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Introduction

Hidradeniti§ suppurativa is a painful and debilitating inflammatory disease of the skin and
subcutaneous tissues that originates from hair follicles. First recognized in 1839, its etiology and
pathogenic mechanisms remain a matter of debate ['2l. Even nomenclature is a source of
contention. Most widely used is “hidradenitis suppurativa” although there is uniform agreement
that this diseasesdoes not represent a primary hidradenitis [>-1. Another suggested name is “acne
inversa” (Al),so called because the disease most commonly affects the axillae, inguinal and
perianal regions, the “inverse” of acne vulgaris, which is a true statement but does little to assist
in understanding a disease that is not only anatomically but also clinically and histologically very

different from acne vulgaris [®-8]. Still, it is accurate in what it purports to define and for that
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reason, is used herein.

The confusion about nomenclature is an indication there is still much to learn about AI. A recent
review described eight major gaps in understanding and treatment of AI. Two of these gaps are
fundamental:=l)=a need to define the natural history of Al by determining the sequence of disease
progressionand 2) improved clinical-pathologic correlation by defining the histologic features of
specific Al lesions across the disease spectrum{!! This report represents an attempt to fill these
gaps without which any advancement in developing optimal therapies or understanding response
outcomes (curréntly dependent on clinical assessments by methods such as the Hurley score) are

greatly hindered.

Materials and methods
Case selection
This study was'based on the examination of excisional and punch biopsy samples from patients
with Al “The diagnosis was established by either clinical presentation or by confirmatory
histopatholegy reports. Samples included 177 formalin-fixed, paraffin embedded blocks
representing 13 punch biopsies from eight patients and 157 blocks of excised tissue from 57
patients. Excisional tissues from 8 patients were obtained prospectively. These were submitted
intact, immediately placed in formalin and bread loafed during trimming so the entire sample
could be evaluated histologically (Sup Fig 1). In addition, diseased samples were compared with
non-lesional skin samples from six Al patients and excised normal skin samples collected during
breast reduction surgery. Although samples were deidentified, available demographics are listed
in Sup Table 1. _Clinical Hurley scores were not available, but all samples were from patients
requiring surgical excision or in the case of the punch biopsies, patients with severe disease.
Samples examined were obtained after approval by the Human Research Ethics Committees at
each respective, institution.
Pathologic evaluation
All samples were processed routinely and sectioned at 4um. Hematoxylin and eosin (H&E)

staining was performed on a Leica ST5010 autostainer. All H&E stained slides were evaluated
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for a spectrum of histologic features attributed to AI [479-231, At the same time, the lesions were
examined to identify a continuum of changes that defined the evolution of Al from histologic
inception until fully developed. This examination demonstrated excisional samples were much
more informative.and their examination was emphasized. Because all the tissue from the eight
prospectively.ebtained samples was trimmed for histologic assessment, the 99 blocks obtained
from these patients were used to quantify the number of affected and unaffected follicles as well
as to quantifytracts that were lined or not lined by epithelium. In addition, 20 blocks from these
eight patients wetre selected as being most representative and instructive based on number of
lesions at different stages of development and sample depth These were sectioned deeper to
evaluate theextent of the lesions and were evaluated for IHC markers on serial sections that
defined epithelial as well as inflammatory components of the disease and for the presence of
proliferation and bacteria (Gram’s stain) (Sup Table 2). Immunohistochemistry (IHC) was
performed on a Leica Bond RX automated immunostainer. All slides were digitized using a

Pannorami¢:250 scanner (3DHISTECH Ltd., Budapest, Hungary).

Results
Epithelial changes
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The earliest histological change in Al was hyperplasia of the outer root sheath of the follicular
infundibula, associated with a dilated lumen filled with cornified debris. Luminal hair shafts
were occasionally present. This alteration was common in excisional samples, involved vellus
and terminal hair follicles and multiple early lesions could be present in a single section. (Fig. 1),
From these diseased infundibula, protuberances of the cystic infundibulum (defined as
“tendrils”) extended laterally and beneath the sebaceous duct (the anatomic limit of the
infundibalum)(Sup Fig. 2,3), Quantitation of infundibular regions from large, completely
excised samplesiidentified 356 follicles; from these, 198 follicles (56%) had histologic evidence
of early Al'changes (defined as hyperplasia of the infundibular outer root sheath with early
tendril formatiemand often, keratin plugging with infundibular dilation) or more advanced

follicular lesions.

As lesions pregressed, tendrils extended deeper into the dermis and subcutaneous fat. In fully
developed lesions, best defined on continuous sections, there was an interconnecting labyrinth of
infiltrative Keratinizing epithelium that formed cysts away from the infundibula from which they
arose. Tendrils developed independent of substantive inflammation and represented a defining
and distinctive feature of Al (Fig 2). In deeper regions in fully developed Al, there were
separations in soft tissues, usually associated with areas of abscessation. These “tunnels” typically
were arranged in‘the same labyrinthine pattern of intact infiltrative tendrils and were consistent
with necrosis of the epithelial lining as the inflammation often contained keratin shards and/or
remnants of the lining epithelium. (Fig. 3). Fully developed lesions generally extended deep in
the dermis below the limits of a standard biopsy punch (Sup Fig 4). Because the large, excisional
samples included,deeper soft tissues, they were also used to define tunnels and tendrils. In these
99 blocks,.deeper, lesions of Al were identified in 85 (86%). Of these, 17 (20%) of the tunnels
were deveid of any epithelial lining, 65 (76%) were partially epithelial-lined and 3 (4%) were

composed of tendrils and cysts without tunnel formation.

There was_no"histologic evidence that apocrine glands or ducts were associated with the

developmentwof Al at any stage of the disease.

To further define the epithelial component of Al, the expression of a variety of epithelial proteins

and the proliferation marker, Ki-67 were defined by IHC and compared to hair follicles
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identified in non-diseased skin samples (Table 1). Keratin 5 (K5) expression was used as a
consistent epithelial marker throughout disease development (Sup Fig 5,).

Regions of the hair follicle are defined by patterns of epithelial marker expression including
infundibulum (K 10), outer root sheath (K17, K19, nestin) and stem cells (K15, K19, nestin).
Tendrils and.eysts, even those in deep soft tissues had cornifying regions highlighted by K10 (a
marker of infundibular differentiation) alternating with non-cornifying regions demonstrating
outer root sheath'differentiation (K17, K19, nestin). Early lesions (i.e., those above the
sebaceous duct)also expressed K10. Hyperplastic ostial openings of draining tracts displayed
K10 expression with occasional evidence of outer root sheath immunophenotype. Open spaces in
tissues (“tunnels?) often intermixed with suppurative inflammation generally contained K10
positive squames, consistent with cyst/tendril necrosis. The expression of nestin, K19 and K15
were considered evidence of stem cell differentiation. This was especially true for nestin and
K19 expression which were generally in deep, non-cornifying regions structures and were co-
expressed with K17. Stem cell immunopositivity, coupled with the variability and intermixing
of the other@pithelial markers were consistent with a disordered pattern of cornification. In none
of the samples examined was there evidence of hair matrix differentiation.

Ki67 was diffusely expressed among basal cells and in regions, a few cell layers suprabasally.
The leading'edge of the tendrils often were positive for this proliferation marker but were not

increased when compared to lateral tendril walls, the cyst walls or the epidermis (Sup Fig. 6).

Characterization of the inflammatory reaction in Al

The hyperplastie; infundibula were associated with a variable but generally mild, mixed
mononucleaninflammatory response, and rupture of cysts was uncommon when cystic infundibula
were above sebaceous gland ducts (Fig.1). Ata minimum, this inflammatory response was present
from early through fully developed lesions. However, intense regions of inflammation required
cyst rupture. This was best defined in excisional samples where the lesion was limited to isolated,
clearly defined, unconnected, ruptured cysts consistent with Hurley stage I. Here, the cyst was
surrounded by a severe inflammatory reaction that infiltrated the cornified center (Sup Fig. 7). In
fully developed (Hurley stage II or III) lesions with more diffuse inflammation, a ruptured cyst or
tendril may not be clearly defined but its prior presence was confirmed by epithelial remnants of

the cyst wall and/or shards of K10+ keratin in the inflammatory milieu (Sup Fig 8).
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Presumptively, although cysts might rupture from mechanical trauma, in some regions, neutrophils
were identified breaching the walls of cysts that contained luminal bacteria suggesting a role for
bacteria in the pathogenesis of Al (Sup Fig. 9). Associated with the inflammation was active
fibroplasia with neovascularization. Peripherally, the cellularity of fibroblasts decreased with
replacement_by,abundant collagenous stroma representative of the scarring noted as a clinical

feature of AL

Even without the benefit of IHC, the heterogeneity of the inflammatory reaction could be
defined. Neutrdphils, lymphocytes (including plasma cells), macrophages (sometimes
epithelioid of'multinucleate), eosinophils and mast cells were largely intermixed; however, the
composition and intensity of the inflammatory milieu changed depending on proximity to
ruptured cystsssgFhe most abundant inflammatory cells associated with cyst rupture were
neutrophils(defined by MPO); however, after this early neutrophilic infiltration, there was little
consistency 1n the types of inflammatory cells associated with active regions of inflammation
around ruptured cysts other than foci of abscessation where again, neutrophils predominated
(Sup Fig 10).

The most.abundant cells were IBA-1+ (generally considered a marker for monocyte/
macrophages). These cells were diffusely and densely scattered in soft tissues around regions of
cyst ruptureDendritic cells, defined by CD11c¢ expression, were much less abundant, and were
only identified where IBA-1 immunopositivity was present suggesting proximity was mandatory
or that the CDT1c positive cells represented a subpopulation of IBA-1+ cells. CD4+ cells were
also diffusely scattered in highly inflamed areas. CD8+ cells were a minor component of the

infiltrate. Both,€D4+ and CD8+ cells demonstrated infiltration into epithelial structures.

B-cells as defined by CD20 immunopositivity were diffusely scattered but were also present as
lymphoid nodules whereas CD138 expressing plasma cells were more diffusely intermixed with
other inflammatory cells and were more abundant. Although there was variability, in most
samples examified, B-cells (CD20+ plus CD138+ cells) at least as common as T-cells (small

CD4+ plus €D8+ cells) (Sup Fig 10).

Examination of peripheral regions, above or lateral to highly inflamed areas of tissue, revealed
not only less inflammation, but also a different composition of immune cells (Sup Fig 11).

Here, CD4+ and IBA 1+ cells comprised the most abundant cell population and CD8+ T-cells, B-
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cells and CD11c+ cells and neutrophils were relatively rare with plasma cells being more
abundant in the superficial dermis than CD20 cells+. Mast cells (defined by c-kit
immunopositivity) and eosinophils (defined morphologically) displayed variable distribution,

from moderately abundant to uncommon.

Discussion

Based on otir'analysis, Al originates from the infundibulum of hair follicles with extension by
cyst-forming tendrils into deeper soft tissues. The inflammatory response is largely secondary to
recurrent rupturerof continuously forming keratin-filled tendrils and cysts that contain bacteria
(Fig 4). The defining histologic feature of Al is the presence of tendrils—extensions of
squamous epithelium that infiltrate into surrounding tissues. These have been mentioned and

depicted in previous reports but not particularly emphasized [47--10-13,16,17,19.21.24-29] © A prevailing
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view describes tendrils (often called sinus tracts or tunnels) as a late feature of the disease (i.e.,
developing after a cyst has ruptured) and that they form from epithelial remnants of ruptured
cysts [%1924-28] " In contrast, our observations concur with those of Kurokawa et al., 2008, that the
tendrils developed early in the disease®*- In addition, inflammatory lesions seldom developed
in the acroinfundibulum (the region of the infundibulum closest to the to the external opening of
the follicle) [%1%-23]._Finally, there was no histologic evidence that tendril development was

inhibitedorstimulated by inflammation.

The transitioh ofnormal infundibula to those with histologic features of Al is extensive in
patients requiring surgical excision. Fifty-six percent of follicles examined from eight, large
excisional samples in which all tissue was processed had evidence of this transition and this was
an underestimate.as not all follicles counted had infundibula. These data indicate that chronic Al
is a diffuse andsactive, albeit generally regional disease consisting of tunnels that originated from
these early infundibular changes. Why some of these follicles form infiltrative, cyst forming
tendrils whereas most do not, remains to be determined. On examination of deeper, soft tissue
lesions in the same blocks used to define early follicular changes, evidence of tendrils and
tunnels were.present in 86% of the blocks, an indication of extensive and destructive features of
longstanding ALIn addition, 76% of tunnels had regions of epithelial lining demonstrating an
associatedpathogenesis. This observation coupled with the evolution of tendrils that formed

cysts with subsequent rupture defined the progressive nature of Al

From a diseaseé"progression perspective, it is helpful to consider “tendrils” as intact, dissecting
epithelial cordsy often with luminal cornification. ~When a tendril dilates, being filled with
corneocytes, the term “cyst” is appropriate. The term “tunnel” represents a late feature of fully
developed and highly inflamed regions where there is extensive necrosis of tendril epithelium and
the path of the tendril is lined by none or occasional areas of intact epithelium 3%, Histologically,
tunnels appear.as a separation of soft tissues. The visualized separation is because tunnels contain
fluid, largely.suippurative inflammation and often cornified debris that could be defined by K10+

immunostaining.

As lesions resolve, these areas close and are replaced by connective tissue. The extensive
inflammation of soft tissues in Hurley stage II or III is a reason why scarring is extensive as Al

resolves. Although it is possible that new tendrils can develop from remnants of cyst wall
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epithelium that focally line tunnels after cyst rupture, this does not represent a major mechanism

of tendril formation.

Kurokawa also believed that an “invagination of the epidermis may result in the formation of
infundibulumslike epithelium that protrudes into the deep dermis as an epidermal cyst.” [24}
Foci suggesting this phenomenon were noted; however, when examined by deeper sections in
our cohort, these epidermal invaginations never evolved into fully developed lesions of Al and

all fully developed lesions of Al could be traced back to a hair follicle.

Al has als@ been described as a disease exclusively of terminal hair follicles;®! however, we
regularly observed cyst-forming tendrils arising from vellus hairs. This is in concurrence with
Kurokawa’s'statément “It is very dubious that Al predominately affects terminal hair follicles” [24],
Whether or not vellus hairs have apocrine glands or whether all terminal follicles in apocrine-gland
bearing skin_have apocrine glands remains undefined [3'-33], 1In this study, deeper sections of
affected vellus hairs appeared to lack duct insertions in the infundibulum suggesting Al is not only
not a hidradenitis; it may not even exclusively be a disease of apocrine follicles. This could explain
why Al can‘oceur in sites devoid of apocrine glands 34, As has been reported previously, even
on serial seetions, there was no evidence that apocrine glands or ducts were associated with the

development©f Al at any stage of the disease [4].

The expression of intermediate filament proteins by IHC further demonstrated the progression of
Al. Early lestons with features of comedoes were K10+ and K5+, consistent with the expression
pattern in the infundibulum [33-381, As lesions evolved with the formation of tendrils and cysts, the
expression pattern was more random with the infundibular pattern described above intermixed
with non-cornifying regions defined by the expression of K17, K19 and nestin--proteins whose
expressionrisnormally restricted to the outer root sheath 39431, The expression of K15, K19 and
nestin also suggested pluripotentiality as they have been described as stem cell markers [41-44],
Finally, this inteomixing of infundibular and isthmic intermediate filament expression in deep,
fully developed lesions and occasionally, the presence of K17 and nestin in superficial draining

tracts in Al indicated non-neoplastic but disordered maturation.

In the first detailed assessment IHC assessment of the sinus tracts in Al, Kurzen et al, 1999, defined

three phenotypes of stratified squamous epithelium ['7). Type I was cornifying and K10+. Type
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IT was non-cornifying and negative for K10 but positive for K13 consistent with the pattern we
observed with K17 staining. Type III was non-cornifying, marked by the presence of K7 and K19
and was thought to be a response to highly inflamed regions ['7]. In this investigation, we were
unable to confirm the association of K19 with inflammation. K19 immunopositivity was always
present in deeper sub-sebaceous duct regions which were typically more severely inflamed;
however, there were regions with intense inflammation that were K19- and regions with minimal
inflammationthat were K19+. These results also differ from those of Kurokowa et al, where K19

staining wa$ notidentified [,

The inflammatory response associated with Al is extremely heterogeneous and composed of
neutrophils, numerous CD4+ and CDS8+ T-cells, abundant CD20+ B-cells, plasma cells,
monocytes/maetophages, dendritic cells, eosinophils and mast cells and is most intense around
ruptured cystsswThe initial alteration in cyst rupture was defined by an infiltration of neutrophils
extending into a cornified cyst lumen that occasionally contained Gram+ bacteria. The concept of
follicular wall fragility as an initiator of inflammation in Al was not confirmed >3], Also, the
thinning of the basement membrane in this region is not strong evidence of defective follicular
support [U._Dissolution of the basement membrane is a characteristic feature of cancer invasion
and although notranalyzed in this study, is more likely a feature of tendrils as they extend into

deeper softtissues (461,

Using an Occam’s razor approach suggests that the inflammatory response in chronic Al represents
largely a reecutrent foreign body inflammatory response. This hypothesis does not dispute the
immune-mediated basis of this disease. That a large portion of the inflammatory response is
directed against extruded, antigenic keratin, also agrees with the concept that Al is

“autoimmune/autoinflammatory”, but these characterizations do little to explain the pathogenesis

of Al

From a histologic perspective, the inflammatory response in Al represents an activation of the
entire panoply of the immune response: innate, adaptive, T-cell, B-cell, myeloid and dendritic cells
in reaction to cyst-forming, infiltrative tendrils that rupture, continuously releasing immunogenic

keratin shards and commensal bacteria [20-2529],

That a mild inflammatory reaction is present around early lesions has been used as evidence that

This article is protected by copyright. All rights reserved



inflammation is a primary driver for Al 421231, However, by the time a sample is obtained for
histologic evaluation, the disease is already “chronic” meaning that the diverse immunologic
reactions that are associated with Al are in play. Thus, a, residual superficial perivascular response
would be expected. This would be especially true for samples that require surgical excision [22-23],
Second, any abnormal epithelial extension into the dermis whether of epidermal or follicular origin
(i.e., tendrils) will incite inflammatory response. The inflammation associated with cutaneous
neoplasms both malignant (squamous cell carcinomas) or benign (keratoacanthomas) has long

been recognized #7481,

Perhaps the main reason why the etiology of Al remains undefined is because it has such unique
clinical and histologic features. Described as an “infiltrative growth of proliferating non-malignant
keratinocytes”=Al has some overlapping features with a carcinoma #°). Clinically, it does not
respond wellwte anti-inflammatory therapies and surgical excision may be curative [30-52],
Histologically, lesions are large, poorly circumscribed and asymmetric with tendril extension deep
into soft tissues. Immunohistochemistry defines a disordered distribution of intermediate
filaments and de novo expression of stem cells. Against Al being a malignancy is the absence of
atypia, lack,of vascular invasion or metastasis, the potential for spontaneous remission and
evidence that itwarises multifocally (i.e. not from a single clone). Most importantly, true

malignancies'have developed from patients with long standing AT [33],

Except for dissecting cellulitis of the scalp, we are unaware of any other inflammatory disease that
can induce asfeSponse in epithelium that mimics the tendrils in AI 5431, Most analogous to Al are
perianal fistulas-associated with Crohn’s disease (a disease that has been associated with AT) 5781,
However, the pathogenesis of perianal fistulas is different in that they are thought to arise from a
deep ulcer and then reepithelialize, just the opposite of Al tendrils that extend into tissues and then

undergo necrosis, [0,

The tendril hypothesis also characterizes Al primarily as a disease where the most informative
changes afe generally beneath the depth of a standard biopsy punch. In this study, punch biopsies
did not capture ‘the tendrils and the labyrinth-like interconnectivity or the heterogeneous
inflammatory response (i.e., B-cells, CD8+ cells, etc.) that characterize deeper, active disease 24,
This is why we limited detailed analysis to excisional samples. Relying on punch biopsies for

molecular analyses may therefore lead to incomplete sampling of this process. A recent meta-
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analysis of inflammatory cytokine associations with Al identified 19 references that included 564
individual Al patients and 198 controls ['l. Of these, only two studies (a total of 51 patients) based
their examinations on excisional samples rather than biopsies. Both primarily relied on IHC, the
first used quantitative PCR for molecular analysis, the second Western blot 62631, This may be a
reason for the.variance between measured levels of cytokines across the reported studies (only
21.8% of the 23/cytokines reported by more than one lab resulted in confirmatory conclusions)
[61], These resultsindicate that the molecular biology of tendrils and active deep lesions have not
been adequately'€xamined. Because of the depth, random infiltration of tendrils and heterogeneity
of the inflammatory response, future analyses of Al should take advantage of emerging spatial
transcriptomicmethods for gene expression and small sample proteomics to evaluate adequately

sampled deep lesions [6463],

The currentmdevelopment of medical therapies for Al are based largely on inhibiting the
inflammatofy component of the disease [, The evidence presented here suggests that if
infiltrative tendrils are the driving force for Al and if tendrils develop independently of the
intensity of the inflammatory reaction, then anti-inflammatory therapies will be ameliorative but
not curatives,This is demonstrated in a double-blind placebo-controlled investigation in the use of
adalimumab to treat Al where there was no clinical improvement compared to the placebo group
after week2"6fa"12 week study and when disease progression was followed for an additional 24
weeks there was no difference between the two groups.[”).  From the tendril hypothesis
perspective, we propose that the effects of anti-transforming growth factor alpha treatments work
primarily by diminishing the inflammatory component of the disease and may not adequately
control the tendril infiltration. We contend that anti-inflammatory treatments are useful, but more
effective therapies need to control tendril infiltration and achieve more effective, long-term
therapeutie response. Until then, surgical excision will remain the treatment of choice for Hurley

stage II or IIT disease [39-32],

In conclusiong'the data presented here provide evidence that Al is a unique, epithelial driven
disease duc torinfiltrative, cyst forming tendrils and most of the inflammation can be explained by
continuous cyst rupture and release of immunogenic cornified debris (Fig. 4). The resultant
inflammatory response is extremely heterogeneous with evidence of abundant T-cell, B-cell and

myeloid (including mast cell) populations. That cyst rupture often occurs below the depths of
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samples obtained by punch biopsies indicates the analysis of punch biopsies may not be
representative of the disease. Finally, although anti-inflammatory treatments may help ameliorate
Al, unless they impact on tendril infiltration, it is unlikely they will result in prolonged treatment-

induced remission.

Supplementary information is available at Experimental Dermatology’s website.
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