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Pemphigus is an autoimmune disease of skin adhesion associated with autoantibodies against a
number of keratinocyte antigens, such as the adhesion molecules desmoglein (Dsg) 1 and 3 and
acetylcholine receptors. The notion that anti-Dsg antibodies alone are responsible for blisters in
patients with pemphigus vulgaris (PV) stems from the ability of rDsg1 and rDsg3 to absorb anti-
bodies that cause PV-like skin blisters in neonatal mice. Here, we demonstrate that PV IgGs elut-
ed from rDsgl-Ig-His and rDsg3-Ig-His show similar antigenic profiles, including the 38-, 43-,
115-, and 190-kDa keratinocyte proteins and a non-Dsg 3 130-kDa polypeptide present in ker-
atinocytes from Dsg 3 knockout mouse. We injected into Dsg 3-lacking mice the PV IgGs that did
not cross-react with the 160-kDa Dsg 1 or its 45-kDa immunoreactive fragment and that showed
no reactivity with recombinant Dsg 1. We used both the Dsg3"*! mice with a targeted mutation of
the Dsg3 gene and the “balding” Dsg3%#/Dsg3% mice that carry a spontaneous null mutation in
Dsg3. These PV IgGs caused gross skin blisters with PV-like suprabasal acantholysis and stained
perilesional epidermis in a fishnet-like pattern, indicating that the PV phenotype can be induced
without anti-Dsg 3 antibody. The anti-Dsg 1 antibody also was not required, as its presence in
PV IgG does not alter the PV-like phenotype in skin organ cultures and because pemphigus foli-
aceus IgGs produce a distinct phenotype in Dsg3"“# mice. Therefore, mucocutaneous lesions in PV
patients could be caused by non-Dsg antibodies.

J. Clin. Invest. 106:1467-1479 (2000).

Introduction

In pemphigus vulgaris (PV), blisters develop on oral
mucosa. Mucosal lesions are often followed by skin
involvement. The deep intraepidermal cleft occurs
between the basal cells and the overlaying spinous ker-
atinocytes. In pemphigus foliaceus (PF), the oral
mucosa is usually not involved, and cutaneous erosive
lesions develop owing to a superficial epidermal split
localized to the stratum granulosum. The pathophysi-
ological mechanism causing autoimmune pemphigus
is unknown and still being intensively investigated. To
date, a catalogue of self-antigens, demonstrated by var-
ious authors and detection techniques to react unique-
ly with pemphigus IgGs, includes approximately 20
molecules with different relative molecular masses,
namely: 12, 18, 33, 47, 50, 52, 55, 59, 66, 67, 68, 75, 78,
80, 85, 102, 105, 160, 180, 185/190, and 210 kDa
(reviewed in ref. 1). The number of detectable target
molecules varies from patient to patient and depends
on the sensitivity of the detection technique, i.e.,
immunoblotting versus immunoprecipitation. Hypo-
thetically, some of these bands may represent degrada-
tion products of pemphigus antigens having higher

native molecular weights. The number of detectable
pemphigus antigens can be substantially reduced by
altering the sensitivity of the technique, as is performed
when the keratinocyte protein suspension, the source of
antigens, is first preabsorbed with normal human
serum and then used in an immunoprecipitation assay
with PV and PF sera (2, 3). Only a few protein bands
remain, including the pairs of 85/130 and 85/160 kDa
that were considered to represent the pathophysiologi-
cally important targets of PV and PF autoimmunity,
respectively (4). Likewise, the number of clones detect-
edin aAgt 11 keratinocyte cDNA library by PV IgG was
reduced by substituting the whole PV IgG fraction with
the affinity-purified IgG from a single band, the 130-
kDa keratinocyte polypeptide (5).

The 130-kDa PV antigen was reported to be a novel
keratinocyte desmoglein (Dsg) 3 (5); the 160-kDa PF
antigen, Dsg 1 (6); and the 85-kDa antigen, recognized
by both PV and PF IgGs, was identified as the adhesion
molecule plakoglobin (7). Autoantibodies to these
adhesion molecules in pemphigus were interpreted as
direct, cause-and-effect pathogenesis with autoanti-
body binding to an adhesion molecule inducing a dis-
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ease of skin dyshesion (8-10). The broad spectrum vari-
ety of clinical and histological manifestations of
autoimmune pemphigus has been explained by some
investigators as an interplay between Dsg 1 and Dsg 3
antibodies. These antibodies are proposed to cause
pemphigus directly by disrupting desmosomal junc-
tions within the upper and lower epidermal compart-
ments (11), based on the predominant differential
expression of the Dsgl and Dsg3 genes in the upper and
lower epidermis, respectively (12, 13). However, a dele-
tion mutation in the NH,-terminal extracellular
domain of Dsg 1 results in the dominantly inherited
condition of striate palmoplantar keratoderma with-
out any intraepidermal dyshesion (14). Similar thick-
ening of the stratum corneum without skin blistering
also occurs in Dsg 3-truncated transgenic mice (15).
Furthermore, no spontaneous gross skin blistering is
observed in the Dsg3" mouse with a targeted mutation
of the Dsg3 gene or the “balding” Dsg3%*/Dsg3" mouse
with a spontaneous null mutation in the Dsg3 gene (16,
17). Interestingly, even in P-cadherin/Dsg 3 double
knockout mice neither spontaneous nor trauma (skin
rubbing)-induced gross and microscopic alterations of
the integrity of the epidermis can be found (18).

Preabsorption of patients’ sera with recombinant
Dsgl-Ig and Dsg3-Ig chimeric baculoproteins elimi-
nate disease-causing activities of PF and PV IgG frac-
tions, respectively. Further, IgGs eluted from recom-
binant Dsg molecules elicit acantholysis and gross
skin blisters in neonatal BALB/c mice (19-23). Sur-
prisingly, although both the recombinant protein rep-
resenting the extracellular epitope of Dsg 3 and a
chimeric baculoprotein combining sequences of the
extracellular epitope of Dsg 3 and of the Fc portion of
human IgG1 effectively absorb anti-Dsg 3 antibody
from PV sera, only absorption on the chimeric bacu-
loprotein can eliminate the antibodies capable of
causing gross skin blisters in neonatal mice. The
explanation for this phenomenon is that addition of
the Fc IgG1 portion assists the Dsg 3 portion to fold
properly and acquire an “active” conformation; how-
ever, confirmation that »Dsg3-Ig-His absorbs only anti-
bodies to Dsg 3 was not provided.

Using Dsg 3-deficient mice, we have recently demon-
strated that the PV IgGs lacking anti-Dsg 1 antibody
can (a) produce a PV-like, fishnet staining pattern of
the epidermis when used in indirect immunofluores-
cence (IIF) reactions; and (b) induce clinical and histo-
logical signs of PV when injected intraperitoneally into
Dsg3I neonates (1). Furthermore, we have shown
rDsg3-Ig-His can absorb the non-Dsg 3 antibodies that
are pathogenic in Dsg3"¥ neonates (24). These results
indicated that non-Dsg 3 PV antibodies mediate acan-
tholysis but could not eliminate a possibility that the
undetected anti-Dsg 1 antibody contributed to acan-
tholytic activity of test PV IgGs in Dsg3"“! pups, because
(a) 25-60% of patients with PV have both anti-Dsg 1
and anti-Dsg 3 antibodies, as demonstrated by
immunoprecipitation (25, 26), immunoblotting

(27-29), and immunohistochemistry (30); (b) spread of
lesions from the oral mucosa to the skin in one patient
with PV was reported to be associated with the appear-
ance of anti-Dsg 1 antibody (31); and, most impor-
tantly, (c) absorption of PV IgGs with rDsgl was
reported to eliminate the disease-causing activity,
whereas the anti-Dsg 1 PV IgG was suggested to play a
critical role in induction of PV-like deep suprabasilar
acantholysis in Dsg3"“! neonates (32).

In this study, we attempt to resolve the controversy
about the role of anti-Dsg antibodies in pemphigus.
First, we demonstrate that antibodies targeting Dsg 1
and Dsg 3 are not essential for induction of PV-like
lesions in neonatal mice and that PV antibodies to
other keratinocyte self-antigens are sufficient for caus-
ing gross skin blisters. Second, we reveal the lack of
monospecificity of the rDsgl-Ig-His and rDsg3-Ig-His
chimeric baculoproteins for anti-Dsg 1 and anti-Dsg
3 antibodies, respectively. Third, we document that PV
IgG fraction containing anti-Dsg 3 antibody without
anti-Dsg 1 antibody or PV IgG fraction containing
both anti-Dsg 1 and anti-Dsg 3 antibodies produce
deep suprabasilar acantholysis in either wild-type or
Dsg3™! mice, whereas PF IgG fraction containing
anti-Dsg 1 antibody without anti-Dsg 3 antibody pro-
duces subcorneal acantholysis localized to the granu-
lar layer. The cumulative results obtained in this study
indicate that non-Dsg antibodies are sufficient to
induce PV-like pathology in neonatal mice. Lesions in
patients with PV may therefore result from cumulative
and/or synergistic effects of a set of autoantibodies tar-
geting different specific self-antigens on the ker-
atinocyte cell surface.

Methods

Pemphigus and control sera, and IgG fractions. The results
reported here were obtained in experiments using sera
and IgG fractions from patients with well-established PV
and PF, and healthy volunteers. This study had been
approved by the University of California Davis Human
Subjects Review Committee. The diagnosis of PV or PF
was made based on the results of both comprehensive
clinical and histological examinations and immunolog-
ical studies, including direct immunofluorescence (DIF),
IIF on various epithelial substrates, immunoblotting,
and immunoprecipitation, following standard protocols
(33). The serum IgG fractions were isolated using 40%
ammonium sulfate followed by dialysis against PBS (Life
Technologies Inc., Gaithersburg, Maryland, USA),
lyophilized and reconstituted in PBS as detailed else-
where (1). The protein concentration was determined
using the Micro BCA kit (Pierce Chemical Co., Rockford,
Illinois, USA). The serum level of rheumatoid factor was
measured by a standard nephelometric technique using
a commercially available antigen (Kit P/N 465320; Beck-
man Instruments Inc., Brea, California, USA). According
to the reference range used in the clinical laboratory of
University of California Davis Medical Center, normal
values do not exceed 20 IU/ml.
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Enbanced sensitivity immunoprecipitation assay. Cultures
of epidermal keratinocytes used for metabolic radioac-
tive labeling were established from normal human
neonatal foreskins and grown to approximately 95% con-
fluence in 150 cm? flasks (Corning Costar, Cambridge,
Massachusetts, USA) in serum-free keratinocyte growth
medium (KGM,; Life Technologies Inc.) containing 0.09
mM Ca?* at 37°C in a humid 5% CO, incubator, as
described previously (34). Cultured keratinocyte mono-
layers were metabolically labeled for 16 hours at 37°C
with 100 pCi/mL [*S]methionine (1,000 Ci/mmol;
Amersham Life Science Inc., Arlington Heights, Illinois,
USA) in 1.8 mM Ca?" labeling medium, and the
[3S]methionine-labeled proteins were separated by cen-
trifugation and used as a source of naturally folded ker-
atinocyte proteins in an immunoprecipitation assay (25).
The immune complexes were precipitated with a protein
A-Sepharose suspension (Sigma Chemical Co., St. Louis,
Missouri, USA), washed, and resolved on SDS-PAGE
gels. The gels were fixed, enhanced, and the radioactivi-
ty was analyzed using the storage phosphor autoradiog-
raphy feature of the Storm system (Molecular Dynamics,
Mountain View, California, USA), as described by us pre-
viously (35). The presence of Dsg 1 antibody in test sera
was investigated using the 45-kDa tryptic fragment of
Dsg 1 representing its immunoreactive epitope (36).
Briefly, [3*S]methionine-labeled keratinocytes were
homogenized in 10 mM Tris-buffered saline containing
0.025% NaNs3, and 20 mM Ca?* (TBS-Ca) buffer con-
taining 0.25% bovine trypsin (Sigma Chemical Co.) and
then incubated for 1 hour at 37°C. The trypsinized
homogenate was treated with 1 mM PMSF to stop the
reaction, centrifuged at 40,000 g, and the supernatant
was passed through a Concanavalin A Sepharose column
(Con-A) (EY Laboratories Inc., San Mateo, California,
USA). The Con-A-bound glycoproteins containing the
45-kDa immunoreactive epitope of Dsg 1 were eluted
with 0.2 M a-methylmannoside (Sigma Chemical Co.),
dialyzed against TBS-Ca, concentrated by lyophilization
and used in enhanced sensitivity immunoprecipitation
assay (ESIA) as a source of antigen.

ELISA. The reactivity of test sera with the extracellu-
lar portions of the Dsg 1 or Dsg 3 peptide sequences
that reportedly represent pathogenic epitopes of the PV
or PF antigens (37-39) was determined using Dsg 1-
and Dsg 3-coated ELISA plates purchased from MBL
(Nagoya, Japan), including the positive and the nega-
tive controls, and following the protocols provided by
the manufacturer. All serum samples were tested in
duplicate or triplicate on at least two different occa-
sions, using different lots of ELISA plates, and the
results were expressed as ELISA scores, or index values
(IVs), calculated as follows: IV = (OD sample - OD neg-
ative control)/(OD positive control - OD negative con-
trol) x 100. As recommended by the manufacturer, a
serum sample was considered to be positive for Dsg 1
or Dsg 3 antibody if the IV exceeded 20.

The samples of the PV, PF and normal human control
sera used in this study were also independently tested in

the laboratory of L.A. Diaz at Medical College of Wiscon-
sin using the Dsg 1 ELISA developed in this laboratory.

In vitro model of pemphigus. The standard protocols for
treatment of normal human skin organ cultures with
pemphigus serum (40, 41) were modified to eliminate
known shortcomings. The samples of normal facial skin
freshly removed from adult Caucasians undergoing sur-
gical procedures were freed of fat and clotted blood, and
3-mm-diameter samples were obtained using a standard
skin biopsy punch. These skin samples were rinsed in
PBS, placed in plastic tubes containing ice-cold KGM
without supplements, transported to the laboratory,
and used in experiments immediately. The skin sam-
ples, containing epidermis and papillary and reticular
dermis, were placed into the wells of the standard U-
bottom 96-well cell-and-tissue culture plates (Falcon-
Becton Dickinson Labware, Lincoln Park, New Jersey,
USA), and 200 L of test serum was added to each well.
Each serum was tested in triplicate skin samples. The
dishes were incubated at 37°C in a humid 5% CO;-con-
taining atmosphere for 24, 36, 48, 72, and 96 hours.
After each incubation period, the skin samples were har-
vested and examined by both light microscopy and DIF.

In vivo model of pemphigus. The skin blisters were
induced in neonatal mice by passive transfer of serum
IgG fraction (42). This study had been approved by the
University of California Davis Review Committee on the
Use of Animals in Research. The IgGs were injected
intraperitoneally through a 30-gauge needle into 10- to
12-hour-old pups at the doses specified in Results. The
neonates in each progeny always received the same
amount of test or control IgG. The latter was isolated
from normal human serum purchased from Sigma
Chemical Co. Both Dsg 3-containing BALB/c mice, and
Dsg 3-deficient Dsg3" and CS7BL/6 Dsg3%%/Dsg3" mice
were used (17). The integument of mice lacking Dsg 3 is
normal at birth, making these neonates a suitable model
for induction of pemphigus phenotype in passive trans-
fer experiments (1, 32). In each litter, the lack of Dsg 3 in
pups with induced blisters was confirmed by genotyping
at the end of each passive transfer experiment. PCR was
used to amplify the genomic sequences from the DNA
isolated from pieces of mouse tails. The genotyping of
Dsg3"! mice was performed using PCR primers and reac-
tion conditions described by us previously (1). The geno-
typing of Dsg3%4/Dsg3% mice was performed by sequenc-
ing the PCR product that amplified a portion of the
exon 14 of the Dsg3 gene containing the 2275insT func-
tional null mutation. The sense 5'-gccatagcatgaactgttag-
3" and antisense 5'-gttggctrgtetegtgagee-3' primers (Bio-
Synthesis Inc., Lewisville, Texas, USA) were used in PCR
and the amplification condition included preheating at
94°C for 4 minutes; hot start with Taq DNA polymerase
(Promega Corp., Madison, Wisconsin, USA), then 35
cycles at 94°C for 1 minute, 60°C for 1 minute, and
72°C for 3 minutes. The knockout Dsg3" mice were
homozygous for a targeted mutation of the Dsg3 gene,
and “balding” Dsg3%#/Dsg3%# mice were homozygous for
a spontaneous null mutation of the Dsg3 gene (17).
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Immunoaffinity absorption experiments. For preabsorp-
tion of antibodies to Dsg 1 and 3, we used the baculo-
proteins Dsgl-Ig-His, Dsg3-His, and Dsg3-1g-His pro-
duced in High Five cells grown in Sf-900 II SFM
medium (Life Technologies Inc.). The baculoviruses
provided by M. Amagai (Keio University, Japan) were
amplified in Sf9 insect cell (Life Technologies Inc.),
and the preabsorption experiments were performed
exactly as described by Amagai et al. (23). Briefly,
supernatant containing each recombinant protein was
incubated with TALON metal affinity resin overnight
at 4°C with gently rocking. After washing ten times
with PBS containing 1 mM CaCl,, the TALON resins
carrying immobilized baculoproteins were incubated
with PV serum overnight. The resins with bound anti-
bodies were washed 15 times with PBS, and the anti-
bodies were eluted with an IgG gentle elution buffer
(Pierce Chemical Co.). The eluants were cleared on D-
Salt Excellulose Plastic Desalting Column (Pierce
Chemical Co.) and diluted in TBS containing 2% non-
fat milk and 10 mM CaCl,.

For preabsorption of antibodies to the Fc portion of
human IgG, we used the Ig-immunosorbent column
containing Sepharose conjugated with the Fc fragment
of human IgG (Bethyl Laboratories, Inc., Montgomery,
Texas, USA), and the incubation and elution proce-
dures already described here. The efficiency of adsorp-
tion of anti-Fc IgG antibodies on this column was test-
ed by the ability of the preabsorbed FITC-conjugated
goat anti-human Fc IgG antibody (Sigma Chemical
Co.) to visualize PV IgG bound to monkey esophagus
in a standard IIF assay. The amount of adsorbed anti-
Fc IgG antibodies was monitored by measuring the
protein concentration in test IgG fraction before and
after its absorption and comparing the differences with
the protein concentration of the eluant.

Characterization by immunoblotting of antigenic reactivities
of adsorbed PV IgGs. The PV IgGs eluted from Dsg 1 and
Dsg 3 constructs and from the Ig-immunosorbent col-
umn were characterized by immunoblotting using as
substrate protein the extracts of normal human ker-
atinocytes and keratinocytes from Dsg 3-positive
BALB/c or Dsg 3-negative Dsg3" mice that were
resolved by SDS-PAGE and transferred to nitrocellulose
membrane (Millipore Corp., Bedford, Massachusetts,
USA), as detailed previously (24). The immunoblotting
membranes were blocked with 5% nonfat milk in 20
mM Ca?" -containing TBS (pH 7.4) for 1 hour at 37°C.
The blots were cut into 4-mm-wide vertical strips, and
each strip was exposed overnight at 4°C to an affinity-
purified PV IgG diluted in TBS containing 1% normal
goat serum, 3% nonfat milk, and 0.05% Tween 20
(Sigma Chemical Co.). Binding of primary antibody was
visualized using horseradish peroxidase (HRP) conju-
gated goat anti-human IgG (Pierce Chemical Co.) with
an HRP color developer (Bio-Rad Laboratories Inc., Her-
cules, California, USA). The specificity of binding was
determined in negative control experiments, in which
the primary antibody was omitted.

In a separate set of immunoblotting experiments, we
examined antigenic reactivities of PV IgGs eluted from
distinct keratinocyte protein bands, in accordance with
the procedure for immunoaffinity antibody purifica-
tion (43). Briefly, approximately 3-mm-wide horizon-
tal strips carrying a keratinocyte protein with a specif-
ic M; + 3 kDa were cut out from the immunoblotting
membrane and incubated overnight with PV IgG
serum fraction diluted 1:5 in TBS containing 20 mM
CacCl,, 0.05% Tween 20 (Sigma Chemical Co.) and 1%
nonfat milk to allow antibody binding. The strips were
then washed thoroughly, and the IgGs were eluted by a
3-minute incubation at 37°C in a solution containing
500 YL of 20 mM sodium citrate, 1% milk, and 0.05%
Tween 20 (pH 3.2), and immediately neutralized by
adjusting the pH to 7.4 with the 2 M Tris base.
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Figure 1

Characterization of PV and control sera. To identify the profiles of
anti-keratinocyte antibodies, whole-cell (top) or 0.25% trypsin-
digested (bottom) protein extracts of [3*S]methionine-labeled
human keratinocytes were immunoprecipitated with three differ-
ent PV sera, one PF serum, and two sera from healthy volunteers,
as detailed in Methods. The immune complexes were resolved on
5% (top) or 15% (bottom) SDS-PAGE, and the radiolabeled anti-
gens visualized using the Storm system’s phosphor-imager feature.
The positions of the relative molecular mass markers in kDa are
shown on the left. The titer of intercellular antibodies, determined
by IIF on monkey esophagus, and the ELISA scores (1V) are shown

on the bottom. MW, molecular weight.
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Figure 2

Induction of pemphigus in neonatal mice lacking Dsg 3 by passive
transfer of IgGs from sera of PV patients that lack Dsg 1 antibody.
Neonatal knockout Dsg3™" mice homozygous for a targeted mutation
of the Dsg3 gene (a-d) and “balding” Dsg3%*)/Dsg3% mice homozygous
for a spontaneous null mutation in the Dsg3 gene (e-h) were injected
intraperitoneally with 20 mg/g body weight of IgGs from the PV1
serum that lacked Dsg 1 antibody. Approximately 18-24 hours after
injection, large, flaccid blisters filled with serous fluid were seen on
the skin of both Dsg3™" (a) and Dsg3%//Dsg3! (e) mice. At this time,
the Nikolsky sign could be elicited on the skin of Dsg3"" (b) and
Dsg3%!/Dsg3%! (f) mice by mechanical extension of a large erosion after
spontaneous rupture of the blister. The blisters developed due to
intraepidermal separation showing suprabasilar acantholysis and
prominent tombstone appearance of the basal cell layer (c and g;
hematoxylin and eosin [H&E]). DIF with FITC-conjugated anti-human
IgG antibody revealed intercellular staining of epidermis due to dep-
osition of injected PV IgGs (d and h). All neonates of the progeny from
mating of homozygous Dsg3™" mice showed the PCR product of 280
bp, representing the sequence of the neomycin resistance gene used
for the targeted disruption of the Dsg3 gene (17), and no 500-bp
product, representing normal Dsg3 gene amplified from DNA extract-
ed from a normal, Dsg 3-positive mouse (positive control). Likewise,
all pups in the progeny from mating homozygous Dsg3"/Dsg3% mice
lacked Dsg 3, as illustrated by finding a nonfunctional homozygous
mutational insertion, 2275insT, upon direct nucleotide sequencing of
the PCR product representing a portion of exon 14 of the mouse Dsg3
gene (data not shown). Scale bars = 50 pm.

Results

Characterization of Dsg 1 and Dsg 3 antibody profiles of PV and
PF sera. The profile of anti-keratinocyte antibodies pres-
ent in the sera of patients with PV was characterized by
ESIA, using radiolabeled, naturally folded Dsg 1 and Dsg
3,and ELISA, using recombinant proteins representing
the extracellular domains of Dsg 1 and Dsg 3 (Figure 1).
By both ESIA and ELISA, all PV sera, but not normal
human or PF sera, contained autoantibody to the 130-
kDa Dsg 3. In ESIA, the PV1 and PV2 sera did not pre-
cipitate the 160-kDa Dsg 1 nor its 45-kDa tryptic frag-
ment (Figure 1), which constitutes the major antigenic
region for anti-Dsg 1 PF autoantibody and has been
shown to be a very sensitive and specific probe for the
anti-Dsg 1 antibody developed by patients with PV (31).
Both PV1 and PV2 sera were also found negative for Dsg
1 antibody in ELISA assays (Figure 1). The commercial
Dsg 1 ELISA kit used in our laboratory contained recom-
binant Dsg 1 developed by Amagai et al. (37). These neg-
ative results were confirmed in ELISA experiments per-
formed in Diaz’s laboratory (data not shown), using
recombinant Dsg 1 developed by Ding et al. (44).

To eliminate the possibility that the autoantibodies
to the conformational epitope of Dsg 1 remained unde-
tectable in ESIA and ELISA due to limitations of these
assays, we included PV3 serum and the PF serum as
positive controls. These sera reacted with the 160-kDa
Dsg 1 that was present in the keratinocyte protein solu-
tion used in ESIA (Figure 1). These two positive control
sera also immunoprecipitated the 45-kDa fragment of
Dsg 1 in ESIA and showed high titer of anti-Dsg 1 anti-
bodies in ELISA (Figure 1).

As negative controls, we used the sera from two
healthy subjects without history of any blistering skin
condition. These sera immunoprecipitated none of
130- or 160- or 45-kDa keratinocyte polypeptides in
ESIA and were negative for Dsg 1 and Dsg 3 antibodies
in ELISA (Figure 1).

Thus, the four different approaches to detect Dsg 1
antibody in PV1 and PV2 sera produced negative results.

Is anti-Dsg 3 antibody the sole mediator of PV lesions? Mice
lacking Dsg 3 do not spontaneously develop gross skin
blisters (1, 16, 17). If Dsg 3 is indeed essential for nor-
mal keratinocyte cell-to-cell adhesion in normal epider-
mis, the lack of skin lesions in Dsg3™! and
Dsg3%/Dsg3%! mice may be explained by a compensa-
tion mechanism in which upregulation of other adhe-
sion molecules occurs. Therefore, these animals provide
a unique Dsg 3-free system for probing PV sera for the
presence of non-Dsg 3 autoantibodies targeting the
molecules that mediate and regulate keratinocyte cell-
to-cell adhesion in the epidermis (1, 32). To determine
whether non-Dsg 1/non-Dsg 3 PV antibodies are suf-
ficient at causing skin blisters, we selected the two PV
sera (PV1 and PV2) that did not contain Dsg 1 antibody,
isolated IgG fractions and injected them intraperi-
toneally through a 30-gauge needle at a dose of 20 mg/1
g body weight into 10- to 12-hour-old offsprings bred
from homozygous female and male Dsg3" mice, as well
as litters resulting from breeding pairs of homozygous
Dsg3b4/Dsg3b4 mice. Control littermates received the
same doses of IgG isolated from pooled normal human
serum (control). All neonates injected with PV IgGs
(Figure 2; » = 16), but not with normal human IgG (n =
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Figure 3

Characterization of acantholytic activities of pemphigus sera with dif-
ferent combinations of Dsg 1 and Dsg 3 antibodies in skin organ cul-
ture. The anti-keratinocyte antibody profiles of two Dsg 3 anti-
body-positive PV sera, one with (PV3) and one without (PV2) Dsg 1
antibody, Dsg 1 antibody-positive PF serum, and normal human
serum (N2) were characterized by ESIA using 7.5% SDS-PAGE (IP),
and tested in fresh cultures of normal human skin as detailed in
Methods. The morphological changes and antibody binding were
examined by light microscopy (H&E) and DIF, respectively. The PV2
serum that contained Dsg 3 antibody but no Dsg 1 antibody and the
PV3 serum that contained both Dsg 1 and Dsg 3 antibodies pro-
duced identical changes: 36 hours after addition of each serum, deep
suprabasilar, but not superficial, acantholysis and intercellular anti-
body binding throughout the entire epidermis could be seen in these
skin specimens. In marked contrast, the PF serum had induced by this
time point distinct subcorneal acantholysis accompanied by inter-
cellular antibody binding throughout the entire epidermis. As can be
seen in the left upper corner of the biopsy stained with H&E, the split
occurred within the granular cell layer. No alterations of the integri-
ty of the epidermis or epidermal deposits of IgGs could be found in
the cultures exposed for 96 hours to a healthy subject’s serum. In the
column labeled IP, the relative molecular mass of the bands precipi-
tated by each pemphigus serum is designated with arrows, and the
positions of standard relative molecular mass markers are shown in
the lowermost row. Scale bars = 50 pm.

12; data not shown), developed extensive, flaccid skin
blisters approximately 18-24 hours after a single injec-
tion. The blisters resulted from suprabasilar acantholy-
sis associated with binding of non-Dsg 1/non-Dsg 3
antibodies to the cell surface of murine epidermal ker-
atinocytes (Figure 2). Identical clinical and microscop-
ic features were produced in normal BALB/c mice by
PV1 (n = 4) or PV2 (n = 6) IgGs (data not shown).

To eliminate the possibility that pups with blisters
developed a revertant mutation that restored expres-
sion of the Dsg3 gene, the expected genotypes of all
pups was confirmed at the end of each experiment
(data not shown).

Thus, PV-like skin lesions in neonatal mice can be
produced by PV autoantibodies to keratinocyte pro-
teins other than Dsg 1 and Dsg 3.

Does Dsg 1 antibody contribute to acantholytic activity of PV
serum? The results discussed here indicated that anti-Dsg
3 antibody may not be critical for skin blister formation
in patients with PV, in agreement with the conclusion of
Mahoney et al. (32) that anti-Dsg 3 alone is not suffi-
cient at causing skin blistering. However, the possibility
that in our passive transfer experiments the skin lesions
were caused by a “hidden” anti-Dsg 1 antibody could not
be excluded because, theoretically, this antibody might
not recognize the conformational epitopes of any Dsg 1
molecules present in either antigenic substrate used by
four different antibody detection assays (Figure 1).
Although patients with PV never develop the superficial
epidermal acantholysis seen with anti-Dsg 1 (44), this
antibody still may be pathogenic. If so, the lack of PF-like
pathology in patients with PV might be explained by pre-
vention of anti-Dsg 1 antibody entry of the granular cell
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layer by the deep suprabasilar split in the epidermis of
these patients. We tested this hypothetical mechanism
using an in vitro model of PV in which all epidermal lay-
ers are equally accessible to antibodies. The normal
human skin specimens were bathed in the medium con-
taining pemphigus antibodies for different time periods,
and penetration of the antibodies throughout all epi-
dermal layers with their subsequent deposition on the
cell membrane of keratinocytes was confirmed by DIF.
We tested (a) PV serum containing anti-Dsg 3 antibody
without anti-Dsg 1 antibody (PV2 serum); (b) PV serum
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with both anti-Dsg 1 and anti-Dsg 3 antibodies (PV3
serum); (c) PF serum featuring anti-Dsg 1 antibody
without anti-Dsg 3 antibody; and (d) a healthy volun-
teer serum (N2, i.e., normal serum 2 in Figure 1). The
first signs of acantholysis in skin organ cultures treated
with pemphigus sera could be observed as early as 24
hours of incubation (data not shown). Extensive acan-
tholysis with wide intraepidermal clefting was observed
by the end of the second day of incubation. After the 4th
day, nonspecific changes, such as keratinocyte apoptosis
and vacuolar and ballooning alterations, could be
observed in the epidermis of all skin organ cultures.
Therefore, all experiments were terminated at 72 hours
of incubation, and the changes produced by test sera by
that time point were compared.

As seen in Figure 3, the PV2 serum containing the
130-kDa Dsg 3 antibody caused deep suprabasilar
acantholysis. The basal cells remained attached to the
basement membrane, rendering the tombstone appear-
ance, which is the histopathological hallmark of PV
(45). The PF serum with the 160-kDa Dsg 1 antibody
produced acantholysis in the superficial layer of the
epidermis (Figure 3). The split occurred within the
granular cell layer. In marked contrast, the PV3 serum
that, in addition to anti-Dsg 3 antibody, also contained
anti-Dsg 1 antibody caused only suprabasilar acan-
tholysis, but no superficial split that would be expect-
ed if anti-Dsg 1 PV antibodies were pathogenic (Figure
3). When these skin organ cultures were examined by
DIF, the IgGs present in all three test pemphigus sera
stained the entire epidermis, including the granular cell
layer, in a similar intercellular, pemphigus-like pattern,
which is consistent with the general observations that
the DIF patterns of PV and PF sera are indistinguish-
able in most cases (46).

To distinguish pemphigus antibody-induced effects
from nonspecific or degenerative changes in the cul-
tured epidermis, parallel skin samples from the same
skin donor were incubated with normal human sera.
The bottom row of Figure 3 shows that no alterations
of the integrity of the epidermis or any deposits of IgG
could be detected in the cultures incubated with the N2
serum for 4 days.

Thus, anti-Dsg 1 antibody present in PV serum does not
exhibit acantholytic activity at its normal serum concen-
tration, in agreement with the findings of Ding et al. (44).

Can anti-Dsg 1 antibody cause PV-like skin lesions in Dsg3™
mice? A role for anti-Dsg 1 antibody in PV was proposed
in the “desmoglein compensation” hypothesis (47),
which is based on a report that both PV and PF IgGs
produce identical suprabasilar split in Dsg3" mice (32).
The hypothesis attempts to reconcile the discrepancy
between the known correlation of anti-Dsg 1 antibody
with subcorneal epidermal split of PF and suprabasilar
location of acantholysis in PV. However, insufficient
thickness of murine epidermis may have hampered
localization of the split. Therefore, in this study we com-
pared the epidermal morphology at different anatomi-
cal regions of wild-type and Dsg3" mice.

The IgG fractions of PF sera and PV3 sera, both of
which contained anti-Dsg 1 antibody (Figure 1), were
injected intraperitoneally at a dose of 10 mg/g body
weight into 10- to 12-hour-old Dsg3"# mice (16 pups
received PF IgG; seven pups received PV3 IgG) or
BALB/c mice (nine pups received PF IgG; five pups
received PV3 IgG), and skin samples were obtained 24
hour thereafter. Both strains of mice injected with PF
IgG developed superficial skin peeling, or wrinkling,
with a positive Nikolsky sign (Figure 4a). Light micro-
scopic examination revealed superficial, or subcorneal,
epidermal acantholysis, as in patients with PF (Figure
4b). However, in locations where the basal cell layer was
the only nucleated cell layer of the epidermis (Figure 4,
b and c; arrows), the subcorneal split appeared as a
suprabasilar split. The morphological pattern shown
in Figure 4b was seen in the specimens obtained from
the head/neck and axillary areas, where the epidermis
is relatively thick, whereas the pattern seen in Figure 4c
could be observed in skin of the trunk and extremities,
where epidermis is thinner. In marked contras, all
pups injected with PV3 IgGs (Figure 4d) showed clini-
cal and morphological acantholysis that was indistin-
guishable from that seen in mice injected with the PV
IgGs that did not contain anti-Dsg 1 antibody. The
deep intraepidermal localization of the acantholytic
cleft, which was obvious in the skin areas with thick
epidermis (Figure 4d), confirmed that the split induced
by PV IgGs in the abdominal skin of Dsg 3-deficient
mice, where the epidermis is thin (Figure 2, c and g),
was also suprabasilar rather then subcorneal. The sub-
corneal split was never found in skin specimens from
mice injected with the PV IgGs that were either positive
or negative for anti-Dsg 1 antibody.

Thus, upon passive transfer to neonatal Dsg3" mice,
PV or PF IgGs produce two distinct, PV-like or PF-like
phenotypes, respectively, eliminating the possibility
that gross skin blisters and deep suprabasilar acan-
tholysis in Dsg 3-lacking mice injected with PV IgGs
(Figure 2) were caused by any unidentified anti-Dsg 1
antibody. The PV-like skin lesions were therefore
induced by non-Dsg 1/non-Dsg 3 antibodies.

Do Dsg 1 and Dsg 3 chimeric baculoproteins absorb similar
disease-causing non-Dsg PV antibodies? These results pro-
vided evidence that non-Dsg 1/non-Dsg 3 antibodies
can cause skin blisters in patients with PV. How then
could Dsg 1 and Dsg 3 constructs absorb out all dis-
ease-causing PV antibodies in previous studies (21, 23,
32,48)? Because the antigenic profile of the eluted PV
IgGs was not characterized in those studies, the issue
of monospecificity of the recombinant Dsg proteins
used in absorption experiments required examination.
We therefore produced the recombinant baculopro-
teins using the baculoviruses provided by M. Amagai,
repeated the absorption experiments exactly as
described in the original studies (21, 23), and charac-
terized the immunoreactivities of the eluted, disease-
causing PV IgG by immunoblotting using different
keratinocyte substrates. Preliminary results indicated
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Figure 4

Passive transfer of PV and PF IgGs to neonatal Dsg3"/ mouse produce
two distinct phenotypes in the epidermis. The PF IgG that
immunorecognized Dsg 1 and did not cross-react with Dsg 3 and the
PV3 1gG that contained antibodies to both Dsg 1 and Dsg 3 were
injected at a dose of 10 mg/g body weight into 10- to 12-hour-old
neonates of the litter that resulted from breeding homozygous female
and male Dsg3™/ mice. Wrinkling of the skin of a Dsg3"" mouse was
noticed approximately 20 hours after a single injection of PF IgG (a).
Approximately 22 hours after injection, the pups were euthanized,
and two skin specimens, one from the neck/head area and one from
abdominal skin, were obtained, stained with H&E, and examined by
light microscopy. In both anatomical regions, the epidermal split
induced by PF IgGs is subcorneal, rather than suprabasilar (b and c).
The subcorneal location of the split can be easily misinterpreted as
being suprabasilar in locations where the basal cell layer is the only
nucleated cell layer of the epidermis (arrows). The accurate conclu-
sions, however, should be drawn based on the phenotype found in
the skin regions where the epidermis is thick, such as in the most
parts of the specimen from the head/neck area shown in the b. In this
skin region, the suprabasilar split caused by PV3 IgG is seen in the
deep epidermis (d). The Dsg 37/~ genotype of these mice was con-
firmed by PCR amplification of the sequences of genomic DNA
extracted from the tail (1). Scale bar = 50 pm.

that the antigenic profiles of PV IgG eluted from
rDsg3-His and rDsg3-Ig-His are different, suggesting
that addition of the Fc IgG portion to the extracellu-
lar portion of Dsg 3 created a new epitope recognized
by pathogenic non-Dsg 3 PV IgG (24). Alternatively or
additionally, rDsg3-Ig-His might absorb anti-Fc IgG
antibody (also known as rheumatoid factor). To test
this hypothesis, we in this study compared the anti-
genic profiles of PV IgGs eluted from the rDsg3-His
versus rDsg3-Ig-His versus rDsgl-Ig-His versus Fc IgG
columns. The authenticity of the Dsg3-His, Dsg3-Ig-His
and Dsgl-Ig-His baculoviruses was verified by PCR (Fig-
ure 5a), and the reactivities of produced baculopro-
teins with PV antibodies were confirmed by
immunoblotting (Figure 5b). The efficiency of the Fc
IgG column in absorbing ant-Fc IgG antibodies was
demonstrated by the ability of the FITC-conjugated
goat anti-human Fc IgG antibody that was first pre-
absorbed on and then eluted from the column to visu-
alize PV IgG bound to the monkey esophagus sub-
strate in a standard IIF assay (data not shown).

The antigenic profile of PV IgGs adsorbed on each
recombinant protein was characterized by
immunoblotting (Figure 6). The PV3 IgG eluted from
rDsg3-His recognized mainly the 130-kDa human ker-
atinocyte protein but also stained weakly a few bands
with lower relative molecular mass. The PV3 IgG elut-
ed from rDsg3-Ig-His reacted with a mixture of protein
bands, including a 130-kDa polypeptide present in
Dsg3m keratinocytes (Figure 6). Most of protein bands
visualized by PV3 IgG eluted from rDsgl-Ig-His
showed molecular weights that were very similar to
those visualized by PV3 IgG eluted from rDsg3-Ig-His
(Figure 6). The PV3 IgG eluted from the Fc IgG column
(012 mg total) did not recognize murine epidermal
proteins in either Western blotting (Figure 6) or IIF
(data not shown) assays. However, given that PV3
serum contained a rheumatoid factor (62 IU/ml), to
rule out even a remote possibility that this antibody
could induce skin changes in vivo, we tested PV3 IgG
eluted from the Fc IgG column in passive transfer
experiments with Dsg 3-deficient neonatal mice. We
could not find any gross or microscopic skin changes,
elicit Nikolsky sign, or detect any specific antibody
binding to the epidermis in any of the four
Dsg3%!/Dsg3b mice that were injected subcutaneously
with 1.5 mg/g body weight of affinity-purified anti-Fc
IgG antibody and observed for at least 24 hours after
injection after which the animals were sacrificed. These
results showed that the anti-Fc IgG antibody present in
the PV3 IgG fraction does not cross react with ker-
atinocyte proteins by immunoblotting and IIF, does
not bind to the epidermis of Dsg 3 deficient mice in vivo
and does not cause any skin changes in passive transfer
experiments. This antibody, therefore, could not con-
tribute to the staining of murine epidermal proteins
and intraepidermal blisters produced by PV3 IgG elut-
ed from the rDsg3-Ig-His construct.

Most likely, addition of the Fc IgG1 sequence to the
Dsg 1 and Dsg 3 extracellular epitopes rendered novel
secondary or tertiary structures to these adhesion mol-
ecules. If the newly formed antigenic epitope repre-
sented conformational epitope of Dsg 3, then multi-
ple bands visualized by PV3 IgGs eluted from
rDsgl-Ig-His or rDsg3-Ig-His would result from ran-
dom cross-reactivities of anti-Dsg 3 antibodies with
other keratinocyte proteins. If these cross reacting
anti-Dsg 3 autoantibodies were polyclonal, then anti-
Dsg 3 IgG eluted from any single band should have
been able to produce the same or very similar multiple-
band staining pattern as the whole PV3 IgG fraction
did. If the autoantibodies were monoclonal, then at
least two bands, the 130-kDa band and the one from
which that specific IgG was eluted, should have been
visualized upon re-staining.

To examine these intriguing possibilities, we char-
acterized the antigenic profile of PV3 IgG eluted from
a horizontal 190-kDa band strip cut from a wide
immunoblotting membrane. We selected this band
based on the following two main reasons: (a) it had
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the highest relative molecular mass compared with
other bands visualized by PV3 IgGs eluted from
rDsg3-1g-His, which excluded a possibility that it rep-
resented a degradation product of any desmosomal
cadherin; and (b) it was located at the edge of the anti-
genic “ladder” visualized on the immunoblotting
membrane, which diminished to the minimum a
chance that the horizontal strip cut at this area of the
membrane could carry any other pemphigus antigens.
The experiments showed that only 190-kDa band, but
not 130- or 160-kDa band or any other band with a
low relative molecular mass, could be stained with the
antibody eluted from 190-kDa area of the
immunoblotting membrane (Figure 6). These results
indicate that the disease-causing PV IgGs absorbed
with rDsg3-Ig-His represent a mixture of autoanti-
bodies to an array of new keratinocyte self-antigens,
including yet unidentified non-Dsg 3 polypeptides
with apparent M, of 190 and 130 kDa. These results
also indicate that the protein bands with lower rela-
tive molecular mass recognized by PV IgG eluted from
the chimeric baculoproteins do not represent degra-
dation products of the 190-kDa pemphigus antigen.

Thus, Dsg 3 chimeric baculoprotein absorbs out all
disease-causing PV antibodies nonspecifically, perhaps
due to creation of new secondary or tertiary epitopes as
a result of unique folding of the chimeric baculopro-
tein composed of two unrelated polypeptide sequences.

Discussion
In this study, we demonstrate for the first time that, in
addition to Dsg 1 and Dsg 3, other keratinocyte pro-
teins can be targeted by disease-causing PV antibodies
and that neither anti-Dsg 1 nor anti-Dsg 3 antibody is
critical for induction of PV-like skin blisters. These
results were obtained in in vitro and in vivo models of
pemphigus, using a novel, high sensitivity-and-speci-
ficity metabolic uptake assay, ESIA, in combination
with the ELISA that uses supposedly pathogenic
recombinant extracellular epitopes of Dsg 1 and Dsg 3.
The discrepancy of these results with the postulated
exclusive roles of anti-Dsg 1 and anti-Dsg 3 antibod-
ies in mediating clinical and microscopic signs of pem-
phigus can be explained by our findings that both
rDsgl-Ig-His and rDsg3-Ig-His chimeric baculopro-
teins, in addition to absorbing the purportedly unique
autoantibodies against the adhesion molecules Dsg 1
and Dsg 3, also absorb a heterogeneous group of
autoantibodies targeting other keratinocytes proteins.
Blisters in pemphigus occur by intraepidermal clefting
that results from breakdown of cell-to-cell adhesion.
Intercellular spaces enlarge; desmosomes decrease in
number and eventually disappear; and the cells round up
and detach from one another without cell death (acan-
tholysis) (45,49-51). Blisters in pemphigus are associat-
ed with the binding of IgG autoantibodies to the ker-
atinocyte cell surface (52). The pathophysiological
importance of anti-Dsg autoimmunity in pemphigus
has been suggested (8-10) by the results of experiments

showing the ability of recombinant Dsg 1 and Dsg 3 con-
structs to absorb disease-causing antibodies from PF and
PV sera, respectively (21-23). Validity of this theory was
diminished when marked epidermal acantholysis and
extensive skin blistering was induced in otherwise nor-
mal Dsg3" neonatal mice by passive transfer of PV IgGs
(1). As was determined by immunoblotting and standard
immunoprecipitation techniques, the PV IgG fractions
injected into Dsg 3-deficient mice did not contain
anti-Dsg 1 antibody (1). However, it has been recently
reported that absorption of PV sera with recombinant
Dsg 1 could eliminate all disease-causing activity in pas-
sive transfer experiments with Dsg3"“! mice, suggesting
that anti-Dsg 1 antibody is responsible for the PV-like
phenotype in these pups (32). Therefore, in our previous
study (1) the disease-causing anti-Dsg 1 antibodies
might have been undetectable due to destruction of con-
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Characterization of rDsgl-Ig-His, rDsg3-His, and rDsg3-Ig-His bac-
uloviruses and baculoproteins. (a) PCR amplifications of DNA isolat-
ed from High Five insect cells infected with the rDsg3-His (lanes 2 and
3), rDsg3-Ig-His (lanes 5 and 6), or rDsg1-Ig-His (lanes 7 and 8). Lanes
1,4, and 9 show positions of 100 bp DNA markers. The 380-bp Dsg3-
His product (lane 3) was amplified using a pair of forward and reverse
primers matching the sequences of the Dsg3 gene. In the negative con-
trol experiment (lane 2), the same template and a sense primer were
used, but the reverse primer matched the sequence of the Fc portion
of human IgG. The latter set of primers amplified the 420-bp product
from the DNA extracted from the insect cells infected with the rDsg3-
Ig-His baculovirus (lane 5), but not from noninfected cells (lane 6). Sim-
ilarly, rDsg1-Ig-His was amplified using the forward Dsg 1 primer and
the reverse Fc I1gG1 primer, giving a 530-bp PCR product (lane 7),
whereas no product was obtained in the control experiment using DNA
from noninfected cells (lane 8). (b) The reactivity of PV3 IgGs with
recombinant Dsg 1 and Dsg 3 baculoproteins. Western blots of the
SDS-PAGE-resolved baculoproteins rDsg3-His (left), rDsg3-Ig-His
(middle), and rDsg1-Ig-His (right) purified and concentrated on the
TALON affinity metal resin and probed with PV3 serum, as detailed in
Methods. Each visualized protein migrated with the expected relative
molecular mass (left lane of each panel). The right lane of each panel
shows absence of staining due to omission of the primary antibody.
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formational epitope of Dsg 1 in the course of
immunoblotting and/or relatively low sensitivity of the
standard immunoprecipitation assay used.

In this study, the anti-keratinocyte antibodies devel-
oped by patients with pemphigus were characterized
using naturally folded keratinocyte proteins as anti-
gens. We used the enhanced sensitivity metabolic label-
ing assay, ESIA, in which the sensitivity and resolution
is enhanced by the ability of the Storm system’s phos-
phor-imager feature to capture the image from both
strong and weak signals in a single exposure (53, 54).
To increase the sensitivity of our detection technique
even further, we probed the sera with a 45-kDa
immunoreactive fragment of Dsg 1 purified by Con A
affinity chromatography (36). The 45-kDa polypeptide
is a fragment of Dsg 1, as can be judged from the
sequencing data reported by Abreu-Velez et al. (55), and

is believed to be a very sensitive probe for anti-Dsg 1
antibody produced by patients with PV (31). Finally, to
validate the sensitivity of our approach, we performed
series of ELISA experiments using as antigens the extra-
cellular epitopes of Dsg 1 and Dsg 3 that have been
reported to be highly sensitive and specific targets for
pathogenic anti-Dsg antibodies produced by patients
with different forms of autoimmune pemphigus (23,
37,39, 44, 56). This combination of highly sensitive
and specific immunoassays was required to identify the
PV sera that were free of anti-Dsg 1 antibody in order
to test their acantholytic activities in vivo and in vitro.

The IgG fractions of Dsg 1 antibody-negative PV sera
caused gross skin blisters with suprabasilar acantholy-
sis and produced a fishnet-like, intercellular staining
pattern of perilesional epidermis in two different
strains of mice lacking Dsg 3. By ESIA, in addition to
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Figure 6

The profiles of the PV IgGs absorbed by recombinant Dsg 1 and Dsg 3 baculo-
proteins. Western blots of protein extracts of normal human keratinocytes
resolved by 7.5% SDS-PAGE and stained with PV3 IgG affinity-purified on rDsg3-
His (lane 1), and that of Dsg3" keratinocytes stained with PV3 IgG affinity puri-
fied on rDsg3-Ig-His (lane 5), rDsg1-Ig-His (lane 4) or on the Fc IgG column (lane
9). Binding of PV3 IgGs to the immunoblotting membranes was visualized using
secondary, HRP-conjugated goat anti-human IgG antibodies. Lane 6 shows a sin-
gle protein band with apparent M, of 190 kDa among SDS-PAGE-resolved Dsg
3-positive keratinocyte proteins from BALB/c mouse. This band was visualized by
the PV3 IgG that was eluted from the 190-kDa area of the Western blot of Dsg3"
keratinocyte proteins stained with the PV3 IgG adsorbed on rDsg3-lg-His. Note:
Only a 190-kDa but not 130- or 160-kDa band or any other keratinocyte protein
was visualized, indicating that the antibody targeting the 190-kDa protein is a
unique one, as it does not recognize the 130-kDa Dsg 3 or 160-kDa Dsg 1. Lanes
2,3, and 7 are the negative controls omitting primary antibody. The Dsg3"/ ker-
atinocyte protein extract in lane 8 was blotted with normal human IgG-affinity
purified on rDsg3-Ig-His. The lack of multiple bands in lane 8 as well as complete
absence of specific staining in lanes 3 and 7 indicate that there were no nonspe-
cific cross reactivities of human or goat IgGs with murine epidermal proteins. The
positions of relative molecular mass markers run in parallel lanes of each blot are
shown to the left of the respective blot. The apparent relative molecular mass of
keratinocyte protein bands visualized due to PV antibody binding is shown to the
right of lanes 2 and 5 in the columns designated M,.

the 130-kDa Dsg 3 target that was absent in
these mice, the non-Dsg 1 pathogenic PV
IgGs uniquely recognized keratinocyte pro-
teins of approximately 38,43, 115, and 190
kDa. The possibility that the anti-Dsg 3
antibody cross-reacted with Dsg 1 on the cell
surfaces of murine keratinocytes, leading to
acantholysis via this pathway, is unlikely
because Dsg 3 antibody produced by
patients with PV does not cross-react with
Dsg 1 (44, 56). This was confirmed in this
study by lack of protein bands with apparent
M, of 160 kDa in Western blots stained with
the Dsg 1 antibody-positive PV3 IgG eluted
from rDsg3-His or rDsg3-Ig-His. Further-
more, a semiquantitative IIF assay shows
that the epidermis of Dsg3"# mice
immunoreacts with only 58% of the relative
amounts of PV IgGs bound in the epidermis
of the Dsg3+/+ BALB/c mice, defined as
100%, indicating that anti-Dsg 3 antibody
present in PV IgG fractions does not bind to
the Dsg 3-negative keratinocytes (1). Indeed,
commercially available antibody to Dsg 3
also does not stain the epidermis of Dsg3"
and Dsg3%4/Dsg3%! mice (1). Furthermore, the
results of our organ culture experiments
demonstrate that anti-Dsg 1 antibody pres-
entin PV sera is unable to induce superficial
acantholysis characteristic of PF.

Thus, PV-like skin lesions in Dsg 3-defi-
cient mice injected with PV IgG mice
seemed to be induced through a pathophys-
iological mechanism exclusive of any Dsg 1
and Dsg 3 antibody-mediated pathways.
However, the ultimate conclusion could not
be made until after resolution of the con-
troversy about microscopic localization of
skin blisters in Dsg3"! neonatal mice inject-
ed with anti-Dsg 1 antibody (32, 48).

To address a hypothetical possibility that in
our passive transfer experiments (Figure 2)
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the skin blisters were caused by some hidden anti-Dsg 1
antibody, we investigated thoroughly the pathology of
the skin of Dsg3"! neonatal mice injected with the Dsg 1
antibody-containing PF IgG. We found the superficial
intraepidermal split. However, the location of the split
could be also called suprabasilar in anatomical regions
where the basal cell layer was the only nucleated cell layer
of the epidermis. Identical gross and microscopic
changes were observed in wild-type Dsg 3-positive mice
injected with PF IgGs. Therefore, as either Dsg3" or
Dsg3%/Dsg3%! or wild-type mice injected with PV IgG
never develop any evidence of PF-like subcorneal split,
but always demonstrate deep, suprabasal acantholysis,
itis extremely unlikely that the PV-like phenotype in Dsg
3-negative neonates injected with PV IgG was caused by
some hidden anti-Dsg 1 antibody. The keratinocytes in
Dsg 3-negative mice, however, may be more sensitive to
non-Dsg antibodies than in wild-type mice.

Having established that non-Dsg 1/non-Dsg 3 PV
IgGs are capable of inducing PV-like skin blisters, we
inquired how could the recombinant Dsg 1 and Dsg 3
constructs that also carry FcIgG1 portion absorb outall
disease-causing antibodies from PV sera (21-23, 32)? Fur-
thermore, in our own experiments, absorption of PV sera
with rDsg3-Ig-His eliminated the ability of IgGs purified
from these sera to cause acantholysis in Dsg 3-negative
Dsg3I mice, whereas the PV IgG eluted from rDsg3-Ig-
His induced skin blisters in these mice (24). Therefore,
because the Dsg 3 antigen was not present in the epider-
mis of Dsg3" mice, the interpretations that rDsg3-Ig-His
absorbs disease-causing PV IgGs due to a permissive con-
formation mimicking the authentic epitope, in contrast
to rDsg3-His, which lacks this ability, and that its con-
formation is important in the pathogenesis of PV
become untenable. To clarify the relevant mechanisms,
we compared the antigenic profiles of PV antibodies
absorbed by rDsgl-Ig-His and rDsg3-Ig-His. Both
chimeric baculoproteins absorbed a series of autoanti-
bodies, recognizing, in addition to the 160-kDa Dsg 1
and 130-kDa Dsg 3, respectively, keratinocyte proteins
with apparent M, of 38, 43, 115, and 190 kDa. These
results strongly suggested that both chimeric baculo-
proteins absorb identical non-Dsg antibodies, and that
addition of Fc portion of IgG1 to the extracellular epi-
topes of Dsg 1 and Dsg 3 accounts for similar antibody
reactivities of both chimeras. Thus, the chimeric baculo-
proteins used in the past to remove disease-causing activ-
ity of PV and PF sera, which is the only evidence directly
supporting the notion that anti-Dsg 1 and anti-Dsg 3
antibodies are pathogenic, actually absorbed out autoan-
tibodies directed to multiple keratinocyte cell membrane
proteins. Hence, although the conformational epitopes
of these baculoproteins are indeed recognizable by dis-
ease-causing PV and PF antibodies, the autoantibodies
are heterogeneous. These chimeras, therefore, may
become a useful tool for elimination and further charac-
terization of antibodies causing PV and PF.

Further investigation of PV and PF disease-causing
antibodies may take advantage of recent discoveries of

two new human keratinocyte molecules targeted by dis-
ease-causing PV IgGs, namely: (a) the 09 acetylcholine
receptor with dual muscarinic-and-nicotinic pharma-
cology (24), and (b) pemphaxin, a novel annexin (also
known as annexin 31 or ANXA9) that can act as an
acetylcholine receptor (35). The pathophysiological
importance of these new molecules in pemphigus is
illustrated by the ability of rabbit monoepitopic anti-009
antibody to cause pemphigus-like acantholysis in ker-
atinocyte monolayers, and by elimination of the disease-
causing activity of PV IgGs by preabsorption with recom-
binant pemphaxin. These observations are in keeping
with earlier findings showing that 85% of patients with
PV and of those with PF develop autoantibodies to ker-
atinocyte acetylcholine receptors (1), and alarge body of
evidence demonstrating that pemphigus antibody bind-
ing to the keratinocyte cell membrane evokes a cascade
of intracellular biochemical reactions (reviewed in refs.
1,57), including those that directly alter expression and
function of Dsg 3 (58, 59) and other adhesion molecules,
such as vinculin and connexin 43 (60).

Acetylcholine receptors and annexins are functional-
ly coupled to regulation of intracellular Ca?* and con-
trol cell adhesion and motility (reviewed in refs. 61, 62).
Recent studies of molecular mechanisms of epithelial
adhesion have revealed that Ca?*-mediated actin-poly-
merization is the major driving force for keratinocyte
cell-to-cell attachment and that desmosome assembly is
a passive process that occurs once the stable cell-cell
contact has been made (63). It is therefore worth noting
that acantholysis and a loss of skin adhesion in Hailey-
Hailey disease and in Darier disease result from defects
in genes encoding an ATP-powered calcium pump that
sequesters calcium in the Golgi apparatus (64) and a
sarco/endoplasmic reticulum-Golgi calcium pump (65),
respectively. Altogether, these findings elucidate, on the
one hand, the morphological similarities between ker-
atinocyte acantholysis induced by either cholinolytic
drugs or pemphigus antibody, and, on the other hand,
the ability of the cholinomimetic drugs to abolish PV
IgG-induced acantholysis (reviewed in ref. 66).

In summary, the results of this comprehensive study
reveal, for the first time to our knowledge, the follow-
ing facts which will be critical in formulating further
conclusions about the pathophysiology of PV: (a) PV-
like skin lesions can be induced without participation
of either anti-Dsg 1 or anti-Dsg 3 antibodies. (b) PV
and PF IgGs produce different disease phenotypes in
Dsg3 mice. (c) Absorption of similar non-Dsg anti-
bodies with rDsgl-Ig-His and rDsg3-Ig-His reconciles
the controversy about the role of anti-Dsg 1 and anti-
Dsg 3 antibodies in pemphigus.

We conclude that acantholysis in PV is mediated by
an active process triggered by a yet incompletely under-
stood pathogenic mechanism, including autoantibod-
ies to different types of keratinocyte cell membrane
proteins. Our “multiple hit” hypothesis assimilates
diverse postulates on the roles of different autoanti-
bodies in pemphigus (66). We propose that antibody
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binding to multiple cell-surface target antigens induce
acantholysis. The severity of disease and the specific
clinical presentation in each particular patient depend
on the contributions and relative concentrations of
multiple anti-keratinocyte autoantibodies. Future
studies, therefore, should be directed toward identifi-
cation of the keratinocyte membrane proteins targeted
by disease-causing antibodies in each patient with PV
or PF, and elucidation of the immunopharmacological
actions of novel disease-causing pemphigus IgGs.
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