suppurativa. J. Invest. Dermatol. 2020, 140, 922–925. [CrossRef]

70. Weiss, S.; Xu, Z.Z.; Peddada, S.; Amir, A.; Bittinger, K.; Gonzalez, A.; Lozupone, C.; Zaneveld, J.R.; Vázquez-Baeza, Y.; Birmingham,
A.; et al. Normalization and microbial differential abundance strategies depend upon data characteristics. Microbiome 2017, 5,
1–18. [CrossRef]

71. Ring, H.C.; Thorsen, J.; Jørgensen, A.H.; Bay, L.; Bjarnsholt, T.; Fuursted, K.; Thomsen, S.F.; Jemec, G.B. Predictive Metagenomic
Analysis Reveals a Role of Cutaneous Dysbiosis in the Development of Hidradenitis Suppurativa. J. Invest. Dermatol. 2020, 140,
1473–1476. [CrossRef]

72. Guet-Revillet, H.; Coignard-Biehler, H.; Jais, J.-P.; Quesne, G.; Frapy, E.; Poirée, S.; Guern, A.-S.L.; Flèche-Matéos, A.L.; Hovnanian,
A.; Consigny, P.-H.; et al. Bacterial pathogens associated with hidradenitis suppurativa, France. Emerg. Infect. Dis. 2014, 20,
1990–1998. [CrossRef] [PubMed]

73. Lapins, J.; Jarstrand, C.; Emtestam, L. Coagulase-negative staphylococci are the most common bacteria found in cultures from the
deep portions of hidradenitis suppurativa lesions, as obtained by carbon dioxide laser surgery. Br. J. Dermatol. 1999, 140, 90–95.
[CrossRef] [PubMed]

74. Jahns, A.C.; Killasli, H.; Nosek, D.; Lundskog, B.; Lenngren, A.; Muratova, Z.; Emtestam, L.; Alexeyev, O.A. Microbiology of
hidradenitis suppurativa (acne inversa): A histological study of 27 patients. APMIS Acta Pathol. Microbiol. Immunol. Scand. 2014,
122, 804–809. [CrossRef]

http://doi.org/10.1038/nri.2016.48
http://www.ncbi.nlm.nih.gov/pubmed/27231051
http://doi.org/10.1016/j.immuni.2017.04.008
http://doi.org/10.1126/science.1100330
http://www.ncbi.nlm.nih.gov/pubmed/15286373
http://doi.org/10.1159/000087011
http://www.ncbi.nlm.nih.gov/pubmed/16205063
http://doi.org/10.1371/journal.pone.0012277
http://www.ncbi.nlm.nih.gov/pubmed/20808860
http://doi.org/10.1038/jid.2013.21
http://www.ncbi.nlm.nih.gov/pubmed/23337890
http://doi.org/10.1126/scitranslmed.aal4651
http://doi.org/10.1016/j.jaci.2016.07.029
http://doi.org/10.1038/nmicrobiol.2016.106
http://doi.org/10.1073/pnas.1205624109
http://www.ncbi.nlm.nih.gov/pubmed/22566627
http://doi.org/10.1016/j.jid.2020.02.046
http://www.ncbi.nlm.nih.gov/pubmed/32339539
http://doi.org/10.1001/jamadermatol.2017.0904
http://doi.org/10.1111/jdv.15597
http://www.ncbi.nlm.nih.gov/pubmed/30908704
http://doi.org/10.1111/jdv.14538
http://doi.org/10.1007/s00403-019-01965-2
http://doi.org/10.1111/ced.14838
http://doi.org/10.1016/j.jid.2019.08.445
http://doi.org/10.1186/s40168-017-0237-y
http://doi.org/10.1016/j.jid.2019.11.011
http://doi.org/10.3201/eid2012.140064
http://www.ncbi.nlm.nih.gov/pubmed/25418454
http://doi.org/10.1046/j.1365-2133.1999.02613.x
http://www.ncbi.nlm.nih.gov/pubmed/10215774
http://doi.org/10.1111/apm.12220


Vaccines 2021, 9, 1076 15 of 17

75. Dinh, K.M.; Erikstrup, L.T.; Andersen, R.K.; Andersen, P.S.; Mikkelsen, S.; Kjerulff, B.D.; Burgdorf, K.S.; Hansen, T.F.; Nielsen,
K.R.; Hjalgrim, H.; et al. Cross-sectional study identifies lower risk of Staphylococcus aureus nasal colonization in Danish blood
donors with hidradenitis suppurativa symptoms. Br. J. Dermatol. 2020, 183, 387–389. [CrossRef] [PubMed]

76. Scala, E.; Caprio, R.D.; Cacciapuoti, S.; Caiazzo, G.; Fusco, A.; Tortorella, E.; Fabbrocini, G.; Balato, A. A new T helper 17 cytokine
in hidradenitis suppurativa: Antimicrobial and proinflammatory role of interleukin-26. Br. J. Dermatol. 2019, 181, 1038–1045.
[CrossRef]

77. Larochette, V.; Miot, C.; Poli, C.; Beaumont, E.; Roingeard, P.; Fickenscher, H.; Jeannin, P.; Delneste, Y. IL-26, a Cytokine With
Roles in Extracellular DNA-Induced Inflammation and Microbial Defense. Front. Immunol. 2019, 10, 204. [CrossRef]

78. Shanmugam, V.K.; Jones, D.; McNish, S.; Bendall, M.L.; Crandall, K.A. Transcriptome patterns in hidradenitis suppurativa:
Support for the role of antimicrobial peptides and interferon pathways in disease pathogenesis. Clin. Exp. Dermatol. 2019, 44,
882–892. [CrossRef]

79. Coates, M.; Mariottoni, P.; Corcoran, D.L.; Kirshner, H.F.; Jaleel, T.; Brown, D.A.; Brooks, S.R.; Murray, J.; Morasso, M.I.; MacLeod,
A.S. The skin transcriptome in hidradenitis suppurativa uncovers an antimicrobial and sweat gland gene signature which has
distinct overlap with wounded skin. PLoS ONE 2019, 14, e0216249. [CrossRef]

80. Alatas, E.T.; Polat, A.K.; Kalayci, M.; Dogan, G.; Belli, A.A. Plasma dermcidin levels in acne patients, and the effect of isotretinoin
treatment on dermcidin levels. Dermatol. Ther. 2019, 32, e13044. [CrossRef] [PubMed]

81. Ragab, M.A.E.A.; Omar, S.S.; Collier, A.; El-Wafa, R.A.H.A.; Gomaa, N. The effect of continuous high versus low dose oral
isotretinoin regimens on dermcidin expression in patients with moderate to severe acne vulgaris. Dermatol. Ther. 2018, 31, e12715.
[CrossRef] [PubMed]

82. Patel, N.; McKenzie, S.A.; Harview, C.L.; Truong, A.K.; Shi, V.Y.; Chen, L.; Grogan, T.R.; Bennett, R.G.; Hsiao, J.L. Isotretinoin in
the treatment of hidradenitis suppurativa: A retrospective study. J. Dermatol. Treat. 2021, 32, 473–475. [CrossRef]

83. Gallagher, C.G.; Kirthi, S.K.; Cotter, C.C.; Revuz, J.R.; Tobin, A.M.T. Could isotretinoin flare hidradenitis suppurativa? A case
series. Clin. Exp. Dermatol. 2019, 44, 777–780. [CrossRef] [PubMed]

84. Boer, J.; Gemert, M.J.V. Long-term results of isotretinoin in the treatment of 68 patients with hidradenitis suppurativa. J. Am.
Acad. Dermatol. 1999, 40, 73–76. [CrossRef]

85. Kravvas, G.; Veitch, D.; Al-Niaimi, F. The increasing relevance of biofilms in common dermatological conditions. J. Dermatol.
Treat. 2018, 29, 202–207. [CrossRef] [PubMed]

86. Yin, W.; Wang, Y.; Liu, L.; He, J. Biofilms: The Microbial “Protective Clothing” in Extreme Environments. Int. J. Mol. Sci. 2019, 20,
3423. [CrossRef] [PubMed]

87. Ring, H.C.; Bay, L.; Nilsson, M.; Kallenbach, K.; Miller, I.M.; Saunte, D.M.; Bjarnsholt, T.; Tolker-Nielsen, T.; Jemec, G.B. Bacterial
biofilm in chronic lesions of hidradenitis suppurativa. Br. J. Dermatol. 2017, 176, 993–1000. [CrossRef] [PubMed]

88. Okoye, G.A.; Vlassova, N.; Olowoyeye, O.; Agostinho, A.; James, G.; Stewart, P.S.; Leung, S.; Lazarus, G. Bacterial biofilm in
acute lesions of hidradenitis suppurativa. Br. J. Dermatol. 2017, 176, 241–243. [CrossRef]

89. Andersen, R.K.; Ring, H.C.; Kallenbach, K.; Eriksen, J.O.; Jemec, G.B.E. Bacterial biofilm is associated with higher levels of
regulatory T cells in unaffected hidradenitis suppurativa skin. Exp. Dermatol. 2019, 28, 312–316. [CrossRef]

90. Ardon, C.B.; Prens, E.P.; Fuursted, K.; Ejaz, R.N.; Shailes, J.; Jenssen, H.; Jemec, G.B.E. Biofilm production and antibiotic
susceptibility of Staphylococcus epidermidis strains from Hidradenitis Suppurativa lesions. J. Eur. Acad. Dermatol. Venereol. 2019,
33, 170–177. [CrossRef]

91. Nikolakis, G.; Liakou, A.I.; Bonovas, S.; Seltmann, H.; Bonitsis, N.; Join-Lambert, O.; Wild, T.; Karagiannidis, I.; Zolke-Fischer, S.;
Langner, K.; et al. Bacterial Colonization in Hidradenitis Suppurativa/Acne Inversa: A Cross-sectional Study of 50 Patients and
Review of the Literature. Acta Derm. Venereol. 2017, 97, 493–498. [CrossRef]

92. Hendricks, A.J.; Hsiao, J.L.; Lowes, M.A.; Shi, V.Y. A Comparison of International Management Guidelines for Hidradenitis
Suppurativa. Dermatology 2021, 237, 81–96. [CrossRef]

93. Ardon, C.B.; Prens, E.P.; Tkadlec, J.; Fuursted, K.; Abourayale, S.; Jemec, G.B.E.; Jenssen, H. Virulent Staphylococcus lugdunensis
with limited genetic diversity in hidradenitis suppurativa lesions. J. Eur. Acad. Dermatol. Venereol. JEADV 2019, 33, e248–e250.
[CrossRef]

94. Ring, H.C.; Bay, L.; Kallenbach, K.; Miller, I.M.; Prens, E.; Saunte, D.M.; Bjarnsholt, T.; Jemec, G.B.E. Normal Skin Microbiota is
Altered in Pre-clinical Hidradenitis Suppurativa. Acta Derm. Venereol. 2017, 97, 208–213. [CrossRef]

95. Nikolakis, G.; Join-Lambert, O.; Karagiannidis, I.; Guet-Revillet, H.; Zouboulis, C.C.; Nassif, A. Bacteriology of hidradenitis
suppurativa/acne inversa: A review. J. Am. Acad. Dermatol. 2015, 73, S12–S18. [CrossRef]

96. Maraki, S.; Evangelou, G.; Stafylaki, D.; Scoulica, E. Actinotignum schaalii subcutaneous abscesses in a patient with hidradenitis
suppurativa: Case report and literature review. Anaerobe 2017, 43, 43–46. [CrossRef]

97. Snyder, A.; Aleisa, A.; Lewis, J.; Mazza-McCrann, J.; Forcucci, J.A. Cryptic deep dermatophytosis in a renal transplant recipient
with hidradenitis suppurativa. JAAD Case Rep. 2021, 9, 86–89. [CrossRef]

98. Nielsen, V.W.; Jørgensen, A.-H.R.; Thomsen, S.F. Fatal outcome of malignant transformation of hidradenitis suppurativa: A case
report and literature review. Clin. Case Rep. 2020, 8, 504–507. [CrossRef]

99. Juviler, P.G.; Patel, A.P.; Qi, Y. Infiltrative squamous cell carcinoma in hidradenitis suppurativa: A case report for early surgical
intervention. Int. J. Surg. Case Rep. 2019, 55, 50–53. [CrossRef] [PubMed]

http://doi.org/10.1111/bjd.18962
http://www.ncbi.nlm.nih.gov/pubmed/32078163
http://doi.org/10.1111/bjd.17854
http://doi.org/10.3389/fimmu.2019.00204
http://doi.org/10.1111/ced.13959
http://doi.org/10.1371/journal.pone.0216249
http://doi.org/10.1111/dth.13044
http://www.ncbi.nlm.nih.gov/pubmed/31364786
http://doi.org/10.1111/dth.12715
http://www.ncbi.nlm.nih.gov/pubmed/30397984
http://doi.org/10.1080/09546634.2019.1670779
http://doi.org/10.1111/ced.13944
http://www.ncbi.nlm.nih.gov/pubmed/30719727
http://doi.org/10.1016/S0190-9622(99)70530-X
http://doi.org/10.1080/09546634.2017.1360989
http://www.ncbi.nlm.nih.gov/pubmed/28749746
http://doi.org/10.3390/ijms20143423
http://www.ncbi.nlm.nih.gov/pubmed/31336824
http://doi.org/10.1111/bjd.15007
http://www.ncbi.nlm.nih.gov/pubmed/27564400
http://doi.org/10.1111/bjd.14805
http://doi.org/10.1111/exd.13885
http://doi.org/10.1111/jdv.15183
http://doi.org/10.2340/00015555-2591
http://doi.org/10.1159/000503605
http://doi.org/10.1111/jdv.15523
http://doi.org/10.2340/00015555-2503
http://doi.org/10.1016/j.jaad.2015.07.041
http://doi.org/10.1016/j.anaerobe.2016.11.010
http://doi.org/10.1016/j.jdcr.2021.01.017
http://doi.org/10.1002/ccr3.2608
http://doi.org/10.1016/j.ijscr.2019.01.006
http://www.ncbi.nlm.nih.gov/pubmed/30685629


Vaccines 2021, 9, 1076 16 of 17

100. Nedomansky, J.; Weiss, D.; Willinger, B.; Nickl, S.; Steininger, C. Acne inversa complicated by Actinomyces neuii. Infection 2016,
44, 247–249. [CrossRef] [PubMed]

101. Salem, I.; Ramser, A.; Isham, N.; Ghannoum, M.A. The Gut Microbiome as a Major Regulator of the Gut-Skin Axis. Front.
Microbiol. 2018, 9, 1459. [CrossRef] [PubMed]

102. Lee, S.Y.; Lee, E.; Park, Y.M.; Hong, S.J. Microbiome in the Gut-Skin Axis in Atopic Dermatitis. Allergy Asthma Immunol. Res. 2018,
10, 354–362. [CrossRef]

103. Chen, L.; Li, J.; Zhu, W.; Kuang, Y.; Liu, T.; Zhang, W.; Chen, X.; Peng, C. Skin and Gut Microbiome in Psoriasis: Gaining Insight
Into the Pathophysiology of It and Finding Novel Therapeutic Strategies. Front. Microbiol. 2020, 11, 3201. [CrossRef] [PubMed]

104. Searle, T.; Ali, F.R.; Carolides, S.; Al-Niaimi, F. Rosacea and the gastrointestinal system. Australas. J. Dermatol. 2020, 61, 307–311.
[CrossRef] [PubMed]

105. Molnar, J.; Mallonee, C.J.; Stanisic, D.; Homme, R.P.; George, A.K.; Singh, M.; Tyagi, S.C. Hidradenitis Suppurativa and 1-Carbon
Metabolism: Role of Gut Microbiome, Matrix Metalloproteinases, and Hyperhomocysteinemia. Front. Immunol. 2020, 11, 1730.
[CrossRef]

106. Lam, S.Y.; Radjabzadeh, D.; Eppinga, H.; Nossent, Y.R.A.; Zee, H.H.V.D.; Kraaij, R.; Konstantinov, S.R.; Fuhler, G.M.; Prens, E.P.;
Thio, H.B.; et al. A microbiome study to explore the gut-skin axis in hidradenitis suppurativa. J. Dermatol. Sci. 2021, 101, 218–220.
[CrossRef] [PubMed]

107. Kam, S.; Collard, M.; Lam, J.; Alani, R.M. Gut Microbiome Perturbations in Patients with Hidradenitis Suppurativa: A Case
Series. J. Invest. Dermatol. 2021, 141, 225–228. [CrossRef]

108. Ott, S.J.; Schreiber, S. Reduced microbial diversity in inflammatory bowel diseases. Gut 2006, 55, 1207.
109. Eppinga, H.; Weiland, C.J.S.; Thio, H.B.; Woude, C.J.V.D.; Nijsten, T.E.C.; Peppelenbosch, M.P.; Konstantinov, S.R. Similar

Depletion of Protective Faecalibacterium prausnitzii in Psoriasis and Inflammatory Bowel Disease, but not in Hidradenitis
Suppurativa. J. Crohns Colitis 2016, 10, 1067–1075. [CrossRef]

110. Song, H.; Yoo, Y.; Hwang, J.; Na, Y.-C.; Kim, H.S. Faecalibacterium prausnitzii subspecies-level dysbiosis in the human gut
microbiome underlying atopic dermatitis. J. Allergy Clin. Immunol. 2016, 137, 852–860. [CrossRef]

111. Kromann, C.B.; Ibler, K.S.; Kristiansen, V.B.; Jemec, G.B.E. The influence of body weight on the prevalence and severity of
hidradenitis suppurativa. Acta Derm. Venereol. 2014, 94, 553–557. [CrossRef] [PubMed]

112. Guo, X.; Li, J.; Tang, R.; Zhang, G.; Zeng, H.; Wood, R.J.; Liu, Z. High Fat Diet Alters Gut Microbiota and the Expression of Paneth
Cell-Antimicrobial Peptides Preceding Changes of Circulating Inflammatory Cytokines. Mediat. Inflamm. 2017, 2017, 9474896.
[CrossRef] [PubMed]

113. Haskin, A.; Fischer, A.H.; Okoye, G.A. Prevalence of Firmicutes in Lesions of Hidradenitis Suppurativa in Obese Patients. JAMA
Dermatol. 2016, 152, 1276–1278. [CrossRef]

114. Gildner, T.E. Links between metabolic syndrome and the microbiome. Evol. Med. Public Health 2020, 2020, 45–46. [CrossRef]
115. Sartorius, K.; Lapins, J.; Jalal, S.; Emtestam, L.; Hedberg, M. Bacteraemia in patients with hidradenitis suppurativa undergoing

carbon dioxide laser surgery: Detection and quantification of bacteria by lysis-filtration. Dermatology 2006, 213, 305–312. [CrossRef]
[PubMed]

116. Assan, F.; Gottlieb, J.; Tubach, F.; Lebbah, S.; Guigue, N.; Hickman, G.; Pape, E.; Madrange, M.; Delaporte, E.; Sendid, B.; et al.
Anti-Saccharomyces cerevisiae IgG and IgA antibodies are associated with systemic inflammation and advanced disease in
hidradenitis suppurativa. J. Allergy Clin. Immunol. 2020, 146, 452–455. [CrossRef]

117. Kvehaugen, A.S.; Aasbrenn, M.; Farup, P.G. Anti-Saccharomyces cerevisiae antibodies (ASCA) are associated with body fat mass
and systemic inflammation, but not with dietary yeast consumption: A cross-sectional study. BMC Obes. 2017, 4, 1–8. [CrossRef]

118. Straalen, K.R.V. Anti-Saccharomyces cerevisiae antibodies could reflect distinct phenotypes in hidradenitis suppurativa. J. Allergy
Clin. Immunol. 2020, 146, 461. [CrossRef]

119. Murdoch, T.B.; Xu, W.; Stempak, J.M.; Landers, C.; Targan, S.R.; Rotter, J.I.; Silverberg, M.S. Pattern Recognition Receptor and
Autophagy Gene Variants Are Associated With Development of Antimicrobial Antibodies in Crohn’s Disease. Inflamm. Bowel Dis.
2012, 18, 1743–1748. [CrossRef]

120. Duchatelet, S.; Join-Lambert, O.; Delage, M.; Miskinyte, S.; Guet-Revillet, H.; Lam, T.; Coignard-Biehler, H.; Ungeheuer, M.-N.;
Chatenoud, L.; Lortholary, O.; et al. Remission of chronic acne fulminans and severe hidradenitis suppurativa with targeted
antibiotherapy. JAAD Case Rep. 2019, 5, 525–528. [CrossRef]

121. Join-Lambert, O.; Duchatelet, S.; Delage, M.; Miskinyte, S.; Coignard, H.; Lemarchand, N.; Alemy-Carreau, M.; Lortholary, O.;
Nassif, X.; Hovnanian, A.; et al. Remission of refractory pyoderma gangrenosum, severe acne, and hidradenitis suppurativa
(PASH) syndrome using targeted antibiotic therapy in 4 patients. J. Am. Acad. Dermatol. 2015, 73, S66–S69. [CrossRef] [PubMed]

122. Pascual, J.C.; Alvarez-chinchilla, P.; Garcia, F.; Poveda, I. Intralesional triamcinolone for fistulous tracts in hidradenitis suppurativa:
An uncontrolled prospective trial with clinical and ultrasonographic follow- up. Exp. Dermatol. 2019, 28 (Suppl. S2), 5–55.

123. Bettoli, V.; Manfredini, M.; Massoli, L.; Carillo, C.; Barozzi, A.; Amendolagine, G.; Ruina, G.; Musmeci, D.; Libanore, M.; Curtolo,
A.; et al. Rates of antibiotic resistance/sensitivity in bacterial cultures of hidradenitis suppurativa patients. J. Eur. Acad. Dermatol.
Venereol. 2019, 33, 930–936. [CrossRef]

124. Leiphart, P.; Ma, H.; Naik, H.B.; Kirby, J.S. The effect of antimicrobial washes on antibacterial resistance in hidradenitis suppurativa
lesions. J. Am. Acad. Dermatol. 2019, 80, 821–822. [CrossRef] [PubMed]

125. Weinberg, J.M. The anti-inflammatory effects of tetracyclines. Cutis 2005, 75, 6–11. [PubMed]

http://doi.org/10.1007/s15010-015-0814-6
http://www.ncbi.nlm.nih.gov/pubmed/26129687
http://doi.org/10.3389/fmicb.2018.01459
http://www.ncbi.nlm.nih.gov/pubmed/30042740
http://doi.org/10.4168/aair.2018.10.4.354
http://doi.org/10.3389/fmicb.2020.589726
http://www.ncbi.nlm.nih.gov/pubmed/33384669
http://doi.org/10.1111/ajd.13401
http://www.ncbi.nlm.nih.gov/pubmed/32761824
http://doi.org/10.3389/fimmu.2020.01730
http://doi.org/10.1016/j.jdermsci.2020.12.008
http://www.ncbi.nlm.nih.gov/pubmed/33423845
http://doi.org/10.1016/j.jid.2020.04.017
http://doi.org/10.1093/ecco-jcc/jjw070
http://doi.org/10.1016/j.jaci.2015.08.021
http://doi.org/10.2340/00015555-1800
http://www.ncbi.nlm.nih.gov/pubmed/24577555
http://doi.org/10.1155/2017/9474896
http://www.ncbi.nlm.nih.gov/pubmed/28316379
http://doi.org/10.1001/jamadermatol.2016.2337
http://doi.org/10.1093/emph/eoaa007
http://doi.org/10.1159/000096194
http://www.ncbi.nlm.nih.gov/pubmed/17135736
http://doi.org/10.1016/j.jaci.2020.01.045
http://doi.org/10.1186/s40608-017-0164-2
http://doi.org/10.1016/j.jaci.2020.04.017
http://doi.org/10.1002/ibd.22884
http://doi.org/10.1016/j.jdcr.2019.04.001
http://doi.org/10.1016/j.jaad.2015.07.040
http://www.ncbi.nlm.nih.gov/pubmed/26470620
http://doi.org/10.1111/jdv.15332
http://doi.org/10.1016/j.jaad.2018.10.063
http://www.ncbi.nlm.nih.gov/pubmed/30403961
http://www.ncbi.nlm.nih.gov/pubmed/15916224


Vaccines 2021, 9, 1076 17 of 17

126. Mintoff, D.; Benhadou, F.; Pace, N.P.; Frew, J.W. Metabolic syndrome and hidradenitis suppurativa: Epidemiological, molecular,
and therapeutic aspects. Int. J. Dermatol. 2021. [CrossRef]

127. Zouboulis, C.C.; Costa, A.N. da Drug repurposing through drug–gene interaction profiles for hidradenitis suppurativa/acne
inversa treatment. J. Eur. Acad. Dermatol. Venereol. 2021, 35, e251–e254. [CrossRef] [PubMed]

128. Szántó, M.; Dózsa, A.; Antal, D.; Szabó, K.; Kemény, L.; Bai, P. Targeting the gut-skin axis-Probiotics as new tools for skin disorder
management? Exp. Dermatol. 2019, 28, 1210–1218. [CrossRef] [PubMed]

129. Cannistrà, C.; Finocchi, V.; Trivisonno, A.; Tambasco, D. New perspectives in the treatment of hidradenitis suppurativa: Surgery
and brewer’s yeast-exclusion diet. Surgery 2013, 154, 1126–1130. [CrossRef]

130. Aboud, C.; Zamaria, N.; Cannistrà, C. Treatment of hidradenitis suppurativa: Surgery and yeast (Saccharomyces cerevisiae)-
exclusion diet. Results after 6 years. Surgery 2020, 167, 1012–1015. [CrossRef]

131. Boer, J. Does obesity cause a distinct phenotype of hidradenitis suppurativa? J. Eur. Acad. Dermatol. Venereol. JEADV 2018, 32,
e195–e196. [CrossRef]

132. Strimbu, K.; Tavel, J.A. What are Biomarkers? Curr. Opin. HIV AIDS 2010, 5, 463–466. [CrossRef]
133. Tampa, M.; Sarbu, M.-I.; Mitran, M.-I.; Mitran, C.-I.; Matei, C.; Georgescu, S.-R. The Pathophysiological Mechanisms and the

Quest for Biomarkers in Psoriasis, a Stress-Related Skin Disease. Dis. Markers 2018, 2018, 5823684. [CrossRef]
134. Reiger, M.; Traidl-Hoffmann, C.; Neumann, A.U. The skin microbiome as a clinical biomarker in atopic eczema: Promises,

navigation, and pitfalls. J. Allergy Clin. Immunol. 2020, 145, 93–96. [CrossRef]
135. Corazza, M.; Borghi, A.; Bettoli, V.; Pora, R.; Bononi, I.; Mazzoni, E.; Mazzola, E.; Saraceni, S.; Maritati, M.; Contini, C. Irrelevance

of Panton-Valentine leukocidin in hidradenitis suppurativa: Results from a pilot, observational study. Eur. J. Clin. Microbiol. Infect.
Dis. Off. Publ. Eur. Soc. Clin. Microbiol. 2021, 40, 77–83. [CrossRef]

136. Stergianou, D.; Tzanetakou, V.; Argyropoulou, M.; Kanni, T.; Bagos, P.G.; Giamarellos-Bourboulis, E.J. Staphylococcus aureus
Carriage in Hidradenitis Suppurativa: Impact on Response to Adalimumab. Dermatology 2021, 237, 372–377. [CrossRef]

137. Naik, H.B.; Piguet, V. Standardizing Hidradenitis Suppurativa Skin Microbiome Research: The Methods Matter. J. Invest. Dermatol.
2020, 140, 1688–1690. [CrossRef] [PubMed]

138. Frew, J.W.; Hawkes, J.E.; Krueger, J.G. Topical, systemic and biologic therapies in hidradenitis suppurativa: Pathogenic insights
by examining therapeutic mechanisms. Ther. Adv. Chronic Dis. 2019, 10, 2040622319830646. [CrossRef] [PubMed]

139. Assan, F.; Bachelez, H. Reply. J. Allergy Clin. Immunol. 2020, 146, 461–462. [CrossRef] [PubMed]

http://doi.org/10.1111/ijd.15910
http://doi.org/10.1111/jdv.16976
http://www.ncbi.nlm.nih.gov/pubmed/33007126
http://doi.org/10.1111/exd.14016
http://www.ncbi.nlm.nih.gov/pubmed/31386766
http://doi.org/10.1016/j.surg.2013.04.018
http://doi.org/10.1016/j.surg.2019.12.015
http://doi.org/10.1111/jdv.14707
http://doi.org/10.1097/COH.0b013e32833ed177
http://doi.org/10.1155/2018/5823684
http://doi.org/10.1016/j.jaci.2019.11.004
http://doi.org/10.1007/s10096-020-04002-7
http://doi.org/10.1159/000512617
http://doi.org/10.1016/j.jid.2020.03.946
http://www.ncbi.nlm.nih.gov/pubmed/32800181
http://doi.org/10.1177/2040622319830646
http://www.ncbi.nlm.nih.gov/pubmed/30854183
http://doi.org/10.1016/j.jaci.2020.04.016
http://www.ncbi.nlm.nih.gov/pubmed/32482528

	Introduction 
	Materials and Methods 
	Results 
	The Human Microbiota 
	Surveying the Skin Microbiome 
	Composition and Diversity of the Human Skin Microbiome 
	Skin Microbiota–Immune System Crosstalk 
	Cutaneous Dysbiosis 
	Cutaneous Dysbiosis in Hidradenitis Suppurativa 
	Beyond the Skin Microbiome 
	Targeting the Microbiome as a Treatment Modality 
	Antibiotics 
	Enteric Microbiome and Diet 

	The Microbiome—A Potential HS Biomarker? 
	Prognostic Biomarker 
	Risk Biomarker 
	Pharmacodynamic Biomarker 


	Discussion 
	References

