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Hidradenitis Suppurativa: Host-Microbe and
Immune Pathogenesis Underlie Important
Future Directions
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Hidradenitis suppurativa (HS) is an inflammatory dis-
ease of the skin with a chronic, relapsing-remitting
course. The pathogenesis of the disease is poorly
understood and involves multiple factors, including
genetics, environment, host-microbe interactions,
and immune dysregulation. In particular, the compo-
sition of the cutaneous microbiome shifts as the dis-
ease progresses, although it is unclear whether this is
a primary or secondary process. Trials with immuno-
modulatory therapy elucidate the role of specific im-
mune pathways and cytokine signaling in disease
mechanism, such as TNF-a, IL-1b, IL-12, IL-17, IL-23,
and complement. Future studies should continue
examining the causes of and contributing factors to
microbial changes and immune dysregulation in HS
pathogenesis.

JID Innovations (2021);1:100001 doi:10.1016/j.xjidi.2021.100001

Introduction

Hidradenitis suppurativa (HS, also called acne inversa) is a
chronic inflammatory disorder of the skin. The disease is
characterized by painful nodules and abscesses in areas with
high hair follicle and sweat gland density, such as the axilla
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and groin (Coates et al., 2019). These debilitating features
can significantly impair QOL and cause psychosocial
distress, increasing risk of mood disorders and completed
suicide (Anzaldi et al., 2020; Thorlacius et al., 2018a). The
prevalence ranges from 0.053% in US studies to as high as
4.1% in European studies, although the latter consisted of
relatively small sample sizes (Cosmatos et al., 2013; Miller
et al., 2016). The incidence of HS in the US appears to be
increasing from 4.3 per 100,000 between 1970 and 1979 to
9.6 per 100,000 from 2000 to 2008 (Vazquez et al., 2013).

The pathogenesis of the disease is complex and multifac-
torial. This review aims to explore the relationships of risk
factors, associated conditions, and mechanisms of cutaneous
innate immunology and microbe-host interactions. Further-
more, we review current therapies of HS, with particular
focus on drug innovations that reveal mechanisms of immu-
nologic pathophysiology.

Staging

Multiple scoring systems exist to assess the severity of HS
disease. Perhaps the most well-known is the Hurley staging
system, which consists of three stages. Briefly, stage I is
characterized by abscess formation without scarring or sinus
tracts, stage II by recurrent abscess(es) with scarring and sinus
tract formation, and stage III by diffuse involvement with
interconnected sinus tracts and abscesses spanning an entire
area (Hurley, 1989).

Various other staging systems exist, including the HS
Sartorius score, Physician Global Assessment, and Interna-
tional Hidradenitis Suppurativa Severity Score System (IHS4),
among others (Constantinou et al., 2019). It is important to
consider the goals of assessment when choosing which
scoring system to employ. HS clinical response (HiSCR) has
been used in several clinical trials recently and is defined by
at least a 50% reduction in abscess and inflammatory nodule
count with no increase in abscess and fistula count compared
with baseline (Kimball et al., 2016b).

An important potential limitation of using HiSCR to assess
clinical efficacy of immunomodulatory therapy is the
incomplete understanding of spontaneous progression and
remission of disease. Relatively high placebo response rates,
sometimes up to 30%, limit interpretation of clinical trial
results as there are limited data on placebo-controlled blin-
ded studies (Frew et al., 2019). In addition, HiSCR predom-
inantly assesses the more acute changes of HS, whereas
chronic changes such as scarring and sinus tracts are not well
captured by this metric. Studies with larger cohorts and
subgroup analyses are needed to better understand the effects
of immunomodulation on HS when employing HiSCR.
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Notably, current staging systems do not account for
microbiota composition or dysregulation of immune path-
ways, which may differ between patients with clinically
similar disease. Thus, continued research may augment future
staging systems with personalized data regarding each pa-
tient’s microbiome and lesional immune profile to choose the
optimal personalized treatment regimen.

Risk Factors and Associations

Patient characteristics. Women are more frequently
affected by HS, with a female-to-male ratio of 3:1 (Jemec,
2012). Although this disparity may suggest a role for sex
hormones in HS pathogenesis, hormone levels of patients
with HS appear to lie within normal ranges (Riis et al.,
2016b). Symptoms of HS tend to worsen during menses
and improve during pregnancy (Vossen et al., 2017).

HS disease has a notable increased prevalence and more
severe symptoms in African American and Hispanic pop-
ulations (Lee et al., 2017; Vlassova et al., 2015). Rigorous and
in-depth investigations, including genome-wide association
studies and genetic and environmental risk assessments, are
needed to better understand the reasons for these disparities.
Notably, active smokers are 1.9e14.87 times more likely to
be diagnosed with HS than nonsmokers (Garg et al., 2020;
Schrader et al., 2014). Former smokers are at a 1.14e1.55
times increased risk of HS (Revuz et al., 2008; Schrader et al.,
2014). Studies have demonstrated an increased risk of Hurley
stage II or III disease in smokers compared with nonsmokers
with HS (Sartorius et al., 2009; Schrader et al., 2014;
Vazquez et al., 2013). Smoking is associated with signifi-
cantly lower rates of disease remission (Kromann et al.,
2014). Patients with obesity (body mass index [BMI] � 30
kg/m2) are 2e6 times more likely to be diagnosed with HS
(Gold et al., 2014; Sabat et al., 2012). A study suggested that
obesity may contribute to HS severity through proin-
flammatory cytokine production by adipose cells in addition
to contributing to ongoing skin breakdown and maceration in
the large skin folds, which can trigger inflammation as well
(Miller et al., 2016).

There exists an association between metabolic syndrome, a
cluster of cardiometabolic conditions including obesity, in-
sulin resistance, hypertension, and lipid abnormalities, and
HS (Gold et al., 2014; Sabat et al., 2012). HS is also asso-
ciated with a significantly increased risk for adverse cardio-
vascular outcomes and cardiovascular-associated death
(Egeberg et al., 2016). Mechanistically, the signaling peptide
mTOR is persistently elevated in metabolic syndrome (Das
et al., 2017). Likewise, mTOR is increased in the skin of
patients with HS, and its gene expression has been shown to
correlate with HS severity (Monfrecola et al., 2016). Adipo-
kines are cytokines secreted by adipose tissue whose levels
are altered in metabolic syndrome (Francisco et al., 2019).
Two recent studies found decreased levels of the anti-
inflammatory adipokine adiponectin and increased levels of
the proinflammatory adipokines leptin, resistin, and visfatin
in patients with HS (González-López et al., 2020; Malara
et al., 2018). Because these studies did not identify an asso-
ciation between adipokine expression and disease severity,
more research is needed to understand how adipokines relate
JID Innovations (2021), Volume 1
to HS susceptibility (González-López et al., 2020; Malara
et al., 2018).

Genetics. Approximately 34e36% of patients report an
affected family member with HS (Canoui-Poitrine et al.,
2013). Studies have identified loss-of-function mutations in
the PSENEN, NCSTN, and PSEN1 genes, which encode for
components of the g-secretase complex (GSC) (Miskinyte
et al., 2012; Pink et al., 2012; Wang et al., 2010). GSC is
an intramembranous protease that targets type I trans-
membrane proteins for cleavage (Pink et al., 2012). An
important target of GSC is Notch. The GSC cleaves Notch,
resulting in nuclear translocation of the intracellular domain,
which affects the expression of factors regulating hair follicle
and epidermal cell proliferation (Melnik and Plewig, 2013a).
Although impaired Notch signaling is postulated to drive HS
pathogenesis, a recent study identified elevated expression of
NCSTN, Notch, and their downstream target, PI3K/protein
kinase B, in HS lesional skin (Hessam et al., 2020). Because
GSC mutations are present in only a minority of patients with
familial HS, perhaps loss of Notch may only drive HS path-
ogenesis in this small subset of patients (Liu et al., 2016; Pink
et al., 2012). It is currently unknown which genetic mutations
underlie familial HS in patients with absent GSC mutations
and how transcriptomic regulation of GSC may affect HS
severity (Liu et al., 2016; Pink et al., 2012).

Various studies have identified additional genetic contrib-
utors to HS. Increased susceptibility to HS is associated with
mutations in the TNF gene promoter region and, recently, the
MEFV gene (Savva et al., 2013; Vural et al., 2019). SNPs of
the IL12RB1 gene are associated with severity and onset of
disease (Giatrakos et al., 2013). There is an increased prev-
alence of trisomy 21 in patients with HS, and mean age of HS
symptom onset occurs earlier in this patient population
(Denny and Anadkat, 2016). More studies are needed to
elucidate the major loci of genetic susceptibility to HS.

Other associations. HS is associated with various inflam-
matory diseases (Figure 1). Inflammatory bowel disease (IBD)
frequently co-occurs with HS. One study found the preva-
lence of HS among patients with Crohn disease and ulcera-
tive colitis to be 26% and 18%, respectively (van der Zee
et al., 2014). Pyoderma gangrenosum (PG) is a neutrophil-
predominant dermatosis characterized by cutaneous nod-
ules or pustules that rapidly progress to painful deep ulcers.
PG has been associated with HS in case reports that describe
syndromes consisting of a triad of HS, PG, and acne con-
globata with an additional arthritis component (Braun-Falco
et al., 2012; Leuenberger et al., 2016; Marzano et al., 2013).

Rosner et al. (1993, 1982) established an association between
HS and inflammatory arthropathy in two studies, but did not find
a correlation with HLA-B27. A dysregulated immune response
and microbial triggers may underlie a shared pathophysiology
between HS and spondyloarthropathies (Richette et al., 2014).
Another rheumatologic association is synovitis, acne, pustulosis,
hyperostosis, and osteitis (SAPHO) syndrome (Steinhoff et al.,
2002). A case series found that 7 of 12 patients with SAPHO
syndrome had evidence of HS (Steinhoff et al., 2002).

In addition to inflammatory disorders, HS is also associated
with conditions in which follicular occlusion underlies



Figure 1. Risk factors and conditions associated with HS. HS, hidradenitis

suppurativa; IBD, inflammatory bowel disease; NMSC, nonmelanocytic skin

cancer; PG, pyoderma gangrenosum; SAPHO, synovitis, acne, pustulosis,
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pathogenesis, such as pilonidal sinuses, pilonidal cysts, and
dissecting cellulitis (Miller et al., 2016). Other associations
have been described or reported in case reports or smaller
studies and are outside the scope of this review article
(Kohorst et al., 2015; Miller et al., 2016).

Pathogenesis

Clinical progression of disease. The mechanism by which
aberrant inflammation and changes to the cutaneous micro-
biome (dysbiosis) lead to disease phenotype is not entirely
clear and may involve multiple factors. At a subclinical level,
HS is characterized by inappropriate antimicrobial peptide
(AMP) and proinflammatory cytokine production by kerati-
nocytes (KCs) (van der Zee et al., 2012a). These KCs may be
intrinsically deficient in certain inflammatory pathways, such
as IL-22 production (Jones et al., 2018). IL-22 induces AMP
expression, protects against tissue damage, and maintains the
mucosal barrier in the intestine (Sabat and Wolk, 2015; Wang
et al., 2014). Inflammatory damage drives infundibular hy-
perkeratosis, follicular epithelium hyperplasia, and peri-
folliculitis (von Laffert et al., 2011). These changes may be
exacerbated by impaired Notch signaling and smoking (Hana
et al., 2007; Melnik and Plewig, 2013a). An influx of T cells
and innate immune cells release chemokines and additional
proinflammatory cytokines (van der Zee et al., 2012a).
Eventually, the hair follicles undergo plugging and enlarge-
ment, followed by cyst formation (van der Zee et al., 2012a).

Clinical HS becomes appreciable after rupture of the
enlarged hair follicle or cyst and spillage of contents, such as
bacteria and keratin. These are released from the piloseba-
ceous unit to the dermis and trigger a neutrophilic foreign
body reaction (van der Zee et al., 2012a). An influx of im-
mune cells and histiocytes ensues, forming multinucleated
giant cells that phagocytose the free keratin (van der Zee
et al., 2012a). Proliferation of residual KCs and follicular
epithelial strands drives chronic inflammation and formation
of sinus tracts and fistulae (van der Zee et al., 2012a). Bac-
terial colonies harbored in these tracts may form biofilm that
irreversibly binds to hair follicles and sinus tract epithelium,
propagating chronic inflammation (Kathju et al., 2012). Long-
standing HS lesions are characterized by B-cell and plasma
cell signatures, implicating that later adaptive immune re-
sponses may dominate chronic and possibly more severe HS
lesions (Gudjonsson et al., 2020).

Because HS is often a chronic relapsing-remitting disease,
large longitudinal studies examining the flux in dysbiosis and
immune dysregulation over time may provide insight into the
initiating and sustaining events that characterize HS
(Figure 2). A rare complication of chronic HS is the devel-
opment of nonmelanoma skin cancer (NMSC), which typi-
cally occurs 20e30 years after the diagnosis of HS (Lapins
et al., 2001; Losanoff et al., 2011). Patients with HS have a
4.6-fold greater risk of developing NMSC, especially in the
perianal, perineal, and gluteal regions (Lapins et al., 2001;
Losanoff et al., 2011).

Cutaneous microbiome. The role of dysbiosis in the path-
ogenesis of HS remains unclear. Many studies of bacterial
cultures harvested from HS skin and deep lesions grew
normal cutaneous flora. Staphylococcus aureus, coagulase-
negative Staphylococci, and Peptostreptococcus spp. are
among the most common organisms identified (Brook and
Frazier, 1999; Lapins et al., 1999; Matusiak et al., 2014a;
Sartorius et al., 2012) (Table 1). Nicotine alters the skin
microbiome by inhibiting the growth of various commensals
except S. aureus (Pavia et al., 2000). However, traditional
methods of bacterial culture may only reflect a small pro-
portion of the cutaneous microbiome—possibly less than 1%
(Grice et al., 2008).

More recent studies have utilized metagenomic
sequencing to better characterize the cutaneous microbiome
(Table 1). Although these studies have similarly identified the
predominance of Staphylococcus in early HS lesions, gram-
negative anaerobes such as Prevotella and Porphyromonas
are predominantly found in chronic suppurating lesions and
sinus tracts, hallmarks of moderate to severe disease (Guet-
Revillet et al., 2017, 2014; Ring et al., 2019, 2017b).

Despite these advances in understanding bacterial
involvement, it remains unknown whether cutaneous dys-
biosis plays a primary or secondary role in the development
of HS. The predominance of skin commensals in early HS
lesions suggests that primary infection is unlikely to be
driving pathogenesis (Lapins et al., 1999; Sartorius et al.,
2012). Fistulas and sinus tracts encourage formation of bac-
terial biofilm, which is absent in acute HS lesions but found
in a majority of chronic lesions (Okoye et al., 2017; Ring
et al., 2017a). Tobacco smoke augments biofilm formation
in pathogens such as S. aureus (Hutcherson et al., 2015).

Schneider et al. (2020) analyzed the differentially activated
metabolic pathways of microbiota sampled from HS skin.
Microbial metabolic differences between HS and normal skin
may reflect dysbiosis; for instance, significant reduction of the
skin commensal Cutibacterium in HS may account for
www.jidinnovations.org 3
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decreased propionate and retinol metabolism (Schneider
et al., 2020). Propionic acid possesses antimicrobial proper-
ties that inhibit growth of opportunistic pathogens (Shu et al.,
2013). Another metabolomic study found bacterial cell
growth and division processes, such as DNA replication and
repair, to be strongly associated with HS lesions (Ring et al.,
2020). Perhaps the decreased abundance of critical skin
commensals such as Cutibacterium permits growth and di-
vision of pathogenic bacteria. More research is needed to
confirm the directionality of this relationship and pinpoint the
mechanisms by which loss of commensal skin organisms
occurs, especially in early stages of disease. Further investi-
gation of the HS bacterial metabolome may permit explora-
tion of treatments such as probiotics and microbiome
transplants.

Complicating the role of cutaneous dysbiosis in disease
pathogenesis is the question of whether the inflammation
observed in HS is simply an appropriate response to an
overabundance or displacement of microbiota or, rather, an
aberrant immune response to cutaneous flora (Coates et al.,
2019). Researching nonlesional HS skin, which possesses
dysregulated cytokine expression, may illuminate ongoing
questions about microbial composition (Kelly et al., 2015). A
recent study found that clinically unaffected skinfolds of pa-
tients with HS demonstrate a similar abundance of anaerobes
such as Prevotella and reduction of skin commensals to
lesional skin (Riverain-Gillet et al., 2020). Perilesional skin is
also immunologically dysregulated, and more studies are
needed to characterize its microbiome (Kelly et al., 2015).
JID Innovations (2021), Volume 1
Architectural disruptions to the normal structure of the
epidermis, dermis, and adnexa are a hallmark of HS. The
influence of these structural changes on the skin microbiome
remains unclear. One study found that the relative abun-
dance of mixed anaerobes positively correlates with Hurley
stage, whereas abundance of skin commensals such as resi-
dent Staphylococci, Cutibacterium, and Corynebacterium
spp. negatively correlates with Hurley stage (Naik et al.,
2020). This may indicate that an altered skin architecture
relates to microbial changes, because sinus tracts are found
in severe HS and characterized by subcutaneous cavities
filled with gelatinous material (Ring et al., 2019). Observa-
tional studies in patients with HS across different Hurley
stages is complicated by confounding factors, such as disease
chronicity and treatment regimens, that may directly influ-
ence the microbiome. Future studies should examine the skin
microbiota in structurally distinct HS lesions, such as ab-
scesses and sinus tracts, within the same patients.

Another limitation to understanding the cutaneous micro-
biota in HS is the relative contribution of risk factors and
associated conditions to microbial changes. Indeed, smok-
ing, obesity, and diabetes are all associated with unique
variations in cutaneous flora (Brandwein et al., 2019; Redel
et al., 2013; Thompson et al., 2020). S. aureus is found in
higher abundance on the foot skin of patients with diabetes,
and Corynebacterium spp. are correlated with smoking status
and higher BMI, microbial changes that may overlap with
those observed in patients with HS (Brandwein et al., 2019;
Redel et al., 2013; Thompson et al., 2020). Diabetic foot



Table 1. Changes in Relative Microbial Abundance Observed in HS Lesional and Nonlesional Skin

Microbe Change Sample Stage Method Reference

Fusobacterium Increased L a, g, gc, o versus NS a, g, gc I/II/III 16S and 18S rRNA (Guet-Revillet et al., 2017; Naik et al., 2020)

Increased L a, g III 16S and 18S rRNA (Ring et al., 2019)

Porphyromonas Increased L a, g, gc, o I/II/III Culture and 16S rRNA (Brook and Frazier, 1999; Guet-Revillet et al., 2014)

Increased L a, g, gc, o versus NS a, g, gc I/II/III 16S and 18S rRNA (Guet-Revillet et al., 2017; Ring et al., 2017b)

Increased L a, g III 16S and 18S rRNA (Ring et al., 2019)

Prevotella Increased L a, g, gc, o I/II/III Culture and 16S rRNA (Brook and Frazier, 1999; Guet-Revillet et al., 2014;

Lapins et al., 1999)

Increased L a, g, gc, o versus NS a, g, gc I/II/III 16S and 18S rRNA (Guet-Revillet et al., 2017; Ring et al., 2017b)

Increased L a, g III 16S and 18S rRNA (Ring et al., 2019)

Increased NL a, g, gc versus NS a, g, gc I/II/III 16S rRNA (Riverain-Gillet et al., 2020)

Staphylococcus aureus Increased L a, g, gc, o I/II/III Culture and 16S rRNA (Brook and Frazier, 1999; Guet-Revillet et al., 2014;

Lapins et al., 1999; Matusiak et al., 2014a)

Corynebacterium Increased L a, g, gc, o versus NS a, g, gc I/II/III 16S and 18S rRNA (Guet-Revillet et al., 2017; Ring et al., 2017b)

Increased L and NL a, g versus NS a, g I/II/III 16S rRNA (Schneider et al., 2020)

Decreased L a, g, gc, o versus NS a, g, gc III 16S rRNA (Naik et al., 2020)

Coagulase-negative

Staphylococcus

Increased L a, g I/II/III Culture (Lapins et al., 1999; Matusiak et al., 2014a;

Sartorius et al., 2012)

Decreased1 L a, g, gc, o versus NS a, g, gc III 16S rRNA (Naik et al., 2020)

Decreased NL a, g, gc versus NS a, g, gc I/II/III 16S rRNA (Riverain-Gillet et al., 2020)

Cutibacterium Decreased L a, g, gc, o versus NS a, g, gc I/II/III 16S and 18S rRNA (Guet-Revillet et al., 2017; Naik et al., 2020;

Ring et al., 2017b)

Decreased L a, g III 16S and 18S rRNA (Ring et al., 2019)

Decreased L and NL a, g versus NS a, g I/II/III 16S rRNA (Schneider et al., 2020)

Abbreviations: a, axilla; g, groin; gc, gluteal cleft; HS, hidradenitis suppurativa; L, lesional skin; NL, nonlesional skin; NS, normal skin from healthy donor; o,
other sites; rRNA, ribosomal RNA.

Major microbes with changes in relative abundance across multiple studies are included in the table. Stage reported as Hurley stage of patient according to
study. 16S and 18S rRNA denote sequencing of the 16S and 18S bacterial rRNA.
1This study reports commensal Staphylococcus but does not distinguish lower classifications.

SW Jiang et al.
Future Directions in Hidradenitis Suppurativa
ulcers in particular demonstrate increased abundance of
gram-negative anaerobes and formation of biofilm (Jneid
et al., 2017). However, comparisons between cutaneous
microbiota of other conditions and HS are limited by het-
erogeneity of sampling sites and analysis methods.

To date, there are no longitudinal metagenomic studies
that examine the cutaneous microbiota of HS lesions within
the same patients over time. Given the relapsing and remit-
ting nature of HS, sampling during disease flares and periods
of quiescence may elucidate fluctuations of microbiota and
identify dysbiosis predictive of HS disease flares. Addition-
ally, there are currently no studies that have performed
metagenomic shotgun sequencing of HS lesional skin. This
approach would allow for an unbiased examination of the
complete HS microbial landscape, including organisms such
as viruses and fungi.

Capturing the dynamics of microbial changes in HS may
inform research on how therapeutics target underlying mi-
crobial pathology. In particular, patients receiving antimi-
crobial and/or immunologic therapy may undergo
pronounced alterations of the cutaneous and gastrointestinal
microbiome, and the latter itself is associated with inflam-
matory skin disease (Eppinga et al., 2016; Szántó et al.,
2019). Recent studies have begun to explore a potential
skin-gut axis in HS; more research comparing the altered
cutaneous and gut microbiota in patients with HS is needed
(Hispán et al., 2020; Lam et al., 2019).
Innate immune pathways. HS is characterized by aberrant
activation of the innate immune system, resulting in release
of various molecules and upregulation of pathways that
function to protect against pathogenic invasion. In the normal
innate immune response, AMPs are secreted by KCs and
immune cells to kill invasive pathogens and limit inflamma-
tion (Coates et al., 2018). Studies have identified increased
transcript levels of the AMPs b-defensin (BD) 1 to 3 and
S100A7 to A9 in HS skin lesions compared with normal skin
(Hofmann et al., 2012; Schlapbach et al., 2009; Wolk et al.,
2011). Others have found downregulation of the AMPs BD2
and BD4 in HS lesions relative to normal skin (Dréno et al.,
2012; Mozeika et al., 2013). Although Hofmann et al. (2012)
demonstrated upregulated BD3 in early HS lesions, they did
not identify this increase in Hurley stage III lesions. This
relative deficiency of AMP expression may predispose to
bacterial infections in severe HS, although there are limited
studies on the change in AMP levels with disease progression
(Hofmann et al., 2012). Furthermore, the expression profiles
of individual AMPs should be clarified.

Recent transcriptome analyses from our group reported
genes associated with sweat gland function, including
secretoglobins, aquaporin 5, and dermcidin (DCD), to be
highly downregulated in HS lesions, whereas S100A8,
S100A7, S100A7A, BD2, and other inflammatory factors
were upregulated (Coates et al., 2019). DCD, one of the most
downregulated genes identified, is an AMP produced by
www.jidinnovations.org 5
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eccrine sweat glands. Its reduction may signify both dimin-
ished secretion and an overall decrease in eccrine sweat
glands, indicating a perturbation in skin architecture (Coates
et al., 2019). It is currently unknown whether the dysregu-
lation of AMP levels, in particular the decrease in DCD, is
causative of or reactive to cutaneous dysbiosis. Future studies
should clarify the directionality of this relationship and
identify pathways through which this is mediated.

Transcriptome analyses of inflammatory pathways in HS
skin found upregulation of several genes that encode for
molecules in the IFN signaling pathway (Coates et al., 2019;
Gudjonsson et al., 2020; Shanmugam et al., 2019). Byrd et al.
(2019) demonstrated that these upregulated genes are involved
in the type I IFN (a/b) pathway. The authors found the presence
of neutrophil extracellular traps (NETs) and plasmacytoid
dendritic cells (pDCs) localized to these same skin lesions,
postulating that NETs activate pDCs to secrete IFN-a (Byrd
et al., 2019). Another recent study corroborated the upregu-
lation of type I IFN responses using single-cell RNA
sequencing of lesional skin (Gudjonsson et al., 2020). Relating
back to genetics, a recent study found that type I IFN activation
and NF-kB signaling are increased inNCSTN knockdown cell
lines (Cao et al., 2019). This may indicate enhanced inflam-
matory responsiveness in individuals haploinsufficient for
NCSTN, such as patients with familial HS with GSCmutations
(Cao et al., 2019). Future studies should examine if and how
GSC mutations regulate type I IFN pathways.

Although limited, data suggest that matrix metal-
loproteinases (MMPs) contribute to HS pathogenesis. MMPs
are produced by activated fibroblasts to degrade the extra-
cellular matrix and induce tissue destruction (Sanchez et al.,
2019). MMP-2, MMP-8, and MMP-9 are elevated in the
lesional skin of patients with HS (Mozeika et al., 2013;
Sanchez et al., 2019; Tsaousi et al., 2016). MMP-8 may offer
another mechanistic link to metabolic pathways, as its serum
levels negatively correlate with high-density lipoprotein
cholesterol, an antiatherogenic lipid, and positively correlate
with resistin, a proatherogenic hormone (Tsaousi et al.,
2016). A recent ex vivo HS model demonstrated that high
levels of MMP-2 and MMP-9 are associated with pathogenic
matrix remodeling and elevation of IL-1b but not IL-17,
NLRP3, or caspase-1 (Sanchez et al., 2019).

Aberrant complement activation also underlies the innate
immune response in HS pathogenesis. Patients with HS have
higher serum levels of C5a and C5b-9, and these levels
correlate with disease severity (Kanni et al., 2018b). C5a
stimulates the production of TNF-a by PBMCs in vitro (Kanni
et al., 2018b). A transcriptome and proteome analysis of HS
skin and blood also found elevated C5a but reduced C3, C4,
and iC3b (Hoffman et al., 2018). Given the neutrophilic
infiltrate in HS lesions and peripheral blood, it is possible that
progressive dysbiosis drives complement dysregulation or
vice versa (Byrd et al., 2019; Hoffman et al., 2018). The role
of complement in modulating the skin microbiome in pre-
vious studies raises the question of how cutaneous dysbiosis
and aberrant complement activation are related in HS
(Chehoud et al., 2013).

Expression of toll-like receptors (TLRs), a class of pattern
recognition receptors, has been investigated with mixed
JID Innovations (2021), Volume 1
results and may not fully recapitulate TLR activation or
function. Hunger et al. (2008) identified elevated mRNA and
protein levels of TLR2 in HS skin lesions. A later study found
downregulation of TLR2e4, TLR7, and TLR9 in lesional skin
and nonlesional skin, suggesting a deficient innate immune
response (Dréno et al., 2012). TLR signaling is modulated by
Notch, which regulates proinflammatory patterns of gene
expression through NF-kB (Palaga et al., 2008). Cigarette
smoke and GSC mutations may potentiate defective Notch
signaling, promoting disease development through proin-
flammatory responses (Melnik and Plewig, 2013a, 2013b).
Impaired Notch signaling results in keratin-enriched
epidermal cyst formation and impaired apocrine gland ho-
meostasis (Melnik and Plewig, 2013a, 2013b). It may also
reduce IL-22 secretion from T cells, although IL-22 produc-
tion is controlled by additional signaling pathways (Alam
et al., 2010).

Cytokine signaling. Although the exact inciting event re-
mains unclear, a proinflammatory milieu underlies peri-
vascular and perifollicular immune cell migration in HS (van
der Zee et al., 2012a). TNF-a, a proinflammatory cytokine
produced by dendritic cells (DCs) and macrophages, drives
chemotaxis of neutrophils, monocytes, and T cells into the
skin (Mozeika et al., 2013; van der Zee et al., 2011). Multiple
studies demonstrated elevated transcript and protein expres-
sion of TNF-a in HS lesions and serum (Kelly et al., 2015;
Mozeika et al., 2013; van der Zee et al., 2011). However,
decreased levels of TNF-a in HS lesional and nonlesional
skin and reduced TNF-a secretion from monocytes compared
with healthy controls were seen in other studies (Dréno et al.,
2012; Giamarellos-Bourboulis et al., 2007). Trials of
antieTNF-a therapy support the role of elevated rather than
diminished TNF-a in HS pathogenesis (Ghias et al., 2020;
Kimball et al., 2016a; Oskardmay et al., 2019). TNF-a
signaling results in activation of mTOR, a central component
of mTOR complex 1 and mTOR complex 2. AntieTNF-a
therapy reduces mTOR expression and quantities of down-
stream effectors of the mTOR complex 1 pathway in HS le-
sions (Balato et al., 2019). A small retrospective study found
mTOR inhibition effective in combination with TNF-a
blockade for severe HS, and future studies should continue
exploring mTOR blockade (Bettuzzi et al., 2020).

Across various studies, increases in proinflammatory cy-
tokines IL-1b, IL-17, and IL-23 are consistently observed in
HS. Mature IL-1b is produced by the inflammasome, a mul-
tiprotein complex assembled through the innate immune
response. IL-1b promotes the development of CD4þ T helper
type (Th) 17 cells, which secrete IL-17 (Sutton et al., 2006).
Stimulation of Th17 cells is enhanced by IL-23, which is
produced by macrophages and DCs (Sabat et al., 2019). IL-
1b, IL-17, and IL-23 are all elevated at transcript and protein
levels in lesional and perilesional HS skin and Th17 cells, the
predominant source of IL-17 (Kelly et al., 2015; Schlapbach
et al., 2011; van der Zee et al., 2012b, 2011; Wolk et al.,
2011). Within the HS lesion, IL-17 stimulates production of
chemokines, cytokines, MMPs, and AMPs (Vijatov-Djuric
et al., 2017; Wolk et al., 2009). IL-1b and IL-17 may
employ a positive feedback loop, as IL-17 stimulates release
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of IL-1b from KCs via activation of the inflammasome protein
NLRP3 and caspase-1 (Cho et al., 2012; Lima et al., 2016).

Subsequent to chemotaxis to the inflammatory environ-
ment, CD4þ T cells undergo differentiation to Th1 cells
(Sabat et al., 2019). IL-12 is a proinflammatory cytokine
elevated in HS skin lesions that is produced by macrophages
and DCs and drives this differentiation (Moran et al., 2017;
Sabat et al., 2019; Wolk et al., 2011). Th1 cells produce IFN-
g, which activates macrophages and traffics immune cells via
upregulation of proinflammatory chemokines and adhesion
molecules (Schroder et al., 2004). IFN-g also establishes a
positive feedback loop via induction of CXCR3 ligands,
attracting Th1 cells to lesional skin (Van Raemdonck et al.,
2015). Not all studies have confirmed elevation of IFN-g in
HS lesions, and more evidence is needed to clarify the role of
the type II IFN pathway in disease mechanism (Banerjee
et al., 2017; Gudjonsson et al., 2020; Moran et al., 2017).

The pathogenesis of HS also involves the anti-inflammatory
cytokine IL-10, which has been found at increased levels in
HS lesions (van der Zee et al., 2012b; Wolk et al., 2011).
IL-10 is predominantly produced by macrophages and T
lymphocytes and acts to limit proinflammatory cytokine
production by macrophages and dampen T-cell activation
(van der Zee et al., 2012b). It is unclear if its presence is a
response to the proinflammatory environment or is exacer-
bating dysbiosis and inflammation because of its immuno-
suppressive effects (Kelly and Prens, 2016).

Additional signaling molecules with an emerging role in
HS include, but are not limited to, IL-6, IL-22, IL-26, IL-32,
and IL-36 (Hessam et al., 2018; Scala et al., 2019; Thomi
et al., 2017a, 2017b; Xu et al., 2017). In particular, IL-22 is
decreased in HS skin lesions (Hotz et al., 2016; Wolk et al.,
2011). Its deficiency may be due to reduced infiltration of IL-
22esecreting CD4þ T cells, which are elevated in the serum,
but not skin, of patients with HS (Hotz et al., 2016). A recent
study found that serum levels of the proinflammatory cyto-
kines IL-36a, -b, and -g are elevated in patients with HS who
smoke compared with those who do not, although the study
did not control for disease severity (Hayran et al., 2020).
These pathways with emerging roles require more charac-
terization in the preclinical and clinical setting.
Treatment

Lifestyle. Weight loss is recommended for management of
HS. A systematic review found that weight loss intervention
was associated with decreased HS severity in nine observa-
tional studies (Sivanand et al., 2020). A recent crossover
study found that weight loss is not associated with a change
in IHS4, although this study was limited by small sample size
and lack of controls (Damiani et al., 2019). Prospective
randomized controlled trials (RCTs) are needed to elucidate
the effects of weight loss on HS disease course.

Current guidelines suggest evaluation of smoking status
and promotion of smoking cessation in patients with HS
(Alikhan et al., 2019; Ingram et al., 2019). Despite these
recommendations, there are no RCTs for this intervention.
Simonart (2010) described two cases of disease remission in
patients who underwent tobacco cessation.
Antimicrobials. North American and British guidelines
recommend antimicrobials for various stages of disease
(Alikhan et al., 2019; Ingram et al., 2019). For mild disease,
clindamycin may be used as topical therapy for HS as it has
demonstrated benefit versus placebo in RCTs (Clemmensen,
1983; Jemec and Wendelboe, 1998). In combination with
rifampicin, oral clindamycin is a well-established treatment
utilized in cases of tetracycline failure (Alikhan et al., 2019;
Gener et al., 2009). Rifampicin possesses potent activity
against bacterial biofilm, in contrast to clindamycin (Mandell
et al., 2019; Zimmerli and Sendi, 2019). These therapies can
also be immunomodulatory by altering NF-kB, activator
protein 1, and inducible nitric oxide synthase (iNOS)
expression (Frew et al., 2019; Yuhas et al., 2006). Systemic
tetracyclines are recommended as monotherapy in Hurley
stage I and II disease (Alikhan et al., 2019; Ingram et al.,
2019; Zouboulis et al., 2019). Doxycycline in particular
has demonstrated efficacy at killing S. aureus biofilms
(Mandell et al., 2019). Immunomodulatory effects of tetra-
cyclines include reduction of IL-1, IL-6, IL-8, and TNF-a;
downregulation of neutrophil chemotaxis; and suppression of
MMP activity and NF-kB signaling (Schmidt et al., 2018; Sun
et al., 2015).

The combination of systemic moxifloxacin, metronidazole,
and rifampicin is effective for HS refractory to other treat-
ments (Join-Lambert et al., 2011). Moxifloxacin is a fluo-
roquinolone that reduces IL-1b, IL-8, IL-17A, and TNF-a;
stabilizes IXb protein; and inhibits NF-kB signaling (Choi
et al., 2003; Weiss et al., 2004). Metronidazole results in
alterations of the gastrointestinal microbiome and glucose
metabolism (Rodrigues et al., 2017). As IBD and metabolic
syndrome are associated with HS, metronidazole may exert
indirect anti-inflammatory effects through these changes.

Carbapenems and linezolid are effective for Hurley stage
III HS as a 6-week course (Alikhan et al., 2019; Chahine
et al., 2018; Scheinfeld, 2015). Both drugs possess anti-
inflammatory effects, including reduction of IL-6, IL-12, and
TNF-a and inhibition of phagocytosis (Bode et al., 2015;
Chahine et al., 2018). Similar to metronidazole, these anti-
biotics are also associated with changes in the gut micro-
biome and may indirectly alter disease activity (Dubourg
et al., 2014).

Antimicrobial therapy is limited by the relative uncertainty
of how much treatment response derives from antibacterial
versus anti-inflammatory activity. As such, culture of HS skin
lesions for targeted antibiotic therapy is not recommended
unless there are signs of secondary infection (Alikhan et al.,
2019). Given the high rates of antibiotic resistance, espe-
cially among tetracyclines and clindamycin, antimicrobials
may primarily manage disease by countering inflammation,
at least after prolonged use (Bettoli et al., 2019; Fischer et al.,
2017). Antibacterial activity may play a prominent role in
limiting progression of early HS, whereas in later stages it
may decrease microbial trigger for inflammation and elimi-
nate bacterial biofilm (Bettoli et al., 2019; Fischer et al.,
2017). Further studies should examine the antibacterial
resistance that may emerge with dual or triple therapy and the
effects of gut microbiome changes on HS disease course.
Additionally, more randomized prospective studies are
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Figure 3. Targeted therapy for HS according to pathogenesis. Keratinocytes inappropriately release AMPs and proinflammatory cytokines, causing infundibular

hyperkeratosis and perifolliculitis (von Laffert et al., 2011). The pilosebaceous unit ruptures, releasing keratin and bacteria, the target of antimicrobial drugs (van

der Zee et al., 2012a). Complement is aberrantly activated, increasing levels of C5beC9, which form the MAC, and C5a, a neutrophil chemotaxin targeted by

the mAb IFX-1 (Kanni et al., 2018b). Macrophages are recruited and produce IL-6, IL-10, TNF-a, and IL-1 (van der Zee et al., 2012a). TNF-a is also produced by

DCs; it is targeted by the mAbs infliximab and adalimumab and the decoy receptor etanercept (Adams et al., 2010; Grant et al., 2010; Kimball et al., 2016a;

Pelekanou et al., 2010). Adalimumab is currently the only FDA-approved mAb therapy for HS (Kimball et al., 2016a). IL-1 is blocked by the mAbs anakinra

(targeting IL-1a) and bermekimab (targeting IL-1R) (Kanni et al., 2018a; Tzanetakou et al., 2016). Mature IL-1b, synthesized from the inflammasome, stimulates

the development of CD4þ Th17 cells. Activation of these cells is also enhanced by IL-23 (Sabat et al., 2019). CD4þ Th17 cells produce IL-17, which is targeted

by the mAbs secukinumab (IL-17A), bimekizumab (IL-17A/IL-17F), and brodalumab (IL-17RA) (Baker and Isaacs, 2018; Thorlacius et al., 2018b). Both

macrophages and DCs stimulate production of IL-12 and IL-23. IL-12 drives Th1 differentiation to yield IFN-g production. IL-23 stimulates Th17 cell

differentiation and is targeted by the mAbs guselkumab and risankizumab (Baker and Isaacs, 2018; Kearney et al., 2020; Kovacs and Podda, 2019). Both IL-12

and IL-23 are targeted by the mAb ustekinumab (Blok et al., 2016; Sharon et al., 2012). AMP, antimicrobial peptide; DC, dendritic cell; FDA, Food and Drug

Administration; HS, hidradenitis suppurativa; MAC, membrane attack complex; Th, T helper type.
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needed to guide antimicrobial recommendations, given that
current knowledge is mostly limited to retrospective data.

Immunomodulatory drugs. In contrast to antimicrobial
drugs, immunologic drugs are directed solely toward immu-
nomodulation. Systemic immunosuppression through small
molecule drugs yields mixed results; open-label trials and
prospective studies involving methotrexate, cyclosporine,
and acitretin demonstrate varying degrees of success or are
confounded by use of other concurrent therapies (Anderson
et al., 2016; Bianchi et al., 2012; Jemec, 2002; Matusiak
et al., 2014b; Tan et al., 2017).

Apremilast is a promising small molecule immunomodu-
lator for management of moderate to severe HS, as a recent
RCT with 20 patients found 53% of the treatment arm
achieving HiSCR at 16 weeks (Vossen et al., 2019; Weber
et al., 2017). This drug is a phosphodiesterase 4 inhibitor
that regulates inflammatory mediators, such as TNF-a, IL-10,
IL-23, and iNOS (Schafer, 2012).

The efficacy of biologic drugs in inflammatory skin disor-
ders is well documented and may serve as promising
JID Innovations (2021), Volume 1
treatment for HS (Baker and Isaacs, 2018). Their targeted
binding to one or two molecules helps illuminate the roles of
different inflammatory pathways in HS pathogenesis based
on differential responses to treatment when used empirically
and also highlights the heterogeneity of the disease (Figure 3).

Currently, the antieTNF-a mAb adalimumab is the only
Food and Drug Administrationeapproved biologic therapy
for HS, proving effective in two large phase III trials
(PIONEER I and II) (Kimball et al., 2016a). Infliximab, another
mAb against TNF-a, has demonstrated efficacy in a phase II
RCT, although phase III RCTs have yet to be performed (Grant
et al., 2010). Retrospective data suggest that doses greater
than the manufacturer-recommended 5 mg/kg every 8 weeks
may be required; a majority received initial injections at 10
mg/kg and maintenance dose of 10 mg/kg every 6e8 weeks
and required dose escalation after one year of therapy
(Oskardmay et al., 2019). Another recent study with initial
infliximab doses of 7.5 mg/kg every 4 weeks found that 50%
of patients who did not achieve clinical response were able
to do so after dose escalation to 10 mg/kg every 4 weeks
(Ghias et al., 2020). A recent study by Lowe et al. (2020)



SW Jiang et al.
Future Directions in Hidradenitis Suppurativa
found that patients with an enriched B-cell signature within
lesional skin had significantly lower response rates to
antieTNF-a therapy. Efficacy of the soluble TNF-a decoy
receptor etanercept in HS remains inconclusive; although it
was ineffective in a RCT, an open phase II trial found
improvement in long-term disease course (Adams et al.,
2010; Pelekanou et al., 2010).

Other biologic drugs studied or under investigation for HS
treatment target cytokines with altered levels in disease.
Anakinra and bermekimab, drugs that block IL-1, have
demonstrated HiSCR response in 78% and 60% of patients,
respectively, at 12 weeks in RCTs (Kanni et al., 2018a;
Tzanetakou et al., 2016). Notably, the bermekimab trial
recruited patients who failed or were unable to receive
adalimumab (Kanni et al., 2018a).

Ustekinumab is an mAb against IL-12 and IL-23 that ach-
ieved HiSCR in 47% of patients at week 40 in an open phase
II trial and has shown success in numerous case reports (Blok
et al., 2016; Gulliver et al., 2012; Santos-Pérez et al., 2014;
Sharon et al., 2012). A small retrospective study of guselku-
mab, an mAb against IL-23, found the drug to be effective in
63% of patients with moderate to severe HS (Casseres et al.,
2019), with several case reports or series thereafter confirm-
ing successful treatment (Kearney et al., 2020; Kovacs and
Podda, 2019). Currently, a phase II trial is being conducted
to evaluate the drug (ClinicalTrials.gov, 2018a). A phase II
trial is also underway for risankizumab, another mAb that
targets IL-23 (ClinicalTrials.gov, 2019a). Clinical responses to
these therapies are of particular interest as their results may
indicate the relative contributions of the IL-12/Th1 and IL-23/
Th17 pathways to HS pathogenesis.

Antibody blockade of IL-17 has also been investigated.
There are case reports showing successful treatment of
moderate to severe HS with the antieIL-17A mAb secuki-
numab, and a recent open pilot trial reported that 67% of
patients achieved HiSCR after 24 weeks of therapy (Giuseppe
et al., 2018; Jørgensen et al., 2018; Prussick et al., 2019;
Thorlacius et al., 2018b). Blinded trials are ongoing for
secukinumab; bimekizumab, an mAb targeting IL-17A and
IL-17F; and brodalumab, an mAb targeting IL-17RA
(ClinicalTrials.gov, 2018c, 2019b, 2017). Results of an
open-label cohort study for brodalumab are promising, as
100% of patients achieved HiSCR at 12 weeks of therapy
(Frew et al., 2020a, 2020b). Given the association between
HS and IBD, a potential concern with IL-17 blockade is
paradoxical aggravation of Crohn disease, and more studies
are needed to elucidate the effects of this therapy on HS
disease course (Hueber et al., 2012).

Recent discovery of the role of complement in HS has
driven investigation of the anti-C5a mAb IFX-1. A phase II
trial for IFX-1 in patients with moderate to severe HS is un-
derway (ClinicalTrials.gov, 2018b).

Studies of other skin diseases such as psoriasis reveal that
biologic drugs may alter microbial diversity and composition,
resulting in divergence of lesional and nonlesional skin
communities (Langan et al., 2019; Loesche et al., 2018).
Research has yet to characterize changes to the cutaneous
microbiome in patients with HS undergoing biologic therapy.
These shifts may indicate clinical efficacy and/or be used to
assess response to treatment.
Surgery. Generally, surgery is recommended in conjunc-
tion with medical therapy, as poorly controlled disease may
confer greater risk for surgical complications (Alikhan et al.,
2019). Small or individual lesions in mild to moderate HS
may be managed with local destruction, such as electrosur-
gery and cryosurgery or punch debridement (Danby et al.,
2015). Moderate to severe HS may require surgical man-
agement with unroofing or excisional therapy (Danby et al.,
2015).

A recent systematic review found the overall mean
complication rate to be 24% and mean recurrence rate to be
20% (Bouazzi et al., 2020). The authors did not find a sig-
nificant association between HS comorbidities that are sur-
gical risk factors and complication and/or recurrence rates of
surgery. However, studies vary widely in their follow-up
times and clinical definitions of complication and recur-
rence. Future studies should clarify this heterogeneity and
standardize postsurgical evaluation.

Other therapies. Given that HS is more common in fe-
males and symptoms may vary during pregnancy and the
perimenstrual period, antiandrogenic therapies have been
used, although there are limited data to support their use
(Vossen et al., 2017). Such therapies tested in case series,
retrospective studies, and one RCT include ethinyl estradiol
and norgestrel, ethinyl estradiol and cyproterone acetate, and
spironolactone (Kraft and Searles, 2007; Lee and Fischer,
2015; Mortimer et al., 1986). There is evidence that pa-
tients taking the 5a-reductase inhibitor finasteride achieve
clinical improvement, although the exact mechanism by
which this occurs is unclear and its use is off-label (Clark
et al., 2017). These therapies may be more beneficial for
patients presenting with flares during their menstrual period
and/or those who have features of polycystic ovarian syn-
drome (Alikhan et al., 2019).

Pain associated with HS appears to be the greatest source
of morbidity in patients afflicted by the disease (von der
Werth and Jemec, 2001). Commonly utilized therapies
include topical anesthetics, nonsteroidal anti-inflammatory
drugs, and opioids (Alikhan et al., 2019; Puza et al., 2019).
One study found that opioids were prescribed in over one
fifth of patients with HS who presented to the emergency
department (Puza et al., 2019). Prospective studies are
needed to construct a more standardized approach toward
pain management in HS.

Other medical therapies, such as peeling agents, intrale-
sional steroids, and topical retinoids, can be used as adju-
vants or for acute relief, but there is a lack of data supporting
their use as monotherapy (Alikhan et al., 2019; Frew et al.,
2019; Riis et al., 2016a). Oral retinoids have yielded vary-
ing levels of success mostly limited to Hurley stage I and II
disease (Blok et al., 2013; Huang and Kirchhof, 2017).

Conclusion and Future Directions

HS is a chronic inflammatory disorder whose pathogenesis is
still poorly understood and involves multiple factors.
Although it is known that a shift in predominance of skin
commensals to gram-negative anaerobes occurs as HS le-
sions progress, it remains elusive how this change occurs and
whether it is a primary or secondary process. More research is
needed to examine the early innate immune response and
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identify key molecules and pathways that are causative of or
reactive to cutaneous dysbiosis. Studies of immunomodula-
tory therapies support the role of altered cytokine signaling
and dysregulated innate immune pathways, such as TNF-a,
IL-1b, IL-12, IL-17, IL-23, and complement. The use of next-
generation sequencing technologies, specifically single-cell
sequencing, can be employed to provide rich descriptions
of the pathways that are perturbed in HS and can thereby be
targeted for treatment. Spatial transcriptomics is another
novel technique that is of special value when studying a
complicated organ such as the skin. This may allow unique
insight into the role of the pilosebaceous unit in driving HS
disease.

Guidelines for HS treatment recommend lifestyle modifi-
cation and antibiotics as first line therapy because smoking,
obesity, and bacterial involvement have been established as
contributors to disease. However, there is a relative dearth of
RCTs examining the efficacy of these recommendations and,
in the case of antibiotics, uncertainty about the importance of
anti-inflammatory versus antimicrobial responses. Surgery
and other treatments function as useful adjuvants to medical
therapy for HS. These should continue to be explored to
enhance pain and cosmetic management. Current research
investigating the skin microbiome, transcriptome, and
metabolome of diverse patient cohorts with HS will continue
to illuminate pathogenesis and inform more personalized
approaches toward management of comorbidities and treat-
ment of disease.
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