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Pemphigus vulgaris (PV) is a potentially lethal mucocutane-
ous blistering disease characterized by IgG autoantibodies
(AuAbs) binding to epidermal keratinocytes and inducing this
devastating disease. Here, we observed that non-desmoglein
(Dsg) AuAbs in the sera of patients with Dsg1/3 AuAb-negative
acute PV are pathogenic, because IgGs from these individuals
induced skin blistering in neonatal mice caused by suprabasal
acantholysis. Serum levels of AuAbs to desmocollin 3 (Dsc3),
M3 muscarinic acetylcholine receptor (M3AR), and secretory
pathway Ca®>*/Mn?*-ATPase isoform 1 (SPCA1) correlated
with the disease stage of PV. Moreover, AuAb absorption on
recombinant Dsc3, M3AR, or SPCA1 both prevented skin blis-
tering in the passive transfer of AuAbs model of PV in BALB/c
mice and significantly decreased the extent of acantholysis in a
neonatal mouse skin explant model. Although acantholytic
activities of each of these immunoaffinity-purified AuAbs could
not induce a PV-like phenotype, their mixture produced a syn-
ergistic effect manifested by a positive Nikolskiy sign in the skin
of neonatal mice. The downstream signaling of all pathogenic
non-Dsg AuAbs involved p38 mitogen-activated protein kinase
(MAPK)-mediated phosphorylation and elevation of cyto-
chrome c release and caspase 9 activity. Anti-Dsc3 and anti-
SPCA1 AuAbs also activated SRC proto-oncogene, nonreceptor
tyrosine kinase (SRC). Of note, although a constellation of non-
Dsg AuAbs apparently disrupted epidermal integrity, elimina-
tion of a single pathogenic AuAb could prevent keratinocyte
detachment and blistering. Therefore, anti-Dsgl/3 AuAb-free
PV can be a model for elucidating the roles of non-Dsg antigen—
specific AuAbs in the physiological regulation of keratinocyte
cell-cell adhesion and blister development.

Pemphigus vulgaris (PV)? is a potentially lethal mucocutane-
ous blistering disease characterized by IgG autoantibodies
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(AuAbs) binding to epidermal keratinocytes and inducing a
devastating blistering disease affecting oral and/or esophageal
surfaces and, sometimes, also the skin. PV patients develop
cell-cell detachment (acantholysis), blisters, and nonhealing
erosions caused by suprabasal split within the epidermis. The
majority of PV patients have AuAbs against desmoglein (Dsg)
3 = 1, which are believed to cause acantholysis (reviewed
in Refs. 1 and 2). However, on average 10—15% of acute PV
patients with anti-keratinocyte AuAbs detectable by direct
and/or indirect immunofluorescence are negative for Dsgl/3
ELISA (3-9). Although there are no known clinical and patho-
logical differences between PV patients with versus without
anti-Dsg AuAbs, the immunopathological mechanisms of
acantholysis may be different.

In addition to the Dsgl and Dsg3 antigens, recent proteomic
analyses of large cohorts of pemphigus and normal control sera
(10, 11) revealed reactivities with desmocollin (Dsc) 1 and 3,
several muscarinic and nicotinic acetylcholine receptor (AR)
subtypes, and some other intracellular proteins, including the
secretory pathway Ca®>*/Mn>"-ATPase isoform 1, (SPCA1),
encoded by the ATP2C1 gene. The mechanisms of keratinocyte
detachment and blister formation in the PV patients lacking
anti-Dsg AuAbs remain practically unknown, except that anti-
Dsc3 AuAbs have been shown to be pathogenic in PV patients
(12, 13) and the Dsc3""/K14-Cre mice lacking Dsc3 develop
PV-like phenotype (14). Also noteworthy is that one copy of
ATP2C1 is mutated in patients with Hailey—Hailey disease (also
known as familial benign chronic pemphigus), representing a
nonimmune phenocopy of cutaneous lesions in PV (15, 16).

The purpose of the present study was to elucidate the path-
ogenic potential of the most common species of the non-Dsg
AuAbs potentially involved in disease development and possi-
ble correlation of serum levels of such AuAbs with the clinical
stage of disease in the anti-Dsg1/3 AuAb-negative PV patients.
Herein, we demonstrate for the first time that (i) non-Dsg
AuAbs developed by the Dsgl/3 AuAb-negative acute PV

muscarinic AR; SPCA1, secretory pathway Ca?*’Mn?"-ATPase isoform 1;

MAPK, mitogen-activated protein kinase; PVIgG, IgG fraction of PV serum;
NIgG, IgG fraction of normal serum; enAR, e-subunit of nicotinic AR; HHD,
Hailey-Hailey disease; PDAAI, Pemphigus Disease Area and Activity Index;
NMSE, neonatal mouse skin explant; CytC, cytochrome ¢; AA, amino acids;
PBS, phosphate-buffered saline.
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Figure 1. Representative images of neonatal BALB/c mice and histopathology of their skin in the passive transfer of disease model of PV. Although the
skin of neonatal BALB/c mice 24 h after a single injection of 25 ug/g of body weight of NIgG did not show any macro- (A) or microscopic (B) changes, the mice
injected with the same dose of total IgG fraction of sera pooled from 12 anti-Dsg1/3 AuAb-negative acute PV patients demonstrated cutaneous blisters and
erosions with loosely attached peripheral skin (A) and typical PV-like suprabasal acantholysis (C). Absorption of this PVIgG on the affinity purification columns
containing recombinant Dsc3, M3AR, or SPCA1, but not enAR, abolished its ability to induce skin blistering (A). Microscopic examination of the skin of mice
injected with eluants from the Dsc3, M3AR, or SPCA1 columns did not reveal any pathologic changes (not shown), whereas skin of mice injected with PVIgG

absorbed with enAR demonstrated PV-like intraepidermal split (D).

patients are pathogenic, because they induced acantholysis and
epidermal split in the experimental models of PV in vitro and in
vivo; (ii) anti-Dsc3, anti-M3 muscarinic AR (M3AR) anti-
SPCA1 AuAbs synergize to cause acantholysis; and (iii) relative
serum concentrations of these three pathogenic AuAbs corre-
late with the disease stage.

Results

Evaluation of pathogenic potential of AuAbs present in the
Dsg1/3 AuAb-negative acute PV patients

We hypothesized that serum IgG fraction of PV patients who
do not develop either anti-Dsgl or anti-Dsg3 AuAb can induce
PV phenotype in neonatal mice, i.e. that non-Dsg AuAbs are
pathogenic in vivo. To test this hypothesis, we isolated IgG frac-
tions from sera of 12 anti-Dsgl/3 AuAb-negative acute PV
patients and injected them intradermally to 1-day-old BALB/c
mice. The pups were examined 24 h later for the presence of
epidermal blistering. As expected, all tested IgG fractions of PV
sera (PVIgGs), but not normal sera (NIgG), induced spontane-
ous skin blistering caused by suprabasal acantholysis (Fig. 1,
A-C). These results demonstrated that non-Dsg AuAbs pres-
ent in serum of the Dsgl/3 AuAb-negative acute PV patients
are indeed pathogenic.

Evaluation of AuAbs to specific non-Dsg antigens in sera of the
Dsg1/3 AuAb-negative acute PV patients

Our previous proteomic studies have identified the most
common antigenic specificities of AuAbs in acute PV patients
with or without anti-Dsg1/3 AuAbs (10). We focused this study
on self-antigens known to mediate, i.e. Dsc3, or regulate, i.e.
M3AR and the e-subunit of nicotinic ARs (enAR) keratinocyte
cell-cell adhesion or be altered in the chronic autosomal dom-
inant disorder known as benign familial pemphigus, or Hailey—
Hailey disease (HHD), in which patients develop skin erosions
caused by suprabasal acantholysis, i.e. SPCAL. First, we deter-
mined whether serum levels of these non-Dsg AuAb species
correlate with the Pemphigus Disease Area and Activity Index

SASBMB

(PDAAI) in the Dsgl/3 AuAb-negative acute PV patients
(Table 1). All patients were treated by our original multidrug
protocol described elsewhere (17), and their serum samples
were obtained prior to treatment and right after they reached
complete remission (i.e. complete healing of erosions with or
without secondary skin changes in the absence of new lesions
and with negative Nikolskiy sign (i.e. when their PDAAI score
went down to 0). The results demonstrated that all tested PV
sera contained one or more of non-Dsg AuAbs against Dsc3,
M3AR, enAR, and SPCAL1. The relative concentrations of all
but anti-enAR AuAb were always significantly (p < 0.05)
higher before treatment, suggesting their role in disease
pathophysiology.

The effect of absorption of sera from the Dsg1/3 AuAb-
negative acute PV patients with recombinant self-antigens on
spontaneous skin blistering in the passive transfer of disease
model of PV in BALB/c mice

To evaluate the potential role of each species of non-Dsg
AuAbs in causing blisters, we determined whether their
adsorption could affect the acantholytic effect of total IgG frac-
tion of sera pooled from 12 anti-Dsgl/3 AuAb-negative acute
PV patients. Adsorption with recombinant Dsc3, M3AR, and
SPCA1 prevented both spontaneous blistering in BALB/c mice
and the appearance of Nikolskiy sign (Fig. 14). The acantholytic
activity of preabsorbed PVIgGs could be restored by adding the
eluted AuAb (data not shown). In marked contrast, absorption
on recombinant enAR did not affect the acantholytic activity of
PVIgG, because all pups developed spontaneous skin blistering
(Fig. 1A) caused by suprabasal acantholysis (Fig. 1D).

Measurements of acantholytic activity of PVigG from the
Dsg1/3 AuAb-negative acute PV patients in the NMISE model of
PV after absorption with recombinant self-antigens

To determine the impact of elimination of AuAbs against
Dsc3, M3AR, SPCAL, and enAR on the disease-causing ability
of PVIgG, we determined the extent of acantholysis in neonatal
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Table 1
Relative amounts of specific non-Dsg AuAbs and corresponding PDAAI scores before and after treatment of the Dsg1/3 AuAb-negative acute PV
patients

Patient’s Anti-Dsc3 AuAb“ Anti-M3AR AuAb Anti-SPCA1 AuAb Anti-eAR AuAb% PDAAI score

code Before Tx After Tx Before Tx After Tx Before Tx After Tx Before Tx After Tx Before Tx After Tx
%

A <2t <2 88.0 £ 5.6° 6.3+ 1.6 <2 <2 324 +7.1 48.3 = 8.6 13 0

B 99.7 + 6.7 109 =127  96.0 =15 14.3 + 247 914+ 45 5.2+ 1.0¢ <2 <2 26 0

C 96.6 +121 112+12¢9 <2 <2 <2 <2 <2 <2 65.5 0

D 89.0 £ 3.8 16.4 + 4.1¢ <2 <2 83.6 £5.11 20.0 + 6.5¢ <2 <2 22.5 0

E <2 <2 97.6 = 3.1 12.6 + 3.8¢ <2 <2 419 £6.7 459 £ 56 15.5 0

F 945+ 126 118 +0.9¢ <2 <2 982 + 4.3 153 +25% 57.2*100 365*+95 11 0

G 84.5 48 6.6 = 1.8 92.8 £ 5.0 14.3 + 557 <2 <2 <2 <2 17.5 0

H <2 <2 <2 <2 97.5 + 4.4 219 +31¢ <2 <2 57.5 0

1 951+75 106 +2.87 980%35 245*557 929*24 16.0 = 447 <2 <2 29 0

] 99.5 53 16.0 + 3.2¢ <2 <2 <2 <2 <2 <2 9.5 0

K <2 <2 83.7 + 7.4 10.7 = 2.0 759 £ 4.3 10.8 + 3.0¢ <2 <2 36.5 0

L 89.8 = 1.4 144 + 36 844+58 58*38% 85.9 = 5.1 9.6 + 1.4¢ <2 <2 11.5 0

“ The amount of affinity-purified specific AuAb is expressed relative to the maximum capacity of ELISA plates determined by NIgG binding and taken as 100% (see “Materi-

als and methods”).

® The values below 2% were considered nonspecific, because eluants from the affinity purification columns treated with normal human IgGs produced the similar results

(data not shown).
¢ The results are expressed as means *+ S.D. of triplicate samples.

4 Significantly different (» < 0.05) from the values before treatment; the rest are p > 0.05.

mouse skin explants (NMSEs) treated with preabsorbed
PVIgG. Consistent with results of in vivo experiments, adsorp-
tion of AuAbs against Dsc3, M3AR, and SPCAL1 in each case
significantly (p < 0.05) decreased extent of acantholysis,
whereas absorption on recombinant enAR had no significant
effect (p > 0.05) (Fig. 2). Thus, based on the results of both in
vivo and in vitro absorption experiments, the AuAbs against
Dsc3, M3AR, and SPCAL1 could be considered pathogenic in
PV.

Direct evaluation of acantholytic activities of anti-Dsc3, anti-
M3AR, and anti-SPCA1 AuAbs in the in vitro and in vivo models
of PV

The extent of acantholysis was measured 24 h after addition
to NMSEs of the pathophysiologically relevant anti-Dsc3, anti-
M3AR, or anti-SPCA1 AuAbs immunoaffinity-purified from
total serum IgG of the Dsg1/3 AuAb-negative acute PV patients
who produced these AuAbs. When given alone, neither AuAb
induced acantholysis (Fig. 3), suggesting that a simultaneous hit
by non-Dsg AuAbs to different self-antigens was required to
disrupt the integrity of epidermis. Therefore, we next analyzed
the acantholytic activities of various combinations of anti-
Dsc3, anti-M3AR, and anti-SPCA1 AuAbs seen in our Dsgl/3
AuAb-negative acute PV patients (Table 1). Among tested con-
ditions, only the mixture anti-Dsc3 + M3AR + SPCA1 AuAbs
reproduced the acantholytic effect of PVIgG (Fig. 3). This com-
bination of AuAbs was present in three patients, i.e. patients
“B”,“l,” and “L” (Table 1).

To determine whether this AuAb combination is sufficient
to disrupt the epidermal integrity in vivo, we employed the pas-
sive transfer of disease model of PV in BALB/c mice. Although
none of the injected pups developed spontaneous skin blisters,
all exhibited positive Nikolskiy sign, i.e. gentle rubbing of the
skin at the injection site induced skin erosions caused by
suprabasal acantholysis (Fig. 4).

Taken together, these results suggested a synergy of the path-
ogenic actions of individual non-Dsg AuAbs. Although the
combination anti-Dsc3 + M3AR + SPCA1 AuAbs did not
match exactly the acantholytic effect of total PVIgG, because

4522 J Biol. Chem. (2019) 294(12) 45204528
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Figure 2. Morphometric analysis of extent of acantholysis in the NMSE
model induced by total IgG fraction of sera pooled from the anti-Dsg1/3
AuAb-negative acute PV patients preabsorbed with recombinant Dsc3,
M3AR, SPCA1, or enAR. The NMSEs were incubated for 24 h in the presence
of IgGs pooled from anti-Dsg1/3 AuAb-negative acute PV patients before (con-
trol, taken as 100%) and after preabsorption with recombinant Dsc3, M3AR,
SPCA1, or enAR, and the extent of acantholysis was determined using the mor-
phometric analysis described under “Material and methods.” Each experiment
was repeated at least three times. ¥, p < 0.05 compared with control.
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Figure 3. Evaluation of acantholytic activities of immunoaffinity-puri-
fied anti-Dsc3, anti-M3AR, and anti-SPCA1 AuAbs in the NMSE model.
The extent of acantholysis was measured 24 h after addition to NMSEs of indi-
vidual or combinations of AuAbs immunoaffinity-purified from IgG fractions
pooled from serum of PV patients producing these non-Dsg AuAbs. Each exper-
iment was performed in triplicate. *, p < 0.05 compared with positive control, i.e.
total PVIgG, taken as 100%.

the mice did not develop spontaneous blistering, it did alter the
ability of keratinocyte to maintain cell-cell adhesion to the
clinically relevant degree. The reason for such discrepancy may

SASBMB
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C | Anti-Dsc3+M3AR+SPCA1

Figure 4. Evaluation of the synergistic acantholytic activity of a mixture of anti-Dsc3, anti-M3AR, and anti-SPCA1 AuAbs in the passive transfer of
disease model of PV in BALB/c mice. Four 1-day-old pups were injected with a mixture of affinity-purified AuAbs to Dsc3, M3AR, and SPCA1 versus the same
amount of NIgG (control, C) and subjected to gentle rubbing with a pencil eraser of their skin at the injection site 24 h later. All experimental mice showed skin
detachment (i.e. positive Nikolskiy sign; left panel) caused by suprabasal acantholysis (right panel).

be explained by the fact that in addition to these AuAbs, the
Dsgl/3 AuAb-negative acute PV patients develop AuAbs to
other self-antigens (10) that might be required for a complete
constellation of pathogenic AuAbs capable of disrupting epi-
dermal integrity.

Evaluation of the effects of immunoaffinity-purified anti-Dsc3,
M3AR, and SPCA1 AuAbs on activities of Src, p38 MAPK, Cs9,
and CytCrelease in keratinocytes

To obtain a first mechanistic insight on the pathophysiolog-
ical pathways mediating the pro-acantholytic actions of each of
the three pathogenic non-Dsg AuAbs under consideration, we
measured their effects on the markers of apoptolysis—the par-
adigm of keratinocyte damage in PV underlying the suprabasal
epidermal clefting in PV lesions (18)—in cell cultures of normal
human epidermal keratinocytes. Previous studies convincingly
demonstrated that pathogenic PVIgGs activate the signaling
kinases Src and p38 MAPK, and the effectors of intrinsic apo-
ptosis CytC and Cs9 (reviewed in Ref. 1 and 19). We found that
each tested AuAb significantly (p < 0.05) increased activities of
p38 MAPK and Cs9 and CytC release, whereas Src was acti-
vated only by anti-Dsc3 and anti-SPCA1 AuAbs (Fig. 5). Anti-
M3AR AuAb produced the most prominent changes of p38
MAPK and Src, and anti-SPCA1 AuAb produced the most
prominent changes of CytC and Cs9. Because the increase pro-
duced by a combination of AuAbs did not represent a sum of
individual AuAb values, these results indicated that different
non-Dsg AuAbs acted synergistically. Thus, each pathogenic
non-Dsg AuAb may contribute to the disease process by elicit-
ing the downstream signaling through a unique mechanism.

Discussion

In this study, we demonstrate for the first time that non-Dsg
AuAbs present in the serum of Dsg1/3 AuAb-negative acute PV
patients are pathogenic, because patients’ IgGs induced skin
blistering in neonatal mice caused by suprabasal acantholysis.
These PV patients had various combinations of anti-Dsc3, anti-
M3AR, and anti-SPCA1 AuAbs, whose relative concentrations
were always higher during the acute stage of PV than in remis-
sion, suggesting the role of these AuAbs in disease pathophys-
iology. Indeed, absorption on recombinant Dsc3, M3AR, or

SASBMB
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Figure 5. Evaluation of the effects of immunoaffinity-purified anti-Dsc3,
M3AR, and SPCA1 AuAbs on activities of Src, p38 MAPK, and Cs9, CytC
release in keratinocytes. Normal human epidermal keratinocytes grown in
culture to ~80% confluence were incubated at 37 °C and 5% CO, in the kera-
tinocyte growth medium containing 1.6 mm Ca®* in the presence of equal
concentrations of immunoaffinity-purified anti-Dsc3, anti-M3AR, or anti-
SPCA1 AuAbs and used to measure CytC release (after 2 h incubation) or the
activities of Cs9 (16 h), p38 MAPK (4 h), or Src (1 h). These time points were
chosen based on the highest elevation of test parameters in our previous
time-course studies (24). The results are expressed as folds of mean control
values determined in the keratinocyte monolayers exposed to the same
amount of NIgG, taken as 1. #, p > 0.05 compared with control; the restare p <
0.05.

1234

SPCA1 prevented both skin blistering in the passive transfer of
AuAbs model of PV in BALB/c mice and significantly decreased
extent of acantholysis in the NMSE model. On the other hand,
a mixture of immunoaffinity-purified anti-Dsc3, M3AR, and
SPCA1 AuAbs reproduced the acantholytic effect of PVIgG
both in vitro and in vivo. Measurements of molecular mark-
ers of apoptolysis in human cultured keratinocytes treated
with immunoaffinity-purified non-Dsg AuAbs provided a
first mechanistic insight on the pathophysiological pathways
mediating pathogenic actions of these AuAbs. Most impor-
tantly, whereas multiple hits sustained by a constellation of
non-Dsg AuAbs appeared to be required to disrupt epidermal
integrity, elimination of a single type of pathogenic AuAb was
sufficient to prevent keratinocyte detachment and blistering.
Although the pathogenic role of anti-Dsg1/3 AuAbs in PV is
widely accepted, very little is known about the antigen specific-
ities of pathogenic AuAbs in the acute PV patients who do not
produce anti-Dsgl/3 AuAbs. Proteomic studies have identified

J. Biol. Chem. (2019) 294(12) 4520-4528 4523
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numerous types of non-Dsg AuAbs in PV (10, 11), some of
which have been characterized regarding their roles in the
physiology and cell adhesion of keratinocytes (reviewed in Ref.
20). The following reports testify to the fact that non-Dsg
AuAbs developed by PV patients contribute to PV pathophys-
iology: (i) gross blisters were induced in mouse skin by the
PVIgG depleted of anti-Dsg3 AuAb (21); (ii) passive transfer of
PVIgG lacking anti-Dsgl AuAb to neonatal Dsg3™ '~ mice
induced PV-like phenotype featuring widespread blistering,
which means that blisters were induced by targeting antigens
other than Dsgl and Dsg3 (22); (iii) preabsorption of PV sera
with recombinant pemphaxin, a low affinity receptor for ace-
tylcholine, eliminated acantholytic activity and eluted antibody
immunoprecipitated native pemphaxin. The addition of
anti-pemphaxin antibody back to the preabsorbed PVIgG
fraction restored its acantholytic activity in neonatal mice
(23); the anti-pemphaxin AuAb induced acantholysis in a
keratinocyte monolayer (23); (iv) adsorption of anti-mito-
chondrial AuAbs abolished the ability of PVIgG to cause
acantholysis both in vitro and in vivo (24); and (v) IgG anti-
bodies directed against thyroid peroxidase induced kerati-
nocyte fragmentation in vitro and caused a significant
increase in p38 MAPK phosphorylation and increased
[Ca"], concentrations, both of which are associated with
the pathogenicity of PVIgG (25, 26).

The results of the present study identified the pathophysio-
logical significance of AuAbs to Dsc3, M3AR, and SPCA1,
which not only had serum levels correlated with the disease
stage of PV but which also were indispensable for the ability of
whole serum IgG from the Dsgl/3 AuAb-negative acute PV
patients to induce acantholysis in experimental models of PV
in vitro and in vivo. Although the acantholytic activities of
each of these three pathogenic AuAbs were insufficient to
overcome natural resistance of keratinocytes to dysadhe-
sion, their mixture produced a synergistic effect manifested
by inducible acantholysis, i.e. positive Nikolskiy sign in the
skin of neonatal mice.

The principal mechanisms of keratinocyte damage by some
known non-Dsg AuAbs can be deduced from reports about the
biological significance of targeted antigens. The anti-Dsc3
AuAbs, which were first demonstrated in PV patients more
than two decades ago (27, 28), may contribute to acantholysis
by interference with desmosome formation/function caused by
steric hindrance. Our findings that adsorption of anti-Dsc3
AuAb abolished acantholysis and skin blistering in neonatal
mice extend previous observations made in in vitro experi-
ments. In a case report of a 55-year-old female with the Dsg1/3
AuAb-negative PV affecting gingival mucosa, adsorption of
anti-Dsc3 AuAb with the recombinant extracellular domain of
Dsc3 abolished acantholytic activity of patient’s IgGs in a pri-
mary human keratinocyte cell dissociation assay (12), and the
other way around, a mAb targeting the extracellular domain of
Dsc3 caused intraepidermal blistering in an in vitro model of
human skin and a loss of intercellular adhesion in cultured
keratinocytes (29). In the present study, however, immunoaf-
finity-purified anti-Dsc3 AuAb alone did not induce acanthol-
ysis in NMSE. The discrepancy may be explained by differences

4524 Biol. Chem. (2019) 294(12) 45204528

in the sensitivities between the in vitro models of PV used in two
different studies.

Although the presence of anti-mAR AuAbs in PV patients
has been known for 25 years (30), specific targeting of the
M3AR subtype was discovered only recently in proteomic
studies independently performed by our (10) and Dr. Sinha’s
groups (31). Yet another group most recently has demon-
strated that anti-M3AR AuAb correlates with disease activ-
ity and its titer declines with therapy (32), which is consis-
tent with our finding reported herein. The pathogenic
activity of anti-M3AR AuAb apparently stems from phos-
phorylation of classical and desmosomal cadherins in kera-
tinocytes, by analogy with that observed upon functional
inactivation of M3AR through the pharmacological
approach (reviewed in Ref. 33).

The last but not the least among the most common patho-
genic non-Dsg AuAbs characterized in this study was anti-
SPCA1 AuAb. Although SPCAL1 is located intracellularly, it
might be reached by an AuAb in a complex with FcRn (“neona-
tal” Fc receptor for IgG) that has been shown to bind PVIgGs on
the cell membrane of keratinocytes and traffic them to intracel-
lular targets (34). SPCAL1 is encoded by the ATP2CI gene, one
copy of which is mutated in patients with HHD who exhibit the
clinical and pathological phenocopy of PV (15, 16). Further,
both keratinocytes from the skin of HHD patients (15, 36) and
normal keratinocytes exposed to PVIgGs in culture (37) feature
altered [Ca®"], metabolism. SPCA1 pumps Ca** and Mn>"
from cytosol to the lumen of Golgi, thus playing a crucial role in
setting up the [Ca®*]; oscillations that control many vital cell
functions (reviewed in Ref. 38). Ablation or reduction in SPCA1
activity causes Golgi dysfunction and stress, as well as accumu-
lation of Ca*>* and Mn>" in the cytosolic space, which can trig-
ger proapoptotic signaling (reviewed in Refs. 39 —41). It is now
widely accepted (42) that in addition to blocking function of
adhesion molecules on keratinocyte cell membrane, PVIgGs
elicit proapoptotic signaling events causing cell shrinkage,
detachment from neighboring keratinocytes, and rounding
up—the unique process of keratinocyte detachment and death
termed apoptolysis (18). Indeed, specific signs of apoptosis
were observed in experimental models of SPCA1 deficiency
(43, 44).

The downstream signaling resulting from binding to kerati-
nocytes of all pathogenic non-Dsg1/3 AuAbs under consider-
ation involved p38 MAPK phosphorylation. Anti-Dsc3 and
anti-SPCA1 AuAbs also activated Src. In the past, we (24, 45)
and other workers (46 —48) have demonstrated that PVIgGs can
trigger these kinases regardless of the presence or absence of
anti-Dsg AuAbs, indicating an overall significance of these
pathways for keratinocyte detachment. Although Src activation
is an early event in the PVIgG-triggered biochemical events,
which may lead to transactivation of several downstream path-
ways, such as epidermal growth factor receptor (49) also known
to play role in PV (50, 51), p38 MAPK activation is a late signal-
ing step directly linked to keratinocyte apoptolysis (reviewed in
Ref. 18). The p38 MAPK signaling pathway can be stimulated
by cellular stress and proinflammatory cytokines and can be
involved in cell death via apoptosis (reviewed in Ref. 52).
Accordingly, all three pathogenic non-Dsgl/3 AuAbs charac-
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terized in the present study elevated the pro-apoptotic CytC
and Cs9, albeit with different efficacy, with anti-SPCA1 AuAb
being the most effective stimulus. This is in keeping with an
important role of alterations of [Ca>"], metabolism in trigger-
ing the intrinsic apoptotic pathway (reviewed in Ref. 53).
Therefore, various AuAb species produced by different PV
patients have both common and unique mechanisms of apop-
tolytic signaling.

Our findings support the notion that apoptolysis in PV is a
complex process initiated by at least three classes of AuAbs
directed against keratinocyte proteins that mediate intercel-
lular adhesion, e.g. the desmosomal cadherin Dsc3; control
vital cell functions, e.g. the metabotropic cholinergic recep-
tor M3AR; and regulate [Ca®>"], levels, such as the Ca**/
Mn>" ATPase SPCA1. The preferential signaling pathway
downstream of targeted self-antigens is apparently deter-
mined by a unique composition of the pool of AuAbs pro-
duced by each PV patient. Different AuAb species apparently
synergize to disrupt the epidermal cohesion and causes blis-
tering in PV. Specific constellations of AuAbs developed by
individual PV patients may therefore determine clinical
severity of the disease, its natural course, and its response to
treatment.

The role of anti-e nAR AuAb in the Dsgl/3 AuAb-negative
acute PV patients and its ability to contribute to apoptolysis
remains to be determined. This AuAb may not be pathogenic,
i.e. witnessing the disease rather than causing it, analogous
to some AuAbs associated with connective tissue diseases
(reviewed in Ref. 54), or exhibit an additive/synergistic action
within a putative constellation of pathogenic PV AuAbs
required to overcome the natural resistance of keratinocytes to
dysadhesion.

Conclusions

The levels of pathogenic non-Dsg AuAbs in the Dsgl/3
AuAb-negative PV patient’s serum correlate with the stage
of disease, which may potentially allow to use certain type(s)
of non-Dsg AuAbs as predictors of PV relapse. By analogy
with synergy of anti-mitochondrial AuAbs and anti-Dsg3
AuAb in PV patients with conventional immunophenotype
(34), in the anti-Dsgl/3 AuAb-negative PV patients, various
non-Dsg AuAb species may concur to cause blistering by
acting synergistically and thus imposing a simultaneous hit
on keratinocytes affecting the intracellular homeostasis to
the degree that it can alter the ability of keratinocyte to
maintain the integrity of epidermis. The anti-Dsgl/3 AuAb-
free PV may become a model for elucidation role of AuAbs to
non-Dsg antigens in the physiological regulation of kerati-
nocyte cell- cell adhesion and blister development. Because
composition of the pool of the most common non-Dsg
AuAbs appears to be similar among PV patients with or
without anti-Dsg AuAbs, elucidation of the mechanisms of
pathogenic actions of known non-Dsg AuAbs may also shed
new light on the pathophysiology of conventional immuno-
pathological variants of PV.
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Materials and methods
Pemphigus sera

We used 12 serum specimens from patients with PV who did
not develop anti-Dsgl and anti-Dsg3 AuAbs detectable by
either proteomic analysis (10) or the MESACUP Dsg-1 and
Dsg-3 ELISA test system (MBL, Nagoya, Japan). This research
had been approved by Institutional Review Boards of University
of California—Irvine. The studies involving human subjects
abided by the Declaration of Helsinki principles. The diagnosis
of PV was made based on the results of comprehensive clinical
and histological examinations, and immunological studies that
included both direct immunofluorescence of skin biopsies and
indirect immunofluorescence of the patients’ sera on various
epithelial substrates. The mucosal type of PV was diagnosed in
seven patients, and the mucocutaneous type was diagnosed in
five patients. Prior to initiation of treatment of our Dsgl/3
AuAb-negative acute PV patients with the multidrug protocol
detailed elsewhere (17), the mean duration of the disease was
1.6 years. The titer of “intercellular” antibodies determined
on monkey esophagus ranged from 1/320 to 1/5120. Three
patients had refractory disease, and eight had a relapse. The
severity of disease was determined using the PDAAI, described
elsewhere (17).

Antibody adsorption and immunoaffinity purification
experiments

The IgG fraction of PV sera and normal serum were isolated
by FPLC protein G affinity chromatography using the FPLC
system purchased from Amersham Biosciences Corp. (Wal-
tham, MA) following the manufacturer’s protocol (55). The
pooled sera of healthy people was purchased from Bioreclama-
tion, Inc. (Westbury, NY). All test sera were preincubated for 30
min at 56 °C to inactivate complement. For preadsorption of
AuAbs from test PVIgGs, we used recombinant proteins immo-
bilized on nickel-nitrilotriacetic acid resign and followed the
protocol described by us elsewhere (23, 35, 56). Human recom-
binant His-tagged Dsc3 (AA 712-896) and M3AR (AA 253—
491) expressed in SF9 insect cells, as well as SPCA1 (AA 313-
699) and enAR (AA 21-239) expressed in Escherichia coli, were
purchased from Antibodies-online Inc. (Atlanta, GA). The
PVIgGs from individual patients and NIgG were lyophilized
and then reconstituted in PBS to the same protein concen-
tration of 10 mg/ml and applied to the 10-ml nickel-
nitrilotriacetic acid resigns containing immobilized recombi-
nant antigens. Both the pass-through fraction and the
immunoaffinity-purified fraction eluted from the columns
were collected and used in experiments. The pass-through frac-
tion was lyophilized and then reconstituted in PBS to the
desired concentration for in vivo studies of acantholysis
described below. The relative amounts of affinity-purified
AuAbs were measured using the human total IgG platinum
ELISA kit purchased from eBioscience (San Diego, CA) follow-
ing the protocol provided by the manufacturer. The results
were expressed relative to the maximum IgG binding capacity
of the ELISA plates determined at the optical density of 450 nm
and taken as 100%. To obtain this optical density value, the
microwells precoated with anti-human total IgG antibody were
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saturated by an access of the human total IgG standard included
in the assay kit. All eluted AuAbs were concentrated by lyoph-
ilization and resuspended in 100 ul of PBS prior to the assay.
The aliquots of the obtained suspension were analyzed in trip-
licate. The value below 2% was considered negative or nonspe-
cific, because eluants from the affinity purification columns
treated with similarly prepared NIgG samples produced such
values. The antigen specificity of AuAbs affinity-purified on
each studied non-Dsg antigen was verified by visualizing a sin-
gle protein band with expected molecular mass in immunoblots
of homogenized monolayers of normal human keratinocytes
following a standard protocol utilized by us in the past (35, 56)
(data not shown).

Evaluation of acantholytic activities of non-Dsg AuAbs

For passive transfer experiments, we used 1-day-old pups
delivered by BALB/c mice purchased from The Jackson Labo-
ratory (Bar Harbor, ME). This study had been approved by
the University of California—Irvine Institutional Animal
Care and Use Committee. According to the protocol detailed
by us elsewhere (35), the mice were injected intradermally
through a 30-gauge needle with test IgG specimens (25 ug/g
body weight) and examined 24 h later for the presence of skin
erosions and blisters, as well as for Nikolskiy sign, i.e. appear-
ance of skin erosions at the site of gentle rubbing with
pensile eraser. The presence of suprabasal acantholysis in
mouse skin lesions was confirmed by the light microscopic
examination of skin samples stained with hematoxylin and
eosin.

For morphometric assay of acantholysis in vitro, we used the
NMSE model described by us in the past (34). Briefly, ~3 X
3-mm pieces of trunkal skin of intact neonatal BALB/c mice
were incubated at 37 °C and 5% CO, for 24 h in PBS contain-
ing test IgG, after which the skin specimens were fixed, sec-
tioned, and stained with hematoxylin and eosin. The images
(X200) of six randomly selected areas in each specimen were
photographed and printed. The extent of suprabasal split on
each photograph was measured in um along at least four
basal cells by a researcher who was blind about the type of
treatment, and the results are expressed as percentages of
the total length of epidermis in the microscopic field, taken
as 100%.

Keratinocyte cell culture experiments

The ELISA kits for measuring phosphorylated Src was
purchased from EMD Biosciences, Inc. (La Jolla, CA). The
enzymatic activity of Cs9, and concentrations of CytC and
phosphorylated p38 were measured using kits purchased
from R&D Systems, Inc. (Minneapolis, MN). Approximately
80% confluent monolayers of commercially obtained normal
human keratinocytes (Invitrogen Life Technologies) grown in
the serum-free keratinocyte growth medium containing 5
ng/ml epidermal growth factor and 50 mg/ml bovine pituitary
extract (Gibco) in accordance the protocol provided by the ven-
dor were exposed to test IgGs for the time periods specified
under “Results” at 37 °C and 5% CO,, homogenized, and used in
ELISA performed in accordance to the protocols provided by
the manufacturers (24).
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Statistical analysis

The data were analyzed using analysis of variance against an
a level of 0.05 and are presented as means = S.D. The graphs
were created using GraphPad Prism 5.
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