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Abstract Pemphigoid and pemphigus vulgaris (PV) are au-
toimmune diseases that cause potentially debilitating erosions
and blistering of the skin and/or mucous membranes. In
bullous pemphigoid (BP), autoantibodies target components
of the basement membrane zone (BMZ), most importantly the
hemidesmosomal proteins, BP180 and BP230. Research ef-
forts have uncovered some of the complex mechanisms that
cause this disease, including the interplay between the humor-
al and cell-mediated immune responses, as well as the role of
complement activation, inflammatory cell activation, and pro-
teolytic enzymes. In mucous membrane pemphigoid, which
preferentially targets mucous membranes, several antigenic
targets along the BMZ have been identified. In PV,
desmoglein autoantibodies play the most critical role in the
disease, with various other target antigens acting adjunctively
to exacerbate the disease by apoptotic signaling. The relation-
ship between apoptosis and acanthosis has yet to be clearly
defined, but they may promote each other to enhance disease
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activity. This article provides an update on the pathogenesis of
these diseases.
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PEMPHIGOID
Introduction

Pemphigoid is a group of autoimmune diseases characterized
by autoantibodies that target specific structural components of
the dermal-epidermal junction. This complex interaction
leads to separation of the dermis from the epidermis, which
manifests clinically as tense blisters and erosions. This discus-
sion will focus on two of the pemphigoid diseases: bullous
pemphigoid (BP) and mucous membrane pemphigoid
(MMP).

Bullous Pemphigoid (BP)
Target Autoantigens

BP, the most common autoimmune blistering disease, is
caused by autoantibodies against components of the skin
basement membrane zone (BMZ) [1]. Clinically, this disease
is characterized by tense blisters and erosions, erythema,
and pruritic urticarial plaques occurring on the whole body.
In contrast to pemphigus vulgaris (PV), BP does not ex-
hibit the Nikolsky sign, meaning that friction applied to
non-lesional skin does not lead to intracpidermal extension
of blisters.

The hemidesmosomal proteins, BP180 and BP230, have
been identified as the target antigens in BP [1, 2].
Hemidesmosomes are membrane-associated, rivet-like
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structures located on the inner basal surface of keratinocytes
that link the cell to the extracellular matrix. Chromosomal
mapping studies have localized the BP180 gene to the long
arm of chromosome 10, locus 10q24.3, and the BP230 gene to
the short arm of chromosome 6, locus 6pl1-12 [3, 4]. These
genes have been shown to be unrelated through epidermal
complementary DNA (cDNA) cloning studies [5, 6]. BP180 is
a 180-kDa type II transmembrane protein that spans the lam-
ina lucida and then extends into the lamina densa of the BMZ.
This hemidesmosomal antigen of type XVII collagen (also
known as COL17) consists of a globular intracytoplasmic
domain and an extracellular component with 15 collagenous
domains [7]. In epitope mapping studies, the non-collagenous
16A (NC16A) extracellular region of BP180 was found to be
the major pathogenic epitope in BP [8]. Memory B cells
specific to this domain have been identified in BP patients
[9]. The titer of anti-BP180 NC16A antibodies has repeatedly
been shown to correlate with BP disease severity [10, 11].
Additional antibodies outside the NC16 domain have also
been detected in the sera of most BP patients [12]. IgG
reactivity with the C-terminal portions of BP180 appears to
be linked to mucosal involvement of the disease. Conversely,
reactivity with the intracellular domain is seen in early clinical
presentation of the disease [13]. Most patients’ sera also
contain IgA and IgE antibodies to BP180 [14—16]. BP patients
can also show reactivity to BP230. BP230 is a 230 kDa
intracellular plakin protein that comprises part of the
hemidesmosomal plaque. Epitopes are preferentially localized
to the C-terminal domain, with both IgG and IgE reactivity
detected [17]. Epitope spreading can explain the presence of
several antigenic sites on both BP180 and BP230, as the
disease persists [18].

Humoral Immune Response

There is extensive evidence to support the pathogenic role of
BP180. The positive correlation between the titer of IgG
(predominately IgG1 and IgG4) to extracellular epitopes of
BP180 and BP disease severity is well recognized. In vitro
studies and animal models have demonstrated the critical role
of Fc receptor-mediated effects in blister formation [19-21].
Liu et al. described an animal model in which purified rabbit
anti-murine BP180 was passively transferred into neonatal
mice. The injected mice subsequently developed clinical find-
ings akin to human BP [22]. This model has highlighted the
pivotal role of the following in the formation of blisters:
complement activation at the dermal—epidermal junction, neu-
trophils, macrophages, and various proteases, including neu-
trophil elastase (NE), matrix metalloproteinase 9, plasmin,
«l-proteinase inhibitor, and mast cell protease-4 [21, 23].
Two mouse models and a model in human keratinocytes have
supported a pathogenic role of anti-BP180 IgE in BP [24-26].
Some evidence showing the positive clinical effects of

omalizumab, a humanized monoclonal antibody (mAb) to
the IgE high-affinity receptor, also supports the association
of IgE [27].

In contrast to BP180, the pathogenic role of BP230 is less
well understood. BP230 has been shown to cause an inflam-
matory response in rabbit models only following prior epider-
mal injury. These passive transfer models have failed to in-
duce BP-like clinical changes, as has been shown with anti-
BP180 [28]. BP230 is an intracytoplasmic antigen, and thus it
has been postulated that an attack on the extracellular BP180
domain is critical as a preceding event to trigger BP230
autoantibody formation. Once this event has occurred, anti-
BP230 can theoretically induce a local inflammatory re-
sponse, even in the absence of anti-BP180 [29]. Conversely,
Kiss et al. reported subepidermal blistering in neonatal mice
injected with rabbit anti-BP230, suggesting that these antibod-
ies may have access to their intracellular target antigen [30].
Clearly, there is a need for future studies to better elucidate the
role of the autoantibodies in BP pathogenesis.

Cell-Mediated Immunity

The initiating trigger for the autoimmune response in BP is
largely unknown. As with other autoimmune diseases, it is
likely due to a breakdown of T- and B-cell tolerance to BP
antigens, leading to autoantibody production and blister in-
duction [29]. A deficit in the T-regulatory cells (Tregs) has
been suggested as an inciting factor; however, research by
Rensing-Ehl et al. showed no reduction in the number or
function of Tregs in BP patients [31]. Other investigators have
considered the role of toll-like receptors (TLRs), similar to
their pathogenic role in pemphigus. In this model, autoreactive
B cells are activated by B-cell receptor and TLR ligation by an
endogenous TLR ligand. It is hypothesized that this leads to a
breakdown of self-tolerance, activates autoreactive T cells,
and initiates full-blown autoimmunity [32]. Autoreactive T
cells that recognize the BP180 NC16A domain and show a T
helper (Th)-1/Th2 mixed cytokine profile are recognized in
both patients with BP as well as healthy controls. Thl cyto-
kines induce the secretion of IgG1 and IgG2, while Th2
cytokines control the secretion of IgG4 and IgE, and therefore
the presence of anti-BP180 and anti-BP230 with IgG1, IgG4,
and IgE isotypes supports the involvement of both Thl and
Th2 responses [29]. Elevated serum levels of many of these
Thl and Th2 cytokines have been correlated with BP disease
severity [33]. A recent study by Li et al. found that BP patients
had higher serum levels of follicular Th cells (Tth) and inter-
leukin (IL)-21 as compared with healthy controls. The authors
also found that CD4+ T cells depleted of Tth and anti-IL-21
neutralization antibody blocked T-cell-induced B-cell activa-
tion and secretion of BP antibodies in vitro [34¢].

Th17 cells, which release cytokines such as IL-17, have
also been implicated in playing an adjunctive role in the
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development of BP, accounting for neutrophil infiltration and
eosinophil recruitment, which are characteristic of the disease.
There is mounting evidence that IL-17 is involved in the
initiation and perpetuation of several autoimmune diseases,
including rheumatoid arthritis, systemic lupus erythematosus,
psoriasis, and atopic asthma. IL-17 is responsible for the
production of pro-inflammatory cytokines (tumor necrosis
factor [TNF]-«, IL-1, IL-6, IL-8, granulocyte-macrophage
colony-stimulating factor), matrix metalloproteinases (MMP-
9, MMP-13), as well as the induction of Th2 cell activation
[35]. Arakawa et al. found a greater degree of Th17 cell-
related inflammation and less Treg-related regulation in BP
as compared with pemphigus [36]. A recent study by
Zebrowska et al. observed a higher serum level of IL-17 in
BP patients as compared with healthy controls, and also
identified high levels of IL-17 expression in the epidermis of
BP lesional and perilesional skin biopsies, but no IL-17 in the
biopsies of healthy controls [37¢]. Despite these findings,
lesional Treg studies have yielded conflicting results, and
future studies are needed to further elucidate the role of Th17.
Antibody production depends on the cooperation of B cells
with CD4+ T cells. BP180 and BP230 antigens are detected
by antigen-presenting cells, bound to major histocompatibility
complex (MHC) class II and displayed on the surface of the
cell. T cells recognize these epitopes, which trigger cytokine
release and subsequently autoantibody production by B cells.
Due to their role in the antigen-presenting process, human
leukocyte antigen (HLA) genes likely represent a significant
predisposing factor in BP, and several studies have linked the
HLA-DQ@A1*0301 allele to pemphigoid variants [38].

Steps to Tissue Injury and Blister Formation in BP

BP autoantibodies are believed to be pathogenic by the fol-
lowing four mechanisms: (1) complement activation; (2) in-
flammatory cell recruitment; (3) release of proteolytic en-
zymes; and (4) direct interference with autoantigen adhesion
function.

Complement Activation

Past research has shown that BP autoantibodies fix comple-
ment in vitro and that direct immunofluorescence of
perilesional skin shows C3 at the BMZ in nearly all BP cases
[39, 40]. Elements of both the classical and alternative com-
plement pathways (including Clq, C4, C5, C5-9, factor B,
B1H globulin, and properdin) have been found in BP lesions
[41]. Animal models demonstrated that rabbit anti-murine
BP180 IgG was unable to induce lesions in C5-deficient mice,
and that C5a-reconstituted mice became susceptible to auto-
antibody lesion induction [42].
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Inflammatory Cell Action

Mast-cell degranulation has repeatedly been detected in BP
lesional sites of both BP patients and animal models injected
with anti-mBP180 antibodies [43, 44]. Studies have supported
the notion that IgE anti-BP180 autoantibodies stimulate mast-
cell degranulation [45]. Antigen-specific histamine release has
been observed only in patients with detectable serum IgE
directed against the NC16A domain of BP180, which is known
to be the target antigen in BP. In support of the role of mast cells,
IgE-bearing mast cells and eosinophils have been detected in the
dermis of BP patients [46]. Research has also shown that C3a
and C5a fragments can induce degranulation of mast cells, and,
alternatively, that a deficiency in C5 prevents it. Mast cell
degranulation leads to the subsequent release of a variety of
inflammatory mediators, such as leukotrienes, platelet-activating
factor, TNF«, and other cytokines, which in turn recruit neu-
trophils and eosinophils to the site of lesion formation [29].

Neutrophils have been shown to play a critical role in
dermal—epidermal separation in an in vitro cryosection model
of BP. In this model, neutrophils line up along the BMZ and
cause detachment of the dermal-epidermal junction through
the release of proteolytic enzymes [20]. Mouse models defi-
cient in neutrophils do not form blisters, and similar resistance
is seen when neutrophil infiltration is blocked [47]. Eosino-
phils similarly play a critical role in the development of BP
lesions, with early infiltration of the upper dermis causing
release of various cytokines involved in chemotaxis, as well
as tissue-damaging mediators, including matrix metallopro-
teinases, elastase, and gelatinase. BP patients tend to have a
peripheral eosinophilia, supporting their important role in the
disease [48]. Blister fluid has been found to have elevated
levels of IL-5, which is known to support growth and activa-
tion of eosinophils. This fluid has also been found to have a
high level of eotaxin, a chemokine responsible for the regula-
tion of eosinophil migration [49]. It is believed that IL-5 and
eotaxin heighten the inflammatory response, leading the gran-
ulocyte recruitment, which in turn leads to the release of
proteinases, including eosinophil major basic protein (MBP)
and eosinophilic cationic protein (ECP). These cytotoxic
agents ultimately lead to the detachment of the epidermis from
the dermis in the lamina lucida of the BMZ [29].

Role of Proteolytic Enzymes

Blister fluid and lesional biopsies from BP patients show high
levels of proteolytic enzymes, such as NE and MMP-9, which
in turn degrade both extracellular matrix proteins and the
extracellular domain of BP180 [50]. Mouse models deficient
in NE or MMP-9 are resistant to the disease [51, 52]. In early
blister formation, MMP-9 is predominantly activated by plas-
min, which is formed by the tissue plasminogen activator
(tPA) and/or urokinase plasminogen activator (uPA)-mediated
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degradation of plasminogen. Stimulation with autoantibodies
to BP180 has been shown to cause elevated expression and
release of tPA from control keratinocytes. The mast-cell spe-
cific protease (MCP-4) (chymase) is also known to activate
MMP-9. This activation in turn inactivates «l-proteinase
inhibitor, which is responsible for the inhibition of NE. Ulti-
mately, this leads to uninhibited activity of NE [53]. Thus,
proteolytic enzyme release from inflammatory cells causes
direct damage to the BMZ, leading to detachment of the
dermis from the epidermis.

Direct Mechanisms

There is some evidence to suggest that autoantibodies directly
interfere with the adhesion of autoantigens, in the absence of
inflammatory cell action. It is hypothesized that binding of the
antibody variable region to the BP180 ectodomain leads to
blister formation by competing with its natural ligand. The
fact that non-complement-fixing IgG4 subclass autoanti-
bodies make up the majority of BP autoantibodies supports
this theory [7]. However, research by Mihai et al. disputes this
theory, showing that [gG4 is capable of leukocyte recruitment
and inflammatory cell activation, despite a lack of comple-
ment involvement [54]. Additional potential direct mecha-
nisms of blister induction may involve intracellular signaling
pathways, resulting in the disassembly of hemidesmosomes
and cytokine release. BP180 autoantibodies have been shown
to modulate the expression of IL-6 and IL-8 in cultured human
keratinocytes, the relevance of which is the subject of future
investigation [55].

Mucous Membrane Pemphigoid
Pathophysiology

MMP is a chronic blistering disease that predominantly affects
the mucous membranes, but can also affect the skin. Direct
immunofluorescence studies characteristically show IgG,
IgA, or C3 along the BMZ.

Seventy percent of MMP patients have BP180 as the target
antigen [56]. Approximately half of MMP patients have
BP180 NC16A antibodies, and the C-terminal domain is
targeted [57, 58]. MMP patients have been shown to have
antibodies that recognize BP230, 97/120 kDa linear IgA bul-
lous dermatosis (LAD) antigen, laminin 332 (laminin 5) and
331 (laminin 6), and type VII collagen [59, 60]. Studies have
also linked oral MMP to the x6-integrin subunit, and both
generalized and ocular MMP to the (34-integrin subunit [61].

An in vivo study by Lazarova et al. demonstrated that
passive transfer of anti-laminin 332 IgG to mice led to sub-
epidermal blistering of both skin and mucous membranes in a
manner consistent with MMP [62]. The clinical picture of
MMP is also induced in mice injected with Fab fragments

targeting laminin 332, mice lacking complement, mast cells or
T cells [63]. A human model by Lazarova et al. reinforced the
pathogenicity of anti-laminin 332 [64]. There is mounting
evidence that the scarring process in ocular MMP may be
due to pemphigoid fibroblasts, which secrete fibrogenic cyto-
kines, matrix metalloproteinases, and collagen type I [65, 66].
Lambiase et al. noted that conjunctival biopsies from MMP
patients had significantly increased Th17 lymphocytes as
compared with biopsies from healthy controls [67]. MMP
lesional biopsy examinations have observed infiltrates with a
high density of CD4+ T cells and Langerhans cells, which
supports a role of cellular immunity in MMP [68, 69].

Conclusion

Our understanding of pemphigoid pathobiology has greatly
expanded in recent years. Animal models have provided use-
ful insights into mechanisms involved in the disease. Future
research involving central and peripheral tolerance as well as
the inflammatory mechanisms induced by autoantibody bind-
ing will be critical in developing new therapeutic agents to
combat both BP and MMP.

PEMPHIGUS
Introduction

Pemphigus refers to a family of autoimmune bullous diseases
characterized morphologically by widespread blisters affect-
ing the skin and mucous membranes. PV and pemphigus
foliaceus (PF), which represent the main variants of the dis-
ease, demonstrate acanotholysis caused by a loss in cell-to-cell
adhesion between keratinocytes.

Autoantibodies

Autoantibodies play a critical role in the pathogenesis of PV.
The desmosomal proteins, desmoglein (Dsg)-3 and Dsgl
have been shown to be target antigens in the disease. Dsgl
and Dsg3 are type 1 integral membrane glycoproteins that
belong to the cadherin group of calcium-dependent cell
adhesion molecules, which make up the extracellular domain
of desmosomes, known as intercellular junctions, and func-
tion to maintain tissue integrity. Experimental evidence has
shown that Dsg3 is expressed in the oral mucosa, particularly
in the upper two-thirds, and is less strongly expressed in the
epidermis, where it can be found exclusively in the basal and
suprabasal layers. On the other hand, Dsgl is expressed
throughout the epidermis and oral mucosa, with overexpres-
sion occurring in the subcorneal layer of the epidermis [70].
In light of the differential expression of Dsgl and Dsg3,
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Mahoney et al. proposed the “desmoglein compensation
hypothesis”, which correlates pemphigus phenotype with
anti-Dsg profile and maintains that either Dsg alone is capa-
ble of maintaining the adhesion of keratinocytes. This theory
rests on the following postulates: (1) in PF patients, anti-
Dsgl antibody alone can cause blisters in the superficial
epidermis, where there is expression of Dsgl without
Dsg3; (2) Dsg3 antibodies alone cause blisters in mucosal-
dominant PV; and (3) mucocutaneous PV blisters occur in
the presence of both Dsgl and Dsg3 antibodies. The authors
state that the mutual compensatory action of Dsgl and Dsg3
explains the various patterns of blistering that can occur. For
example, anti-Dsg3 antibodies alone do not cause cutaneous
blisters due to the compensatory action of Dsgl, which is co-
expressed in the skin. Conversely, in the mucosa, anti-Dsg3
antibodies alone do cause blisters, due to the inadequate
expression of Dsgl in these tissues. Similarly, the presence
of both anti-Dsg3 and anti-Dsgl antibodies leads to wide-
spread mucocutaneous blisters [71].

In recent years, many researchers have postulated that the
Dsg compensation hypothesis does not account for the whole
picture of PV pathophysiology. Some take issue with the
assumption that Dsgl and 3 are entirely responsible for main-
taining the integrity of the epidermis and oral mucosa. If that
were indeed true, the simultaneous presence of anti-Dsgl and
anti-Dsg3 antibodies would result in epithelial disintegration
into a single layer of cells, which does not occur in PV.
Investigators argue that, while Dsgl and Dsg3 are still con-
sidered the most critical autoantibodies in PV, beyond them
there are complicated interactions between several known
desmosmal cadherins, including Dsg2, Dsg4, and
desmocollin (Dsc) 1-3. Some argue specifically that Dsg3
alone is insufficient to maintain epidermal cohesion. Research
by Chen et al. highlighted this point, showing that Dsc3™"
mutant mice develop suprabasal acantholysis and clinically
apparent blisters, despite the presence of Dsg3 [72].

Antibodies targeting a member of the peripheral myelin
protein (PMP)-22/gas3 family, known as PERP, have been an
area of recent interest. PERP-null mice display features clin-
ically identical to PV. These findings occur despite the pres-
ence of intact Dsg3 [73]. Several non-Dsg targets have also
been found to be pathogenic in PV. Nyugen et al. treated
keratinocytes with antibodies to «9 acetylcholine receptors
(AChRs), part of a novel class of cholinergic receptors with
both muscarinic and nicotinic properties, and detected PV-like
immunofluorescence and histology [74]. Similarly,
pemphaxin (human annexin 9), which acts on cholinergic
receptors, has been found to play in role in acantholysis. It
has been shown that preabsorption of PV sera with pemphaxin
blocks acantholysis, and permits acantholysis when added to
preabsorbed PV-IgG [75]. Marchenko et al. recognized anoth-
er potentially pathogenic antibody: the anti-mitochondrial
antibodies. In both in vitro and in vivo studies, the authors
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found that absorption of these antibodies prevented the ability
of PV-IgG to cause acantholysis [76]. A recent study by
Tucker et al. found that expression of plakophilin-1 (PKP-1),
an armadillo family protein, transforms desmosome adhesion
from a calcium-dependent to a calcium-independent and
hyperadhesive state, and is potentially a key regulator of
desmosomal cell adhesion [77¢]. The ‘multiple hit” hypothesis
explains the complex interplay of several antibodies in PV.
This theory holds that the disruption of epidermal intergrity in
PV is caused by the synergistic action of autoantibodies
targeting keratinocyte cell membranes, including molecules
that maintain cell shape and adhesion (AChRs), as well as
molecules that control cell—cell adhesion (desmosomes). The
ratio of these pathogenic autoantibodies gives rise to the range
in disease severity and clinical picture across PV patients
[78].While the exact interaction of these antibodies has yet
to be delineated, it is generally believed that antibodies to
Dsgs are the most important factors.

T- and B-Cell Regulation

Animal studies have shown that both T and B cells with Dsg3
autoreactivity are critical elements in the pathogenesis of PV.
T-cell tolerance occurs through central and peripheral mecha-
nisms. Peripherally, tolerance occurs through the inactivation
of autoreactive T cells that have left the thymus, through
CDA4+ CD25+ natural T regulatory cells (nTreg). These regu-
latory cells are unique in their expression of the transcription
factor forkhead box P3 (FoxP3). Dsg3-specific type 1 T-
regulatory (Tr1) cells express FoxP3, and are found at higher
frequencies in healthy carriers of PV-associated HLA class II
alleles as compared with PV patients [79]. In a Dsg3 -/-mouse
model, Treg cells suppressed anti-Dsg3 IgG secretion [80].
This evidence has led to the suggestion that FoxP3 modulation
could restore immunologic tolerance PV. Tr1-cell activation is
known to occur upon exposure to its corresponding antigen,
resulting in the secretion of IL-10, an immunosuppressive
cytokine. A higher proportion of Th2 to Thl cells has been
detected in PV patients, as opposed to healthy carriers of PV-
associated HLA class II alleles. This finding supports the
notion that Trl deficiencies may be due to a loss of Dsg3
tolerance in PV, in accordance with low peripheral Treg cell
levels in active PV [81].

Several cytokines have been linked to PV pathogenesis,
including 1L-4, IL-5, 1l-6, and IL-10, which suggest Th2
involvement. Thl cells also appear to be necessary for PV to
occur [81]. Thl cells have predominantly been noted in
patients with chronic active PV, as well as healthy carriers
of PV-associated HLA class II alleles; however, healthy
patients seem to lack Dsg3-reactive Th2 cells. Both Thl
and Th2 cells are apparent in the acute phase of PV, sug-
gesting that both Th subtypes are critical in various phases
of the disease course [82].
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Depletion of CD4+T cells has been shown to decrease
serum levels of anti-Dsg3 antibodies in PV patients, although
the complexities of T-cell regulation of B-cell function are still
under investigation [83]. Strong evidence has shown that B
cells are activated by Dsg3-specific autoreactive T cells
through IL-4 secretion [84]. CD40L (CD154) binding on
activated T cells with CD40 on B cells is considered critical
to the interaction of activated T and B cells. It has also been
shown that anti-CD154 mAb is capable of blocking this
interaction between CD40 and CD154, resulting in the sup-
pression of anti-Dsg3 1gG production [85]. Future investiga-
tions into autoreactive T-cell regulators of B-cell antibody
production are needed to shed light on more targeted thera-
peutic interventions.

Mechanisms Leading to Acantholysis

Pemphigus research has elucidated several mechanisms for
keratinocyte detachment. Phosphorylation of several target
keratinocyte proteins and activation of signaling events play
a role in the complex process leading to acantholysis and cell
death. E-cadherin, Dsg3, and 3-, 'y-, and p120 catenins are
known substrates of PV-IgG-dependent phosphorylation [86,
87]. Aoyama and Kitajima showed that the binding of PV-IgG
to cell surface targets induces Dsg3 phosphorylation and leads
to its separation from plakoglobin, as well causes rapid deple-
tion of Dsg3 from desmosomes [88].

Several studies have shown that desmosomal separation
occurs in the setting of widened intercellular spaces. This
separation is caused by the tension of shearing forces, which
rips intact desmosomes from the cell membrane. The ‘basal
cell shrinkage’ theory explains why acantholysis in PV tends
to occur in the basal layer, leading to the characteristic
‘tombstoning’ appearance. This theory holds the following:
(1) epidermal cells dissociate due to shrinkage, which over-
powers the forces exerted by the desmosome; (2) basal cells
shrink more than suprabasal cells, leading to suprabasal
clefting; (3) complex signal transduction pathways initiate
cytoskeleton rupture and keratinocyte shrinkage [89].

In recent years, some of the complex molecular mecha-
nisms involved in PV have been identified. A recent mouse
model showed that neonatal mice injected with PV-IgG did
not develop acantholysis when pretreated with the mamma-
lian target of rapamycin (mTOR) inhibitor, sirolimus. Fur-
thermore, the upregulation of mTOR noted in basal
keratinocytes as well as signs of apoptosis were abolished
in the presence of sirolimus [90]. PV antibody-mediated
keratinocyte apoptosis has been shown to follow the c-
Myc-dependent pathway, which involves caspase 9 [91]. It
is known that cyclin-dependent kinase 2 (Cdk2) is necessary
for c-Myc-mediated apoptosis. In a PV mouse model, Lanza
et al. found that injection with PV sera lead to overexpres-
sion of Cdk2 [92]. These results support the consistent

finding of selective acantholysis of the basal cell layer,
despite the fact that IgG antibodies deposit throughout the
epidermis. Several other antibodies, including anti-PERP PV
and anti-mitochochondrial antibodies, have been shown to
initiate apoptotic pathways in epidermal cells [76, 93]. The
Fas ligand (FasL) has been shown to trigger apoptosis in PV
sera through the activation of caspase-8 [94]. Giurdanella
et al. examined the passive transfer of PV autoantibodies
using CD8-deficient mice, and found that these mice showed
a lower incidence of PV. They also used immunohistochem-
ical staining to show that CD4+ T cells are more abundantly
expressed than CD8+ T cells in the inflammatory infiltrate of
PV lesions. The authors hypothesized that CD8+ T cells act
through the Fas/FasL pathway [95¢]. Serum TNF« has also
been shown to correlate with disease activity, while anti-
TNF« antibodies have been shown to inhibit PV
acantholysis in vitro [96, 97].

The term ‘apoptolysis’ has been proposed to connect
acantholysis with cell death pathways. These processes share
the same set of cell death enzymes, as well signal effectors as
triggers due to PV-IgG binding. Grando proposed that
apoptolysis occurs through the following events: (1) antibod-
ies bind keratinocyte receptor ligands, sending a series of
agonist- and antagonist-like signals; (2) the cell death enzy-
matic cascade is triggered by the combined activation of Src,
epidermal growth factor receptor kinase (EGFRK), p38
mitogen-activated protein kinase (MAPK) and mTOR, as well
as downstream signaling elements and elevated intracellular
Ca®"; (3) the reorganization of cortical actin filaments and
collapse of tonofilaments cleaved by apoptotic caspases, as
well as the separation of intercellular adhesion complexes due
to adhesion molecule phosphorylation and caspase cleavage
initiates basal cell shrinkage leading to suprabasal
acantholysis; (4) acantholysis escalates when apoptotic en-
zymes cause the widespread collapse of cytoskeletal proteins,
leading to shearing forces on desmosomes and separation of
collapsing cells, which activates the production of scavenging
antibodies; (5) damaged mitochondrial and nuclear proteins
precede the recruitment and death of acantholytic cells in the
lower epidermis [78]. This hypothesis is critical in that it
connects these two essential components in the pathophysiol-
ogy of PV. Further research is needed to delineate the initiating
event—apoptosis or acantholysis. A recent study by Mao et al.
expanded on some of these mechanisms of blister formation
through the identification of MAPK-activated protein kinase 2
(MK2) as a key downstream effector of p38 cell signaling in
the passive transfer of human anti-Dsg IgG4 mAbs to neonatal
mice [98e].

Conclusions

While much has been learned in recent years, the pathogenesis
of PV remains controversial. Several animal models have
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expanded our understanding of the mechanisms behind the
disease. Clearly, Dsg autoantibodies play the most critical role
in the disease, with various other target antigens acting
adjunctively to exacerbate the disease by apoptotic signaling.
The relationship between apoptosis and acanthosis has yet to
be clearly defined, but they may promote each other to en-
hance disease activity. Both T and B cells with Dsg3
autoreactivity are critical in the pathogenesis of PV. Future
research is needed to further investigate autoreactive T-cell
regulators of B-cell antibody production. Future investigation
into many novel molecular and antigenic targets will help to
more clearly elucidate our understanding of PV disease
pathogenesis.
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MK?2 expression inhibits PV mAb-induced Dsg3 endocytosis; (4)
genetic deletion of p38a and MK2 block spontaneous suprabasal
blisters by PV mAbs in mouse models. These data highlight the role
of MK2 as a key downstream effector of p38, and suggests the
potential of MK2 for modulating PV autoantibody pathogenicity.
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