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Cicatricial (scarring) alopecia results from irrevers-
ible damage to epithelial stem cells located in the
bulge region of the hair follicle, generally as a result
of inflammatory mechanisms (eg, in the context of au-
toimmune disease). In primary cicactricial alopecia
(PCA), the hair follicle itself is the key target of autoag-
gressive immunity. This group of permanent hair loss
disorders can be classified into distinct subgroups,
characterized by the predominant peri-follicular in-
flammatory cell type. In none of these PCA forms do we
know exactly why hair follicles begin to attract such an
infiltrate. Thus, it is not surprising that halting or even
reversing this inflammation in PCA is often extremely
difficult. However, increasing evidence suggests that
healthy hair follicle epithelial stem cells enjoy relative
protection from inflammatory assault by being located
in an immunologically “privileged” niche. Because this
protection may collapse in PCA, one key challenge in
PCA research is to identify the specific signaling path-
ways that endanger, or restore, the relative immuno-
protection of these stem cells. After a summary of
pathobiological principles that underlie the develop-
ment and clinical phenotype of PCA, we close by de-
fining key open questions that need to be answered if
more effective treatment modalities for this therapeu-
tically very frustrating, but biologically fascinating,
group of diseases are to be developed. (4m J Pathol
2010, 177:2152-2162; DOI: 10.2353/ajpath.2010.100454)

Cicatricial alopecias (syn. scarring alopecias; permanent
alopecias) are an uncommon and clinically diverse set of
disorders that result in permanent and irreversible (scalp)
hair loss, often leading to major disfigurement, discom-
fort, and psychological distress. Clinically, this form of
irreversible hair loss is characterized by the disappear-
ance of visible follicular ostia within an area of alopecia.
Histologically, this corresponds to hair follicle (HF) de-
struction and subsequent replacement with fibrous tis-
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sue. These disorders may be primary (PCA), with the follicle
itself being the target of the disease process, or secondary,
where HFs are destroyed coincidentally as part of a more
generalized tissue-damaging event (eg, deep skin infec-
tion, thermal burn, trauma, or ionizing radiation).”?

This review will focus on PCA and will discuss current
concepts in PCA pathogenesis and important areas for
future study.

Why Are Primary Cicatricial Alopecias of
Major Interest Beyond the Field of HF
Biology?

Given the multiple distinct stem cell populations of the
HF 2 its capacity to induce angiogenesis® and nerve fiber
sprouting,® its major role in wound healing,®” and its
notoriously underestimated impact on general skin archi-
tecture and physiology,®° the permanent loss of pilose-
baceous units is indeed a catastrophic event for the
entire skin, its normal function, and its regenerative po-
tential. Yet, PCA is also of major interest well beyond the
“hair and skin horizon.” PCA results from the irreversible
destruction of key epithelial stem cells of the HF so that
this constantly remodeled, cycling, miniorgan loses its
capacity to maintain and regenerate itself, resulting from
an inflammatory attack on the HF. Therefore, PCA offers
an excellent, highly accessible model for studying how
various inflammatory events and immunoregulatory
mechanisms—in the adult human system—conspire to
assault epithelial stem cell populations. Moreover, PCA
provides a model system in which to identify the (cur-
rently unknown) signals that incite such an attack—as a
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[ Histological features

PCA group Clinical appearance Clinical features
Lymphocytic LPP e Women > men
o Adults
e Central scalp location /
frontal hairline (FFA
variant)
e Peri-follicular erythema and
scale
*  Activity at EDGE of
alopecia
CCLE e Women > men
e Adults
e Central scalp location
e Diffuse erythema and scale
e Follicular plugging, atrophy
and pigment change
e Activity in CENTRE of
alopecia
e Non-scalp lesions in 80-
90%
Neutrophilic FD e Men>women
e Adults
e Central scalp location
e Painful folliculitis at
expanding edge of hair loss
e Hair tufts, pustules and
scale
e Hypertrophic scarring
e Activity at EDGE of
alopecia
DCS e Men>women
e Multiple tender and
fluctuant scalp nodules
e Sinus tracts
e Purulent discharge
e Associated with acne
conglobata and hidradenitis
suppurativa
Mixed AKN e Men>women
e Occipital scalp
e Keloid-like papules /
nodules / plaques
e Pustules / crust may be
present

Lymphocytic infiltrate centred on
infundibulum / isthmus

Interface dermatitis (lichenoid >
vacuolar)

Loss of sebaceous glands
Superficial peri-vascular
inflammation only

No peri-eccrine inflammation
No dermal mucin

IMEF: cytoid bodies IgM positive

Lymphocytic infiltrate centred on
infundibulum and isthmus
Inter-follicular epidermal
inflammation and thickened BM
Interface dermatitis (vacuolar >
lichenoid)

Superficial and deep peri-vascular
and peri-eccrine inflammation
Dermal mucin

IME: granular linear IgG and C3
along BM (“lupus band”™)

Neutrophilic infiltrate (early) with
lymphocytes and plasma cells (later)
Perifollicular and inter-follicular
location

Free hair shafts / foreign body
granulomas

Dermal fibrosis

No sinus tracts

IMF: negative

Neutrophilic inflammation in deep
dermis / subcutis

Follicular occlusion

Deep abscess formation

Sinus tracts

IMF: negative

Mixed inflammatory infiltrate
No sinus tracts
IMF: negative

Figure 1. Key clinical and histological features of selected PCA entities (adapted from Harries et al'). LPP, lichen planopilaris; CCLE, chronic cutaneous lupus
erythematosus; FD, folliculitis decalvans; DCS, dissecting cellulitis of the scalp (syn. Perifolliculitis abcedens et suffodiens); AKN, acne keloidalis nuchae; Ig,

immunoglobulin; IMF, immunofluorescence; BM, basement membrane).

key step toward stem cell disease prevention and termi-
nation of disease progression.

Furthermore, in both human PCA and mouse models
that exhibit PCA phenotypes (see below), one can study
and experimentally manipulate how epithelial stem cells
are normally protected within their specialized niche'®""
from autoaggressive inflammation, what damage response
and repair strategies they use, and what exactly defines the
point at which epithelial stem cell damage becomes irrep-
arable and results in stem cell apoptosis or necrosis. Thus,
PCA in man and mice provides an instructive yet still under-
investigated and under-exploited in situ model for the im-
munopathology of epithelial stem cells.

Morphological Principles and Variants of PCA

PCA should be suspected when follicular ostia in areas of
alopecia are no longer visible. This sign is often accom-

panied by evidence of cutaneous inflammation (eg, peri-
follicular erythema, increased scaling) and may be asso-
ciated with hair tufting, pustules, skin atrophy, or
hypertrophic scarring. On histological examination, a
variably dense inflammatory infiltrate is typically seen in
the immediate vicinity of PCA-affected HFs. Its composi-
tion is suggestive of the specific PCA type present (Fig-
ure 1)." In fact, the current classification of PCAs heavily
relies on the predominant inflammatory infiltrate seen.
Disorders are grouped as Ilymphocytic, neutrophilic,
mixed, or nonspecific, with further subclassification into a
recognized disease state based on the clinical features
expressed.'? Additional diagnostic clues may be gained
from immunofluorescence, particularly if cutaneous lupus
erythematosus or bullous dermatoses is suspected.” Le-
sioned HFs in PCA are eventually destroyed and re-
placed with “scar-like” fibrous tissue. Verhoff Van Gieson
elastin stains are helpful in end-stage disease when in-
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| Environmental Triggers? |

Stearoyl-CoA desaturase 1
deficiency?

Proinflammatory
cytokines?

Bulge eHFSC
damage

Neurogenic skin
inflammation?

Loss of CD200 "no danger” - '
signal? . i
| Abnormal apoptosis? | 4
Autoimmune attack? ‘
(e.g. CD8+ T cells, ibodies)|

Programmed
organ deletion?

Figure 2. Possible pathogenic factors in PCA.

flammation is no longer present.'® At this point, the orig-

inal trigger for the hair loss is often no longer identifiable.

Unmet Diagnostic and Therapeutic
Challenges

Unfortunately, our understanding of PCA etiology and
pathogenesis is still in its infancy.'>'* Significant progress
has been hampered by our poor understanding of disease
progression and natural history, inconsistent and inaccu-
rate disease definition in the literature, the lack of defin-
itive molecular markers for any of the recognized PCA
entities, and the unpredictable and incomplete response
to therapy that is commonly seen.'®'® Thus, effectively
counseling patients about their likely disease prognosis
and the expected effectiveness of any chosen therapy is,
at present, extremely challenging.

A more in-depth understanding of PCA pathobiology
appears to be the essential prerequisite for achieving
major progress in identifying definitive diagnostic and
prognostic markers for specific PCA entities, for elucidat-
ing promising therapeutic targets, and thus for develop-
ing more effective strategies to manage these under-
estimated, commonly painful, and both cosmetically and
psychosocially disruptive disorders.

Epithelial HF Stem Cells

Given that epithelial HF stem cells (eHFSCs) lie at the
heart of PCA pathobiology (Figure 2), a brief excursion
into the biology of these cells and their importance in HF
function is in order (for details, see Refs. 3, 17, 18).

As one of the defining features of mammals, HFs
show an astounding regenerative capacity, while con-
tinuously undergoing serial complex organ transforma-
tions, termed the hair cycle. Here, phases of very active
growth (anagen) alternate with massive, apoptosis-driven
HF regression (catagen) and periods of relative quiescence
(telogen).™ This constant and lifelong remodeling activity of
the HF absolutely depends on the presence of functional
eHFSCs. These cells reside at the insertion point of the
arrector pili muscle, in the outermost layer of the outer root
sheath—the so-called “bulge” region. This area is also
the lowermost portion of the “permanent” HF during hair
cycling.?° While usually very difficult to see in human skin,

characteristic protrusions (“follicular trochanter”) can provide a
useful histological demarcation of the human bulge.®'

Further evidence in support of the importance of eHFSCs
to HF survival has been elegantly demonstrated by Ito
et al.?? In this study, a transgenic mouse model used a
“suicide gene,” encoding herpes simplex virus thymidine
kinase (HSV-TK) with a keratin 15 promoter, to induce
selective bulge cell destruction after gene activation.??
When skin from these mice was grafted onto immunodeficient
hosts, there was a rapid and permanent loss of HFs within the
grafted skin, but apparently without the presence of inflamma-
tion, thereby demonstrating the key role that these bulge
cells play in ongoing HF survival.

Special Immunological Features of the HF

As PCA results from an abnormal, autoaggressive im-
mune response that destroys eHFSCs, it is important to
recall that, within the skin immune system, the HF immune
system stands out in several respects, even under phys-
iological conditions.?® This is likely to be of major rele-
vance to understanding the immunopathobiology of PCA
and therefore needs to be briefly summarized.

On the one hand, HFs provide the major portal for
microbial invasion into mammalian skin. Yet, in immuno-
competent individuals, the clinical consequence of suc-
cessful microbial invasion (ie, bacterial or fungal follicu-
litis) is an exceptionally rare event—given that the human
integument supports about 5 million HFs. This observa-
tion alone already suggests that the HF must have estab-
lished an exquisitely effective anti-infection defense sys-
tem. Indeed, the distal HF epithelium is richly endowed
with intraepithelial T cells and Langerhans cells,'%242% ig
densely surrounded by the key cellular protagonists of
innate immunity (ie, peri-follicular mast cells and macro-
phages), and expresses a battery of antimicrobial pep-
tides, such as human B2-defensin, psoriasin, cathelici-
din, and RNAse7.?® The latter not only directly Kills
potential invaders but also serves as a “danger” signal
that, together with chemokines and proinflammatory cy-
tokines released by the HF epithelium, can rapidly attract
a massive immunocyte accumulation, up to the point
where neutrophils, macrophages, and T cells invade
(and potentially destroy) the HF epithelium.

On the other hand, the HF immune system has estab-
lished a complex system of checks and balances that
controls and suppresses excessive HF inflammation.
Specifically, large stretches of the HF epithelium express
potent endogenous immunosuppressants, such as trans-
forming growth factor (TGF)-p1/2 and a-melanocyte-stim-
ulating hormone. Under physiological conditions, even
peri-follicular mast cells may exert primarily immune-in-
hibitory effects.?” Defined compartments of the HF epi-
thelium, most prominently the anagen hair bulb, go be-
yond this and appear to have established an area of
relative “immune privilege” (IP). This is characterized by
low or absent expression of major histocompatability
complex (MHC) class | and class Il molecules and the
local production of immunosuppressants,?®2° including
the intrafollicular synthesis of cortisol.*° All this may serve



not only to ward off damaging HF inflammation after
minor trauma, skin irritation, or microbial invasion, but
also to sequester potentially immunogenic follicular au-
toantigens from immune recognition.?®> Consequently,
collapse of the IP of the anagen hair bulb is thought to
result in one of the most common autoimmune diseases
of man, alopecia areata.®’

In the context of PCA pathobiology, the most important
feature of the normal HF immune system is that the HF IP
also extends to the human bulge, the seat of eHFSCs.™©
Here, MHC class | and p2-microglobulin as well as MHC
class Il expression levels are sharply reduced, while the
immunoreactivity for locally generated immunosuppres-
sants such as TGF-B2 and macrophage migration inhib-
itory factor is increased. T cell functions may be inhibited
by the expression of indoleamine-2,3-dioxygenase and
by natural killer (NK) and cytotoxic T cells by human
leukocyte antigen E expression. On stimulation with inter-
feron (IFN)-v, the bulge IP phenotype collapses, '© just as
has been shown for the anagen hair bulb IP.%®

In addition, the type-1 trans-membrane glycoprotein,
CD200, is predominantly expressed in the human HF
bulge. %32 When CD200 interacts with the CD200 recep-
tor (CD200R), anti-inflammatory and tolerance-promoting
signals are generated, while the deletion of CD200 in
mice attracts massive peri-follicular inflammation, result-
ing in murine PCA.3334 Secretion of proinflammatory cy-
tokines by activated T cells can be down-regulated by
CD200 + dendritic cells in vitro,®® and antigen-presenting
cell activity is significantly reduced after CD200R bind-
ing.®® Therefore, through these mechanisms, CD200 is
thought to act as a “no-danger” signal to the local im-
mune system.3*

However, the functional significance of these “immune
protective” mechanisms in the HF remains a matter of
speculation. They may have evolved to reduce the risk of
autoimmune hair loss developing in mammals where the
process could threaten survival (eg, hair loss in a polar
bear).®® Another explanation is that IP protects the eHFSCs
that reside in the bulge from immune-mediated attack so as
to preserve this critical regenerative cell pool. ' Teleolog-
ically, this explanation makes sense considering the im-
portance of eHFSCs to HF regeneration, cycling, and
wound healing.’” Further, it should be recognized that
the failure of self-recognition (or, to be more precise,
failure of central and/or peripheral tolerance of autoanti-
gens) is an independent phenomenon of IP. For actual
loss of tolerance against autoantigens to occur leading to
manifest autoimmune disease, additional mechanisms
are required that go beyond the collapse of IP. Therefore,
HF IP collapse will only exceptionally lead to failure of
tolerance and frank autoimmune disease.*®

Key Concepts in PCA Pathogenesis

Key to understanding the pathogenesis in PCA is the
location of the peri-follicular inflammatory infiltrate relative
to two key structures of the HF, the hair bulb (where the
hair shaft is generated), and the hair bulge (the home of
eHFSCs). In the prototypic reversible autoimmune hair
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loss disorder alopecia areata, the inflammatory infiltrate is
centered round the hair bulb; whereas in PCA, the infil-
trate is located around the bulge region and distal (non-
cycling) follicle.” ' This marked difference in the intra-
cutaneous location of the inflammatory infiltrate has major
clinical consequences (ie, reversible versus permanent
hair loss) and underscores the topobiological importance
of location in immunopathology. Further, HFs can only
respond to inflammatory damage in a limited number of
ways, with premature catagen induction, “dystrophic
anagen,” programmed organ deletion (POD—see be-
low), and scarring all being possible responses seen,
depending on the type, intensity, and duration of im-
mune-mediated attack.'®

eHFSC Damage

Destruction of eHFSCs appears to be a key element in
PCA pathogenesis. Supporting this is the observation that
the inflammatory cell infiltrate in PCA is predominantly lo-
cated round the bulge region and distal follicle, with relative
sparing of the proximal bulb. Further, immunostaining of
keratin 15, a recognized bulge marker in humans (but not
specific for eHFSCs), " has been shown to be diminished or
absent from the bulge region in lichen planopilaris (LPP)%”
and chronic cutaneous lupus erythematosus (CCLE),®® pre-
dominantly in samples with the pushing densest peri-follic-
ular inflammatory infiltrates, suggesting that the inflamma-
tory process is either destroying the eHFSC pool or pushing
these cells towards differentiation as part of a HF repair
response. Interestingly, permanent alopecia can also occur
in long-standing cases of androgenetic alopecia® and
acute graft-versus-host disease,*° two conditions where in-
flammatory cell infiltrates around the bulge are frequently
seen. However, whether the destructive inflammation is
specifically directed against stem cell-specific autoanti-
gens or is, in fact, targeting the more differentiated epi-
thelium in which they reside, is still to be determined.
Thus, even if the eHFSCs are not directly destroyed by
the inflammatory process (ie, they are not the primary
target of immune attack), if a sufficient insult occurs, the
regenerative potential of the eHFSC must become over-
whelmed (“stem cell exhaust”) for permanent HF loss to
occur.

These findings, together with the K15 transgenic
mouse model®? (see above), support a key role of eHFSC
damage/exhaust in PCA; although, as highlighted in this
mouse model, eHFSC destruction alone does not explain
the full phenotypic profile (eg, atrophy, erythema, follicu-
lar plugging) seen in different PCA entities. Therefore,
other pathogenic processes must account for these
changes, in addition to the eHFSC damage that is clearly
occurring. However, why the follicle is attacked in the first
place (ie, what is the intrafollicular target antigen?) and
what prevents inflammatory damage to eHFSCs in normal
follicles are yet to be determined. Are the normal immu-
noprotective mechanisms so severely disrupted in PCA
that the eHFSCs are exposed to a damaging immune-
mediated attack? Whatever the unknown trigger factor
may be, the peri-follicular inflammation in PCA appears to
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be sufficient to destroy eHFSCs and, in so doing, abro-
gates the astounding capacity of the HF for regeneration
and self-repair—while simultaneously inducing all of the
other clinical and histopathological hallmarks of the spe-
cific causative disease.

Collapse of HF Immune Privilege

HF bulge IP collapse is an attractive theory to explain the
exposure of eHFSCs to immune-mediated attack in PCA.
Preliminary data would support this, with MHC class |,
B2-microblobulin, and MHC class Il immune reactivity all
being up-regulated in the bulge region of lesioned skin,
compared with uninvolved skin, in different PCA enti-
ties.*! Unfortunately, it is still unclear whether this phe-
nomenon develops at disease onset, predisposing the
follicle to inflammatory attack, or as a secondary re-
sponse induced by the developing proinflammatory cy-
tokine milieu, and what is the intrafollicular antigenic trig-
ger that precipitates such an autoimmune response.

Loss of CD200 Expression

Along the same lines, it is possible that loss of the “no
danger” signal CD200 is important in the pathogenesis of
PCA.?* Observations from the CD200 knock-out mouse
model support this suggestion.® Here, CD200-deficient
(CD2007/7) mice skin was grafted onto sex-matched
wild-type hosts (CD200"/*), producing inflammation, fol-
licle loss, and scarring in the grafted skin. Of note was
that the skin grafts survived long-term and the epidermis
remained normal throughout. Histologically, a peri- and
intrafollicular mononuclear inflammatory cell infiltrate was
seen with intrafollicular edema and increased levels of
apoptosis. Inflammation eventually resolved after all hair
was lost and replaced with tracks of scar tissue.

Cytotoxic Cell-Mediated HF Damage in PCA

Peri-follicular inflammation is almost universally seen at
some point in all PCA entities, leading many authors to
examine the potential role of cell-mediated cytotoxicity in
disease pathogenesis. In CCLE, the inflammatory infil-
trate is composed predominantly of activated T lympho-
cytes,*® with T cells expressing chemokine receptor-4
frequently found in scarring lesions, suggesting a direct
tissue-damaging role of these cells through epithelial
invasion and induction of apoptosis.*® Further, colocal-
ization of the skin-homing marker CLA (cutaneous lym-
phocyte antigen) with the cytotoxic marker granzyme B is
significantly higher in CCLE lesions that scar, compared
with nonscarring lesions, again, supporting their role in
direct cytotoxic tissue damage.** Laser capture micro-
dissection and subsequent microarray analysis of
CCLE tissue subpopulations suggest that inappropri-
ate activation of innate immune pathways underlies this
cytotoxic response, leading to tissue damage and
scarring.*®

Other cellular changes seen in CCLE are increased
numbers of y8-T cells®® and plasmacytoid dendritic

cells,*” along with increased expression of various cell
surface and adhesion molecules (eg, intercellular adhe-
sion molecule-1, vascular cell adhesion molecule, and
E-selectin) that are likely to be important in promoting cell
trafficking into lesional skin.*®

Proinflammatory Response in PCA

As in multiple other inflammatory diseases, including al-
opecia areata,®' INF is a key cytokine in the proinflam-
matory response. In CCLE, local production of type 1 INF
induces a Th1 pattern of inflammation through induction
of various chemokines (eg, CXCL9, 10, and 11) with
subsequent recruitment of CXCR3+ T cells into affected
skin.*®%9 Interestingly, CXCL10 is expressed predomi-
nantly in the basal layer of the epidermis in areas of
cytotoxic T-cell basal layer invasion.®! The proinflamma-
tory cytokines tumor necrosis factor (TNF)-«, interleukin
2, and INF-y are also up-regulated in CCLE.>2 Similarly,
in LPP, proinflammatory cytokines, including INF-vy, are
expressed in the inflammatory infiltrate with levels of the
profibrotic cytokine TGF-B also being greatly raised.®® In
early lesion of folliculitis decalvans, activated T-helper
cells are readily seen, with intercellular adhesion mole-
cule-1 and interleukin 8 being up-regulated and inducing
neutrophil migration into the tissues. In older lesions,
fibroblast growth factor and TGF-B are up-regulated and
thought to mediate the fibrotic reaction seen.>*

Wenzel et al proposed the following mechanism for the
initiation and propagation of the inflammatory reaction in
CCLE: type 1 INF expression is triggered by an (yet)
unknown stimulus, which induces chemokine and antivi-
ral protein production and, in turn, attracts CXCR3™ T
cells and plasmacytoid dendritic cells into the skin. Fur-
ther release of proinflammatory cytokine from plasmacy-
toid dendritic cells and accumulated apoptotic cells, to-
gether with direct chemokine release from T cells,
perpetuate the ongoing inflammatory response.®® It is
conceivable that the pathogenesis of lymphocytic PCA
follows a similar scenario.

Increased Apoptosis in PCA

Apoptotic keratinocytes are commonly observed during
the histological assessment of PCA, suggesting a poten-
tial role in these disorders. In CCLE, apoptosis is in-
creased in the HF, epidermis, and inflammatory infil-
trate®®-59; with the epithelial proliferation marker Ki-67
and the tumor suppressor gene p53 also being up-reg-
ulated. Here, p53 acts as the “guardian of the genome”
by either facilitating DNA repair or by directing irrecon-
cilably damaged cells into apoptosis.®”~*° In LPP, gene
expression profiling identified 206 up-regulated genes in
affected scalp tissue, of which many were functionally
involved in macrophage activation, apoptosis, cell migra-
tion, and tissue remodeling. About 30% of these up-
regulated genes were regulated by p53, suggesting a
central role in LPP pathogenesis.®°

The cell surface receptor Fas (CD95) triggers apopto-
sis on binding to its receptor, Fas ligand (FasL; CD95L).



In CCLE, Fas expression is increased in both the inflam-
matory infiltrate and on epidermal keratinocytes,®*®¢" and
FasL+ cells (mainly infiltrating macrophages) are also
found to accumulate around HFs. This peri-follicular
FasL+ infiltrate is thought to play a key role in the follic-
ular destruction commonly seen in CCLE through inap-
propriate apoptosis induction.®®®" Interestingly, expres-
sion of the constitutive apoptosis inhibitor Bcl-2 is also
reduced in CCLE, predisposing to apoptosis-related tis-
sue injury.®®

Sebaceous Gland Dysfunction and PCA

The hypothesis that sebaceous gland abnormalities may
play a role in PCA pathogenesis was originally derived
from observations of the spontaneous mouse mutant,
asebia (Scd7?), which exhibits a scarring alopecia phe-
notype (Table 1).22:32:62-68 | this model, hairs are scant
or absent and follicles are replaced by fibrous tracts. A
defect in stearoyl-CoA desaturase 1, important in seba-
ceous gland fatty acid composition, results in sebaceous
glands atrophy and abnormal gland secretions, in turn
leading to delayed inner root sheath disintegration, retro-
grade hair shaft growth, and penetration of the bulb, with
resulting foreign body reaction and eventual destruction
of the HF. However, although sebaceous glands are atro-
phic or absent early in the disease course in humans,
desquamation of the inner root sheath is not delayed, and
retrograde follicle growth has not been described. So
although this (and similar) models (Table 1)22:3%:62-68
hold interesting lessons for general pathological mecha-
nisms that may lead to PCA, promoting the hypothesis
that sebaceous gland rather than HF dysfunction is the
primary defect, there is as yet insufficient evidence that
these mouse models faithfully represent the principles
that drive specific PCA entities. It remains to be seen how
much relevance these models actually bear to human
disease.

PPARy Deficiency in PCA

An exciting development that promises to bridge the
divide between supporters of the eHFSC destruction the-
ory of PCA and those who feel sebaceous gland dysfunc-
tion is a central factor in PCA pathogenesis has recently
emerged. Gene expression analysis from humans with
LPP has identified a deficiency in peroxisome prolifera-
tor-activated receptor (PPAR)-y—mediated signaling,
which suggested that defective lipid metabolism and
peroxisome processing may be important in LPP patho-
genesis. Indeed, deletion of PPARy in K15+ bulge cells
in mutant mice results in an LPP-like skin and hair phe-
notype. Thus, PPAR-y-mediated signaling via appropri-
ate endogenous ligands may be vital for maintaining
normal eHFSC function.®® Consequently, PPAR-y stimu-
lation by clinically available agonists such as pioglitazone
would seem to be a promising therapeutic strategy for the
future therapy of at least those PCA variants that show
features of LPP. A first case report supports this important
new concept in PCA management.®®
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Programmed Organ Deletion

Programmed cell death is a key tool for sculpting tissues
and organs during development and physiological tissue
remodeling, such as during HF morphogenesis and HF
involution in the catagen stage of HF cycling.® Interest-
ingly, in the noninflamed back skin of clinically normal
mice, dense peri-follicular infiltrates of inflammatory cells
(primarily activated macrophages) are found centered
round the bulge of isolated HFs and appear responsible
for removal of these structures.”® Histological evidence
for mild peri-follicular inflammation is actually much more
common in clinically noninflamed human skin than is
often appreciated (eg, in androgenetic alopecia),®® with
POD potentially explaining why the total number of scalp
HFs per unit area actually declines slightly with advanc-
ing age. Therefore, it has been proposed that immuno-
logically mediated POD is a physiological mechanism for
the removal of damaged/malfunctioning HF and that PCA
may represent an exaggerated, uncontrolled variant of
this otherwise normal response pattern to major HF
damage.”®

Neurogenic Skin Inflammation

In mice, psycho-emotional stressors have been shown to
profoundly influence hair growth and cycling through the
induction of nerve growth factor (NGF) and increased
release of the prototypic stress-associated neuropeptide,
substance P (SP), which conspire to induce mast cell-
dependent neurogenic skin inflammation.”" This results
in dense peri-follicular inflammatory cell infiltrates (espe-
cially around the bulge), accumulation and degranulation
of peri-follicular mast cells, increased HF keratinocyte
apoptosis, and reduced hair matrix keratinocyte prolifer-
ation, followed by premature HF entry into catagen.”' "4

Of potential significance to PCA pathogenesis is the
observation that SP+ nerve fibers are particularly dense
around the insertion point of the arrector pili muscle and
the bulge.”? Peri-follicular inflammation is often centered
round this area, and stress-induced apoptosis is partic-
ularly prominent in the bulge.”® Further evidence from
human HF organ cultures has shown that the addition of
SP induces catagen, increases mast cell degranulation,
and, in anagen follicles, up-regulates MHC class | and
B2-microglobulin, indicating IP collapse.” In addition, SP
stimulation up-regulates the expression of (catagen-pro-
moting) neurotrophins and their receptor (p75NTR) in
human scalp HF.”* Because SP is also a known fibroblast
growth factor,”® in theory, even scar formation may be
promoted by SP-driven, peri-follicular neurogenic inflam-
mation. Taken together, these findings suggest a pos-
sible role of stress-induced, SP-dependent, peri-follic-
ular neurogenic inflammation in PCA, for example, by
precipitating IP collapse and/or promoting excessive
POD of HFs.

Mouse Models for Cicatricial Alopecia

Selected mouse models with a PCA phenotype are pre-
sented (Table 1).22:33:62-68 However, further investigation
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Table 1. Selected Mouse Mutants with a Cicatricial Alopecia Phenotype

Gene defect
[mouse chromosome]

Mouse model
(symbol)

Phenotype

Histology

Compared to
human disease

Reference

Asebia (Scd1?P)
Asebia Jackson
(Scd13) Asebia
Jackson-2

Stearoyl-CoA desaturase
1 enzyme [Ch 19]

(Sca1-2%)

Alopecia 1 (Alo-1)

Alopecia 2 (Alo-2)

Male NZ black/KN
(NZB/KN)

PPARy conditional
null (Pparg)

Keratin 15
transgenic
(Krtl-15-HSV-TK
ROSA26)

€D200 null
(CD20077)

Mapped to Bsk locus 11
Mb region [Ch 11]

Mapped to Bsk locus 24
Mb region [Ch 11]

Unknown

Peroxisome proliferator
activated receptor-y
[Ch 6]

Keratin 15 [Ch = 11]
(NB. mice died within 7
days due to
gastrointestinal toxicity)

CD200 (OX-2) [Ch = 16]

Recessive inheritance;
Scd1? = reduced hair
growth apparent by
day 7; sparse coat in
adults; scaly skin;
reduced growth;
reduced eye
lubrication; Scd12%+;
Scd1ab2) =
progressive scarring
alopecia; scaly skin;
runted growth;
photophobia

Dominant inheritance;
early onset progressive
alopecia; complete
alopecia by 20 weeks;
occasional excoriation/
erosions in older mice

Identical to Alo-1

Normal onset hair cycle;
initial lesions around
tail; indurated skin with
alopecia; progressive
hair loss on back;
severity and incidence
of alopecia increases
with age (77%
developed alopecia
lesions by 6 months)

Progressive alopecia with
spare and matted hair;
marked pruritus and
scratching behaviour;
scaly skin; smaller size
to uninvolved
littermates

Krtl-15-HSV-TK ROSA26
mice skin grafted onto
immune-deficient mice;
bulge suicide gene
activated by
ganciclovir at 3
months; complete hair
loss within 8 days; no
visible inflammation;
normal looking
epidermis; graft
survives long-term.

CD2007/~ skin grafted
onto sex-matched WT
hosts; hair lost in grafts
after 40 days;
epidermis normal; long-
term graft survival

Scarring alopecia; hypoplasia

of sebaceous glands;
abnormally long anagen
follicle; retained IRS and
hair follicle plugging; short

shaft at surface; retrograde

movement of the hair shaft

with shaft penetration of the

bulb and resultant; foreign
body reaction; increased
mast cell numbers

Thickened epidermis; early

sebaceous gland loss;
early infiltrate of
mononuclear cells in
dermis only; follicles deep
into sc fat; destruction of

follicles with necrosis; MHC

|- and ICAM-1-positive in
proximal follicle ( = IP
collapse)

See Alo-1. Infiltrate and ICAM-

1 expression down to sc
fat; infiltrate deeper than
that seen in Alo-1

Reduced follicle density;

atrophic epidermis; intra-
and peri-follicular
mononuclear cell infiltrate;
CD3+ and CD4*
increased around bulge;
peri-vascular infiltrate;
increased total number
(and degranulated) mast
cells; positive direct
immunofluorescence for Ig
M in 75%

Hyperkeratosis; plugged

follicles; follicular
destruction; peri-follicular
fibrosis; inflammatory

infiltrate comprising T cells,
macrophages, plasma cells

and mast cells; abnormal
sebaceous glands;
abnormal lipid
accumulation within follicle

Complete loss of follicles; no

inflammation

Peri- and intra-follicular

mononuclear inflammatory
infiltrate; intra-follicular
edema and apoptosis;

inflammation resolved after

hair loss; residual scarring

n.s.

n.s.

n.s.

Auto-immune-induced
permanent
alopecia

LPP

n.s.

62,63

64

64

65

66

22

33, 67

(table continues)
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Mouse model Gene defect Compared to
(symbol) [mouse chromosome] Type Phenotype Histology human disease Reference
Lympho-proliferation Fas antigen [Ch 19] S Patchy hair loss; CCLE- Progressive dermal CCLE/SLE 68

(Fas ") like skin lesions in 80%
by 5 months; photo-
sensitive; SLE-like

symptoms

T-lymphocyte infiltration;
similar histology to CCLE;
direct immunofluorescence
shows IgG at the dermo-
epidermal junction

Ch, chromosome; ENU, N-ethyl-N-nitrosurea mutagenesis; Bsk, bareskin; IRS, inner root sheath; n.s., not specified; S, spontaneous; Tg, transgenic;
N.M., not mapped; MHC 1, major histocompatability class 1; ICAM-1, intercellular adhesion molecule 1; LPP, lichen planopilaris; CCLE, chronic
cutaneous lupus erythematosus; SLE, systemic lupus erythematosus; CA, cicatricial alopecia.

and correlation with human disease is required before
these models can be accepted as true representations
of human PCA.

Environmental Triggers for PCA

Various environmental triggers (eg, infection, trauma,
medication) have been proposed as potential triggers
for PCA.

Infection appears to be a major factor in the pathogen-
esis of folliculitis decalvans, based on the observation
that Staphylococcus aureus is almost universally isolated
from affected skin,”®"® and that the disease often re-
sponds to antistaphylococcal antibiotic therapy.'®””
However, considering how common Staphylococcal car-
riage is in the general population (20 to 30%), it is likely
that an abnormal host response to this bacteria plays a
key role in disease development.”® One theory is that S.
aureus produces toxins (termed “superantigens”), which
can form abnormal complexes with MHC class Il recep-
tors and stimulate the proliferation of T-cells®® and, in
turn, propagates the excessive inflammatory response
seen.®! Interestingly, it is also possible that these bacte-
ria can survive phagocytosis, which may explain the fre-
quent observation of disease recrudesce, even after an
apparently successful course of therapy.®'®? Further,
new lesions of acne necrotica varioliformis can be exper-
imentally reproduced by injecting Staphylococci and
Streptococci, isolated from active lesions from the
same patient back into their normal skin. This may also
represent an abnormal host response to these common
bacteria.®®

Trauma has been implicated in the pathogenesis of
various PCA entities. In central centrifugal cicatricial alo-
pecia (syn. follicular degeneration syndrome),®* a history
of traumatic hair-care practices is often, though not al-
ways, identified.®85 Interestingly, premature desquama-
tion of the inner root sheath (highlighted by keratin 75
expression®), initially proposed as a useful diagnostic
marker for the condition,®” is also frequently found in
other scarring and nonscaring alopecias, and so is not
unique to this condition.®® Acne keloidalis nuchae,®9:°°
folliculitis decalvans,®'~°® and erosive pustular dermato-
sis of the scalp (EPD)%* have also been linked with scalp
trauma. Grattan et al have proposed that EPD represents
a “non-specific inflammatory response to injury of aging
and sun-damaged scalps.”®* However, atrophic skin at
sun-protected body sites have also been reported to

develop EPD-like changes, suggesting that skin atrophy,
and not sun damage, may be more important in
pathogenesis.®®

Drug therapy has also been implicated in PCA devel-
opment; Graham Little syndrome has been reported fol-
lowing hepatitis B vaccination,®® acne keloidalis nuchae
has been associated with anticonvulsant and cyclosporin
therapy,®”°° and drug-induced causes of alopecia mu-
cinosa'@~"%% and CCLE have been described.'**

Genetic Factors in PCA

Genetic factors are likely to underpin the pathogenesis of
all PCA entities in some form, either by predisposing an
individual to a certain disorder or through a direct genetic
effect, causing the condition. The latter is highlighted by
keratosis follicularis spinulosa decalvans, where both x-
linked and autosomal-dominant modes of inheritance
have been demonstrated in different pedigrees. For x-
linked keratosis follicularis spinulosa decalvans, linkage
analysis has narrowed down the locus to Xp22.13-
p22.21957198: and a UK pedigree shows similar genetic
features."%°

The influence of genetic and environmental factors on
other PCA may be further explored by reviewing familial
cases of different disorders, for example, folliculitis de-
calvans in identical twins,''® dissecting cellulitis in two
brothers," and familial cases of pseudopelade of
Brocq.''# "' Interestingly, both a mother and daughter,
each with Graham Little syndrome, were found to have
human leukocyte antigen DR1 on human leukocyte anti-
gen typing."'® Disappointingly, these limited genetic
analyses have as yet contributed little to furthering our
understanding of PC pathogenesis.

Conclusion and Perspectives

Here, we have portrayed PCA as a group of chronic
inflammatory diseases characterized by irreversible
damage to eHFSCs. No matter whether lymphocytes pre-
dominate in the peri-follicular infiltrate (eg, LPP and
CCLE) or neurotrophils (eg, folliculitis decalvans), the
critical factor appears to be whether these stem cells
located in the HF bulge pass a “point-of-no-return,” be-
yond which no repair is possible. We have also dis-
cussed that healthy eHFSCs appear to enjoy relative
protection from inflammatory assaults by being located in
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an immunologically “privileged” niche and that increas-
ing evidence suggests that this protection may collapse,
at least in the most prevalent forms of PCA, such as LPP
and CCLE. Further, we have delineated specific PCA-
promoting pathways along which inflammatory stem cell
damage and “stem cell exhaust” may occur. Once these
pathways have become better defined on the molecular
level, is should be possible to discard the often confusing
traditional PCA nomenclature and to replace it with a new
diagnostic system that classifies PCAs on the basis of the
predominant damage pathway rather than according to
the observed histopathological pattern phenomena.

Among the multiple possibilities that need to be con-
sidered in terms of damage pathways leading to bulge
stem cell destruction (Figure 2), we have singled out the
maintenance and restoration of eHFSC immune privilege
and of normal PPAR-y receptor-mediated signaling as
two particularly important parameters to better under-
stand the pathobiology of the predominant PCAs, that is,
lymphocytic PCAs, and for the development of more
effective forms of PCA treatment.

This clinically important group of chronic inflammatory
dermatoses is diagnostically difficult, remains therapeu-
tically very frustrating, and continues to be largely ig-
nored by professional immuno- and stem cell patholo-
gists. We do hope, however, that these reflections have
shed light on what makes PCAs both biologically and
clinically fascinating: PCAs offer superbly accessible
model systems for studying how and why epithelial stem
cells are normally protected from immunological dam-
age, what happens when these defenses crumble, and
what can be done to restore them. Moreover, they invite
one to study how epithelial cells respond to defined types
of inflammatory damage and what physicians may do to
boost both their immunoprotective and damage repair
strategies.
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