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Molecular mechanisms underlying auto-antibody-induced acantholysis in
pemphigus vulgaris are subject of current research to date. To decipher the
discrepancy between ubiquitous antibody binding to the epidermal
desmosomes, but discontinuous disease manifestation, we were able to
identify Ultraviolet A (UVA) as a cofactor for acantholysis. UVA induces
interleukin (IL)-1 secretion in keratinocytes, mirroring innate immune system
activation. In an in vitro keratinocyte dissociation assay increased
fragmentation was observed when UVA was added to anti-Desmoglein 3
Immunoglobulins (anti-Dsg3 IgG). These results were confirmed in skin
explants where UVA enhanced anti-Dsg3-mediated loss of epidermal
adhesion. The UVA-mediated effect was blocked in vitro by the pan-
caspase-inhibitor zVAD-fmk. Thus, we introduce UVA as a caspase-
dependent exogenous cofactor for acantholysis which suggests that local
innate immune responses largely contribute to overt clinical blister formation
upon autoantibody binding to epidermal cells in pemphigus vulgaris.
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Introduction

Pemphigus vulgaris (PV) is a chronic autoimmune blistering disease characterized by
the production of autoantibodies against Desmogleins (Dsg) 3 and Dsgl causing
dissociation of keratinocytes in the cell complex (acantholysis) and subsequent blister
formation of the mucous membranes and the skin (1-3). At present, the complex

Abbreviations: AP-1, Activator Protein 1; BP, Bullous Pemphigoid; Dsgl, Desmoglein 1; Dsg3,
Desmoglein 3; ELISA, Enzyme-linked Immunosorbent Assay; FasL, Fas-Ligand; IgG, Immunoglobulin;
IL, Interleukin; IL-1R, Interleukin-1 Receptor; PF, Pemphigus foliaceus; PV, Pemphigus vulgaris; rtPCR,
real-time PCR; UVA, Ultraviolet A.
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mechanisms causing acantholysis are not fully understood but
are known to require signaling mechanisms besides direct
inhibition of desmoglein binding (4). PV still poses a
therapeutic challenge due to severe co-morbidities of current
treatment options, a refractory course (5, 6) and a high mortality
when untreated (7). Although antibodies bind ubiquitously to
the epidermis, acantholytic blisters only occur at distinct areas of
the skin and the mucous membranes (8). Exogenous cofactors
activating the innate immune system might be a key element in
explaining the discrepancy between acantholysis and a lack of
blister formation. Accordingly, in blister fluid from PV patients,
increased levels of innate cytokines were detected which suggests
a pathogenic role of innate immune activation (9-11). There are
hints that IL-10. can increase complement activation which is
observed in a majority of PV patients and might play an
important role in acantholysis (12). Additionally, the innate
immune system can modulate T cell-mediated disorders such as
psoriasis (13) and presumably also PV (14).

IL-1 is an inflammasome-related proinflammatory cytokine
involved in auto-immune and auto-inflammatory processes
[reviewed by (15)]. It connects innate and adaptive immune
responses by orchestrating lymphocyte differentiation (16).

Innate contributors in the pathogenesis of blistering diseases
belonging to the pemphigoid-group have been early voiced due to
the rich lesional inflammatory infiltrate of neutrophils, eosinophils
and lymphocytes (17). Bullous pemphigoid (BP) is proposed to be a
T-cell dependent, mainly Th2-like autoimmune disease with
production of pathogenic IgG antibodies against the BP180
ectodomain of hemidesmosomes (18). This was based on the
discovery of increased Th2-related (19, 20) cytokines in BP
patients. Increased levels of complement factors (21-23), innate
cytokines IL-1ow and IL-1B (24, 25), Th-type cytokines IL-3, IL-4,
IL-6, IL-10, and Granulocyte-macrophage colony-stimulating factor
were detected in the sera and/or blister fluids from BP-patients (26).

The interaction of the innate and adaptive immune system
and the release of cytokines are poorly understood in PV. This
study aims to dismantle the local impact of cytokines on cell-
dissociation apart from their role as key mediators in cell-
mediated processes of autoantibody production in PV. Altered
T-cell subsets are known to fuel the immuno-pathogenesis and
inflammation in the skin [reviewed by (27, 28)]. Related to this,
extensive changes in the cytokine network of pemphigus patients
were described [reviewed by (29)]. Previous studies provided
initial evidence for a local role of innate cytokines: IL-1-deficient
mice as well as tumor necrosis factor-alpha receptor-deficient
mice showed decreased susceptibility to PV-related antibodies
(10). In addition, IL-1 upregulated tissue-type plasminogen
activator secretion in the spontaneously immortalized
keratinocyte cell line HaCaT (30), which might also be
involved in PV-related acantholysis (31).

To improve treatment options and to obtain a better
understanding of PV, we investigated whether IL-1-inducing
stimuli, such as UVA irradiation led to an activation of the
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innate immune system as a cofactor for blister formation in PV.
Here, we were able for the first time to identify UVA as a caspase-
dependent exogenous cofactor in the pathogenesis of PV.

Augmentation of acantholysis via
inflammatory caspases

UVA induces protein secretion of innate
cytokines

To determine the effect of UVA irradiation as a potential
cofactor in PV, the spontaneously immortalized keratinocyte cell
line HaCaT was irradiated with UVA at 5 J/cm? (the titrated
intensity that resulted in the best cytokine response, while cell
viability was not affected, Supplementary Figure 1). Afterwards,
cells were treated with IgG purified from PV sera (PV-IgG)
which contained high levels of anti-Dsg3 IgG. Subsequently,
gene expression of proinflammatory cytokines ILI1A, IL1B, IL6
and IL8 was determined via real-time PCR (rtPCR) and the
secretion of respective cytokines was measured by Enzyme-
linked Immunosorbent Assay (ELISA).

After treatment with UVA, HaCaT cells showed a two-fold
increase in mRNA expression for ILIA, IL1B only but a robust
induction of IL6 and IL8 compared to untreated cells
(Figure 1A). The treatment with PV-IgG did not lead to any
notable changes in the expression of the indicated cytokines
which is in line with previous findings (32). Furthermore, UVA
irradiation induced the secretion of IL-10., IL-1f, IL-6 and IL-8.
Stimulation with PV-IgG alone did not result in a significant
increase in cytokine release (Figure 1A).

Combined stimulation with UVA followed by PV-IgG
treatment showed no significant differences in cytokine gene
expression and in protein secretion except for IL-13 compared
to the stimulation with UVA alone.

UVA enhances PV-lgG-induced
acantholysis caspase-dependent in vitro

Next, we evaluated the pathogenicity of anti-Dsg3 antibody
and UVA as a pro-inflammatory cofactor in vitro. Therefore, we
applied a well-established dispase-based keratinocyte
dissociation assay on HaCaT cells. Principle of this method is
to determine the cohesive strength of a keratinocyte monolayer
due to stimulation, application of mechanical stress and
quantification of resulting fragments (33). Again, the secretion
of IL-1 was determined by ELISA. To block inflammasome-
mediated caspase activation, the pan-caspase-inhibitor zVad-
fmk was added prior to treatment with UVA and antibody.

As expected, treatment with the specific anti-Dsg3 IgG AK23
led to fragmentation of the cell monolayer as a surrogate parameter
of acantholysis. The previous irradiation with UVA (subpathogenic
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FIGURE 1

control

(A) HaCaT cells were irradiated with 5 J/cm? UVA. Directly afterwards IgG purified from patient sera was added. After an incubation period of
four hours, the expression of IL1A, IL1B, IL6 and IL8 was determined via rtPCR. Protein secretion was measured by ELISA. (B) After irradiation of
HaCaT (5 J/cm? UVA) the monoclonal anti-Dsg3 antibody AK23 was added for four hours. To block the effect caspase-activation zVad-fmk was
added one hour prior to irradiation. A dispase-based keratinocyte dissociation assay was performed by applying shear stress on the epidermal
monolayers. Cell fragments were stained with MTT and counted, IL-1 secretion was measured via ELISA. (C) Human skin explants were
irradiated with 15 J/cm? UVA and incubated ex vivo for 48 hours with or without the monoclonal anti-Dsg3 antibody AK23 in increasing doses.
Afterwards explants were HE stained. Error bars represent the SEM. *p < 0.05. The data evaluation was carried out via a One-way analysis of

variance. **** p<0.0001; ** p<0.01; * p<0.05

level) significantly increased the number of fragments (Figure 1B).
This effect was reversed by treating cells with the pan-caspase
inhibitor zZVAD-fmk prior to UVA-irradiation and treatment with
anti-Dsg3 antibody, verifying the involvement of caspase activation.
In the dissociation assay, additional UVA treatment significantly
enhanced the secretion of IL-100 and IL-1B compared to the
untreated control condition. This effect was less pronounced in
costimulation with AK23 but was reversed by pretreatment with
pan-caspase inhibitor zZVAD-fmk.
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Innate immune system activation
enhances PV-1gG mediated blister
formation ex vivo

To mimic a more physiological condition, skin explants
taken from the safety margins of tumor operations were
treated with UVA (15 J/cm?) and subsequently anti-Dsg3
antibody AK23 for 12 hours. As previously shown, the
treatment with PV-IgG led to suprabasal acantholysis (34).
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Here, we titrated the concentration of the anti-Dsg3-antibody
AK23 to a subpathogenic concentration, which alone did not
induce acantholysis. After irradiation with a non-toxic dose of
UVA (35), the threshold to induce acantholysis by anti-Dsg3
IgG was lowered and suprabasal blister formation was observed
histologically (Figure 1C). UVA irradiation alone did not result
in morphological alterations.

Discussion and perspectives

PV is considered a paradigm of an IgG autoantibody-
triggered autoimmune disease of the skin which is mainly
regulated by cellular components of the adaptive immune
system (36). Antigen-specificity and immunological memory
make it unique and enable to distinguish from the innate
immune system (37). Thus, recent findings reveal that innate
immune activation contributes to various autoimmune diseases
(38) as e.g. in psoriasis through modulation of T cells (13). The
primary immune system as first line of defense against invading
danger fulfills immuno-protective functions on the one hand,
but once being over-activated is the origin of inflammatory skin
diseases. It reacts through the detection of external signals,
cytokines, and chemokines, released by inflammatory cells.
There are several extra- und intracellular pattern recognition
receptors whose activation lead to cytokine release, with Nod-
like receptors (NLR) being one of them (39). NLRs upon
activation form inflammasomes, intracellular multi-protein
complexes which result in caspase-activation. Caspases are
proteases involved in cell death and inflammatory responses.
Activation of caspase-1 through inflammasome formation leads
to pyroptosis (a pro-inflammatory form of cell death) and

10.3389/fimmu.2022.898819

cleavage of inactive pro-IL-1B to biologically active IL-1f,
leading to its secretion (37) (Figure 2). In addition, caspase-1
independent mechanisms of IL-1 release were identified, too
(40, 41).

To understand the pathogenesis of autoimmune blistering
dermatoses and specifically PV, the role of the immune system in
the loss of self-tolerance and initiation of autoantibody
production (38), and a local influence of the antibodies on the
epidermis, finally resulting in acantholysis, have to be clearly
distinguished. Aim of the study was to focus on factors needed
for blister induction upon antibody binding to the epidermis.

It is known that incubation with anti-Dsg3 IgG can induce
acantholysis both in vitro and in vivo (42, 43). Our results show
that the threshold of acantholysis can be lowered by an
exogenous cofactor, which in the case of UVA acts via
activation of the innate immune system. Previous hints for a
possible pathophysiological involvement were obtained by
detecting elevated levels of innate cytokines from the blister
fluid and sera of PV patients (9, 10, 44). We propose local
activation of the innate immune system as a possible cofactor in
autoantibody-induced acantholysis in the pathogenesis of PV.
Specifically, we identified UVA to be a caspase-dependent
pathogenic factor.

UVA irradiation of keratinocytes leads to innate immune
activation and the secretion of IL-1 and IL-6, important
cytokines of the innate immune system (45).

Innate cytokines are known to negatively impact
autoimmune diseases (e.g. lupus erythematosus) (46) and were
further described as a trigger in the manifestation of pemphigus
foliaceus (47). Increased secretion of proinflammatory cytokines
upon UV treatment in PV patients has been described previously
(48). In our case, the treatment with IgG purified from PV
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Model of cofactor influenced acantholysis in PV. The local activation of the innate immune system through activation of TLRs and

inflammasomes or via activation of caspases is known in keratinocytes.
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patient sera led to notable changes in expression of the above-
mentioned cytokines. Furthermore, UVA irradiation induced
the secretion of IL-10,, IL-1B, IL-6 and IL-8 (Figure 1A).

Interestingly, keratinocyte monolayers treated with UVA
dissociate in significantly more fragments upon mechanical
stress in the presence of anti-Dsg3 IgG compared to
monolayers treated with anti-Dsg3 IgG only. We are
proposing UVA irradiation with subsequent activation of the
innate immune system as a cofactor inducing acantholysis after
antibody binding in vitro. These results were confirmed by an ex
vivo human skin explant model. Here, UVA also decreased the
antibody threshold for anti-Dsg3-mediated acantholysis as the
combination of PV antibody and UVA led to acantholysis at a
lower antibody concentration compared to untreated
skin explants.

Although, UVA cannot entirely explain the occurrence of
cutaneous symptoms at the predilection sites (8) as oral mucosa
is not exposed to the sun, we detected an obvious impact on
acantholysis under experimental conditions. Other exogenous
factors related to the activation of the innate immune system
may also be pathogenically relevant and should be investigated
in further experiments.

Muller et al. argued that the induction of cytokine
production by keratinocytes does not contribute to the
pathogenesis of PV but are rather induced via a secondary
activation of the innate immune system by a disturbed
epidermal barrier (49). However, as the level of innate
cytokines in the serum as well as in the blister fluid of PV
patients obviously reflects the dynamics of the disease process
and we observed that UV radiation induced cytokine secretion
and enhanced autoantibody-mediated acantholysis, these data
indicate that cytokines contribute to diseases activation.
Additionally, in clinical remission, the levels of innate
cytokines decrease, while the amount of endogenous IL-1
receptor antagonist increases (44). Furthermore, stimulation of
PBMC in patients with endemic pemphigus foliaceus resulted in
higher IL-1f secretion compared to healthy donors (50). These
clinical observations have been supported by experimental data
showing that IL-1 receptor (IL-1R) knockout mice were
protected from blister formation after the injection of PV
serum. While injection of pathogenic IgG autoantibodies
against Dsgs into newborn mice induced intraepidermal loss
of adhesion, this phenotype is absent in mice deficient for IL-1R
type 1, the receptor for IL-1a and IL-1f (10).

The functional network of different caspases and cytokines is
closely interwoven, and its complexity is yet poorly understood.
Whether IL-1 is the cause or the consequence of increased
acantholysis remains cryptic and needs to be addressed in
future studies. Based on our findings, we propose an additive
effect through activation of the innate immune system on
acantholysis. Importantly, under experimental conditions, we
characterized the UVA-mediated effect being caspase-dependent
because the pan-caspase-inhibitor zZVAD-fmk was effective to
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block the effect of UVA on acantholysis. This is interesting
because in previous studies in the same cell line zZVAD-fmk did
not reduce loss of cell adhesion when PV-IgG was applied in the
absence of UVA (51). Thus, the additional effect of UVA may
explain why in several mouse models a contribution of caspase
signaling to acantholysis was observed (52, 53). Furthermore,
desmosomes themselves could also play a role in local
modulation of the innate immune system (49).

Concluding remarks

In future studies, the role of the innate immune system as a
cofactor in the pathogenesis of PV and the influence of cytokines
on desmosomes should be investigated further. Besides the
direct effects of innate cytokines, the impact of caspases needs
to be elucidated. All in all, we are the first to introduce the local
activation of the innate immune system via inflammatory
caspases as a possible cofactor in the pathogenesis of auto-
antibody-induced acantholysis in PV, which might act as
starting point for further studies on disease manifestation of
autoantibody-mediated diseases.
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