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Pemphigus vulgaris (PV) is a potentially fatal autoim-
mune mucocutaneous blistering disease. It was as-
sumed that PV is caused by anti-desmoglein (Dsg) 3
autoimmunity because absorption of PV sera with a
chimeric baculoprotein containing the Dsg 3 and
IgG1 portions, rDsg3-Ig-His , eliminated disease-caus-
ing antibodies. In this study we demonstrate that
rDsg3-Ig-His adsorbs out autoantibodies to different
keratinocyte antigens, including a non-Dsg 3 130-kd
polypeptide. Because the pool of disease-causing PV
IgGs contains antibodies against the keratinocyte ace-
tylcholine receptor (AChR), we sought to identify the
targeted receptor(s). Preincubation of monkey esoph-
agus with PV antibodies blocked specific staining of
the keratinocyte cell membrane with rabbit mono-
epitopic antibody to a9 AChR, indicating that this
first of its kind AChR with dual, muscarinic and nic-
otinic pharmacology is targeted by PV autoimmunity.
Anti-a9 antibody stained keratinocytes in a fishnet-like
intercellular pattern, and visualized a single band at
~50 kd in Western blots of keratinocyte membrane
proteins. Using step-by-step reverse transcription poly-
merase chain reactions with primers based on known
a9 sequence regions, we identified the complete read-
ing frame of human «9. Its amino acid sequence
showed 85% similarity with rat «9. Treatment of ker-
atinocyte monolayers with anti-a9 antibody induced
pemphigus-like acantholysis, which could be re-
versed either spontaneously or by using the cholinergic
agonist carbachol. We conclude that a9 is coupled to
physiological regulation of keratinocyte adhesion, and
its interaction with PV IgG may lead to blister develop-
ment. (Am J Pathol 2000, 157:1377-1391)

Pemphigus vulgaris (PV) is a life-threatening autoimmune
disease of mucocutaneous adhesion. PV autoantibodies
bind to the cell membrane of oral and skin epithelial cells,
keratinocytes, and cause these cells to separate from
one another and round up (acantholysis)." The occur-
rence of acantholysis in PV is currently attributed to the

autoantibody action.? The self-antigens targeted by pem-
phigus antibodies include ~20 different polypeptides.®
The specificities of pemphigus antibodies identified to
date include both keratinocyte adhesion molecules and
the molecules that can regulate the keratinocyte adhe-
sive function. Some pemphigus antigens represent ad-
hesion molecules such as desmoglein (Dsg) 1, Dsg 3,
desmocolling, plakoglobin, and collagen XVII/BP180.4-1°
Other pemphigus antigens identified to date include ker-
atinocyte acetylcholine receptor(s) (AChR) targeted by
autoantibodies in pemphigus patients with or without co-
existent myasthenia gravis,® annexins,"" and the « chain
of the high-affinity IgE receptor, FceRla."'? The remaining
self-antigens await to be identified and named.

A number of reports have produced circumstantial
evidence for the unique association of acantholysis in PV
with an antibody to a 130-kd polypeptide.? Because an
antibody eluted from the 130-kd band identified an ad-
hesion molecule, Dsg 3, it has become a common
wisdom in the field of pemphigus research to believe that
the 130-kd band recognized by PV IgGs is represented
only by Dsg 3 and that Dsg 3 is the only pathophysiologi-
cally important target of PV autoimmunity, whereas other
self-antigens may not be important.’~'® However, the
intuitive notion that a disease of skin adhesion, PV, is
caused by an antibody to an adhesion molecule, Dsg 3,
needed experimental validation. Several recombinant
Dsg 3 proteins were produced and used to show that
adsorbed antibodies can elicit skin blistering in neonatal
mice on passive transfer.'® 23 The preabsorption with a
chimeric baculoprotein that included both the extracellu-
lar portion of Dsg 3 and an Fc portion of human IgG1,%%:23
but not with the extracellular portion of Dsg 3 alone,’®
could eliminate all disease-causing antibodies from pem-
phigus sera. Although both recombinant proteins could
absorb PV autoantibodies to Dsg 3, only the eluant from
the chimeric baculoprotein could induce gross skin blis-
ters in neonatal mice. Surprisingly, an antigenic profile of
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the supposedly monospecific antibody adsorbed by the
chimeric baculoprotein has never been shown.

We have recently demonstrated that the PV antibodies
that do not include anti-Dsg 1 IgG can induce intra-
epidermal acantholysis and gross skin blisters character-
istic of PV on passive transfer to the neonatal Dsg3™"
mice.® In that study, anti-AChR antibody was detected in
85% of pemphigus patients by a radioimmunoprecipi-
tation assay using as antigen the AChRs solubilized
from the membrane of human epidermal keratinocytes
and covalently labeled with the muscarinic radioligand
[*H]propylbenzilylcholine mustard ([*H]PrBCM).2 Earlier,
we had demonstrated that PV IgGs compete directly with
the reversible muscarinic radioligand [®H]atropine for
binding to intact keratinocytes.?* The AChRs expressed
by human keratinocytes are coupled to regulation of
transmembrane Ca®" flux and intracellular metabolism
and have been implicated in mediating physiological
control of keratinocyte adhesion and motility.?® Pharma-
cological blockade of AChRs with either muscarinic or
nicotinic antagonists, atropine and mecamylamine, re-
spectively, in both cases results in pemphigus-like acan-
tholysis in the monolayers of human oral and epidermal
keratinocytes.?+2%27 |_ikewise, electron microscopic ex-
amination of human skin preincubated with 1 wmol/L of
atropine or the nicotinic antagonist tubocurarine in both
cases reveals a widening of the intercellular space and
loosening of desmosomes.?® This phenomenon is ex-
plained by antagonist-mediated interruption of the con-
stant activation of keratinocyte AChRs with the endog-
enously supplied cytotransmitter acetylcholine (ACh),
which is synthesized and released in an autocrine and
paracrine manner by keratinocytes.?® The stimulatory ef-
fect of ACh on the adhesive function of keratinocytes can
be reproduced by both muscarinic agonists and nicotinic
agonists. Both classes of cholinergic agonists can also
protect keratinocyte monolayers from the acantholytic
effects of PV antibody, and reverse acantholysis pro-
duced by PV IgGs, by the serine proteinase trypsin and
by the calcium chelator ethylenediaminetetraacetic ac-
id.?* Taken together, these observations suggest that PV
IgGs act as antagonists at the AChR of keratinocytes,
interrupting stimulation of these receptors with ACh, and
thus altering normal control of keratinocyte adhesion and
motility via the cholinergic signaling pathway, which may
lead to acantholysis.

In this study, we attempted to identify the type of
keratinocyte AChRs targeted by PV IgG and examine
acantholytic potential of antibody against this AChR. To
reconcile our findings that non-Dsg molecules, such as
keratinocyte AChRs, can be targeted by disease-causing
antibodies with the notion that anti-Dsg 3 antibody is the
sole cause of acantholysis in various forms of pemphi-
gus,?°3" we also had to characterize reactivities of PV
IgGs absorbed by the Dsg3-Ig-His chimera. The results of
the study show that Dsg3-Ig-His absorbs a mixture of
anti-keratinocyte antibodies which may explain the ability
of this chimeric protein to remove all disease-causing
antibodies from PV sera. We obtained the full sequence
of human «9, and visualized this novel human ionotropic
and metabotropic receptor/Ca®* channel with dual mus-

carinic and nicotinic pharmacology on the cell membrane
of epidermal and oral keratinocytes, predominantly at the
sites of cell-to-cell contacts. Antibody-mediated block-
ade of keratinocyte 9 AChR resulted in reversible acan-
tholysis in keratinocyte monolayers, which could be abol-
ished by the cholinergic agonist carbachol. We therefore
conclude that a pool of disease-causing antibodies in PV
includes anti-a9 autoantibody, and that the cholinergic
agonists that can compete with this pathogenic PV IgG at
keratinocyte a9 AChR may be potentially useful in the
treatment of pemphigus.

Materials and Methods

Immunoabsorption Experiments with
rDsg3-1g-His

The rDsg3-1g-His baculovirus was provided by Dr. Mas-
ayuki Amagai (Department of Dermatology, Keio Univer-
sity, Tokyo, Japan). The authenticity of the rDsg3-Ig-His
was established by polymerase chain reaction (PCR)
using two primers: the forward primer 5’-CAGGCACGGTATAT-
GTTAGAG-3’ specific for the Dsg 3 portion of the chimera
and the reverse primer 5'-GCACGGTGGGCATGTGTG-3' spe-
cific for the Fc IgG1 portion. The production of baculo-
protein and absorption of PV sera with this construct were
performed following the protocol described by Amagai et
al.2° Briefly, the baculovirus rDsg3-Ig-His was amplified in
the Sf9 cells (Life technologies, Inc., Rockville, MD) and
used to infect the cultures of High Five cells (Invitrogen,
San Diego, CA) from which the baculoprotein was iso-
lated 4 days later. The baculoprotein rDsg3-lg-His was
then immobilized on the Talon affinity metal resin (Clon-
tech, Palo Alto, CA), and incubated with PV sera at 4°C
overnight. After washing 10 times with Tris-buffered sa-
line containing 300 mmol/L NaCl and 20 mmol/L CaCl,,
the bound PV IgGs were eluted with the Immunopure
Gentle Elution buffer (Pierce Chemical Co., Rockford, IL),
and desalted on the D-Salt Exellulose Plastic Desalting
column (Pierce). The immunoreactivity profile of these
affinity-purified PV autoantibodies was characterized by
immunoblotting (below).

Development and Immunoaffinity Purification of
Rabbit Antibodies to Keratinocyte AChRs

Although human keratinocytes express functional AChRs
of both muscarinic and nicotinic classes,?® the facts that
all muscarinic AChR subtypes can bind atropine and
[®H]PrBCM®2 and that novel a9 AChR, which we found
in human epidermal keratinocytes,®® can exhibit dual,
muscarinic and nicotinic ligand-binding properties®*
identified these keratinocyte AChR types as most likely
candidates for being a target for PV autoantibody. The
anti-AChR rabbit antibodies were generated and charac-
terized using the procedures detailed by us elsewhere ®
Briefly, each female New Zealand White rabbit (Myrtle’s
Rabbitry Inc., Thompson Station, TN) was immunized
with the mixture of peptides representing a highly homol-



ogous sequence present in the second extracellular loop
of either odd-numbered, m1, m3, and m5 (ERTVLAGQCYIQ-
FLSQPIITFGTAMC, QYFVGKRTVPPGECFIQFLSEPTITF, and KRTVPLDEC-
QIQFLSEPTITFGTAIC; residues 170-194, 208-233, and 175-
199, respectively), or even numbered, m2 and m4
(VRTVEDGECYIQFFSNAAVTFGTAIC and QFVWGKRTVPDNHCFIQFLSNPAVTF;
residues 168-192 and 172-197, respectively), muscarinic
AChRs,%¢728 or the amino terminus of a9 AChR®33* (cwH-
DAYLTWDRDQYDRLD and CNKADDESSEPVNTN; residues 65-81 and
99-112, respectively) synthesized at Genemed Synthesis,
Inc. (San Francisco, CA). To immunoaffinity purify rabbit
anti-AChR antibodies, the peptides were covalently conju-
gated to thiopropyl Sepharose 6B (Amersham Pharmacia
Biotechnology, Piscataway, IL), following a protocol pro-
vided by the manufacturer, washed five times with phos-
phate-buffered saline (PBS), and incubated overnight at
4°C with rabbit immune sera diluted 1:10 in PBS. After
incubation, the beads with adsorbed IgGs were thoroughly
washed and the antibody was eluted and desalted as de-
scribed above.

Immunoblotting Experiments

Sodium dodecyl sulfate-polyacrylamide gel electro-
phoresis and Western blotting were performed in accor-
dance with the procedure described by us elsewhere.®
Briefly, the monolayers of second passage oral human
keratinocytes or epidermal sheets separated from the
skin of Dsg 3—/— (ie, Dsg3™") mice by incubation with
200 mmol/L ethylenediaminetetraacetic acid for 90 min-
utes at 37°C and 5% CO,> (substrate for PV IgG), both
were lysed with a solution containing 2% sodium dodecyl
sulfate, 5% B-mercaptoethanol, and 2 mmol/L phenyl-
methylsulfonyl! fluoride in 0.5 mol/L Tris-HCI (pH 6.8) (all
from Sigma Chemical Co., St. Louis, MO). The lysates
were centrifuged at 40,000 X g to remove cell debris.
Twenty ug of the obtained partially purified keratinocyte
membrane protein fraction were loaded into each lane
and the proteins were separated on a 7.5% or 10%
sodium dodecy! sulfate-polyacrylamide gel electrophore-
sis gel and electroblotted onto a nitrocellulose membrane
(Millipore Corp., Bedford, MA). The membranes were
blocked with 3% nonfat milk or 2% bovine serum albumin
(Sigma) for 1 hour at room temperature and cut into 4-mm
wide strips, each of which was exposed to a primary
antibody diluted 1:10 for 3 hours at room temperature,
and then washed thoroughly. The anti-AChR rabbit anti-
serum was diluted in PBS supplemented to contain 1%
bovine serum albumin and 0.05% Tween-20 (Sigma), and
PV IgG fraction eluted from rDsg3-Ig-His fusion protein
was diluted in Tris-buffered saline supplemented to con-
tain 1% nonfat milk, 10 mmol/L CaCl, and 0.05% Tween-
20. Binding of rabbit anti-AChR antibody was visualized
using a secondary horseradish peroxidase-conjugated
goat anti-rabbit IgG antibody (BioRad, Hercules, CA) and
4-chloro-1-naphthol substrate (Opti-4CN; BioRad) for de-
velopment, whereas binding of pemphigus 1gG was vi-
sualized using a biotinylated goat anti-human IgG anti-
body (Pierce, Rockford, IL) with the biotin/avidin system
(Vectastain ABC system; Vector Laboratories, Burlin-
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game, CA) for development. In negative control experi-
ments, the primary antibody was omitted. The specificity
of binding of the affinity-purified anti-a9 antibody to the
substrate was tested in blocking experiments using the
immunogen peptides.

Immunofluorescence Experiments

Immunofluorescence experiments were performed as
detailed previously.® To visualize AChR expressed on the
cell membrane of keratinocytes, the tissue and culture
substrates were fixed for 3 minutes in 3% freshly depo-
lymerized paraformaldehyde that contained 7% sucrose,
thus avoiding permeabilization. The fixed specimens
were incubated overnight at 4°C with the primary anti-
AChR rabbit antibody and its binding was detected by
staining with the secondary fluorescein-isothiocyanate
(FITC)-conjugated donkey anti-rabbit 1gG antibody
(Pierce) at room temperature for 1 hour. The specificity of
binding of primary antibody was determined in control
experiments in which staining was eliminated because of
either omitting primary antibody or replacing it with pre-
immune serum.

To allow direct blocking experiments with PV antibod-
ies, a portion of rabbit anti-AChR antibodies were labeled
with FITC as follows: 10 mg of total IgG, isolated from the
immune sera by 40% ammonium sulfate precipitation,
were dissolved in 100 mmol/L carbonate-bicarbonate
buffer (pH 9.4), incubated for 2 hours at room tempera-
ture with 10X concentration of the FITC-isomer | (Sigma)
diluted in the same buffer. The excess of FITC was
removed by desalting on Sephadex-50 (Sigma) and
then by dialysis against PBS for 24 hours at 4°C. The
FITC-labeled anti-AChR antibodies were stabilized with
1% bovine serum albumin and affinity purified on pep-
tide-conjugated Sepharose 6B, as detailed above. In
blocking experiments, before staining with FITC-conju-
gated anti-AChR antibodies, the specimens were prein-
cubated overnight at 4°C with PV (experiment) or normal
human (control) serum samples, diluted 1:10 in Tris-buff-
ered saline supplemented to contain 1% nonfat milk, 10
mmol/L CaCl,, and 0.05% Tween-20, washed thoroughly
with this buffer, and fixed with a 3% freshly depolymer-
ized paraformaldehyde solution containing 7% sucrose.

PCR Experiments and Sequence Analysis

The total RNA was extracted using the guanidinium thio-
cyanate-phenol-chloroform extraction procedure®® from
confluent monolayers of second passage oral keratino-
cytes, as detailed by us elsewhere.?” The DNase-treated
RNA samples (5 wng) underwent reverse transcription
(RT) in 1 Superscript Il buffer, 5 mmol/L dithiothreitol, 60
U RNase block, 10 wmol/L random decamer primers
(dN),o (Life Technologies, Inc.), 600 U RNase H-free
reverse transcriptase (Superscript; Life Technologies,
Inc.) and 1 mmol/L each of dATP, dCTP, dGTP, and dTTP
in a final volume of 60 wl. The synthesis of single-
stranded cDNA was performed for 60 minutes at 42°C.
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The PCRs were performed using primers described in the
Results section in a final volume of 50 ul, containing the
RT product, 1Xx PCR buffer (Promega, Madison, WI), 0.2
mmol/L each of dATP, dCTP, dGTP, dTTP, 2 U Tag DNA
polymerase (Promega), and 1 umol/L each of the forward
and reverse primers. The reaction mixture was first
heated at 95°C for 5 minutes and hot-started with 2 U of
DNA Taqg polymerase (Life Technologies, Inc.) followed
by 35 cycles of denaturing at 95°C for 60 seconds, an-
nealing at a gradient of temperature of 52, 54, 56, 58, and
60°C for 60 seconds, and extension at 72°C for 120
seconds. In the final cycle, the extension was increased to
8 minutes. The PCR products were purified from the gel
using the silica membrane spin-column technology (QIA-
quick Spin; Qiagen, Santa Clarita, CA) and sequenced
using an automated DNA sequencing system (ABI Prism
377; Perkin-EImer-Cetus, Emeryville, CA).

In Vitro Antibody Transfer Experiments

The acantholytic activity of anti-a9 antibody was tested in
keratinocyte monolayers. The cultures of oral keratino-
cytes were established from cuts of normal human at-
tached gingiva left after periodontal surgical procedures,
and maintained in a humidified 5% CO, incubator at 37°C
exactly as described by us elsewhere.?” The purity of the
cultures used in each experiment was demonstrated by
staining for the cytokeratins that are known to be ex-
pressed by gingival keratinocytes in vitro.*' Antibody-
induced changes in keratinocyte morphology were ob-
served in the monolayers grown in 6-well tissue-culture
plates, which were placed onto the heated (37°C) stage
of a computer-linked, video-monitored inverted micro-
scope, and exposed to the immunoaffinity-purified rabbit
anti-a9 antibody dissolved in growth medium. Control
monolayers were treated with the IgG fraction of pre-
immune serum from the same rabbit.

In Vivo Antibody Transfer Experiments

Following a standard procedure for passive transfer of
antibodies to neonatal mice,®*? the 10- to 12-hours-old
neonatal mice were injected intraperitoneally through a
30-gauge needle with increasing doses (from 1 to 20
mg/g body weight) of IgG fractions of pre-immune (con-
trol) or immune (experiment) rabbit sera which were
isolated by precipitation with 40% ammonium sulfate fol-
lowed by dialysis in PBS, and concentrated by lyophili-
zation. In a separate set of experiments, the neonates
were injected with PV IgG either precipitated from the
whole sera or eluted from rDsg3-Ig-His.

Results

rDsg3-1g-His Absorbs Pathogenic Non-Dsg 3
PV Antibodies

The correct sequence of the rDsg3-Ig-His baculovirus
and the authenticity and purity of the rDsg3-Ig-His bacu-

loprotein used in our experiments were confirmed by
PCR (Figure 1A) and Western blotting with PV IgG (Figure
1B), respectively. Passive transfer to neonatal BALB/c
mice of up to 10 mg/g body weight per day of IgG from
PV serum preabsorbed with rDsg3-Ig-His induced no
gross or microscopic lesions on the skin or oral mucosa
of experimental mice, whereas IgG from nonpreabsorbed
PV sera (10 mg/g body weight) as well as IgG eluted from
rDsg3-1g-His (1 mg/g body weight) caused both gross
and microscopic lesions characteristic of PV (data not
shown). These observations confirmed the results re-
ported by Amagai et al®® and suggested that concen-
trated anti-Dsg 3 antibody alone can produce PV-like skin
blisters. If correct, this conclusion would eliminate the
need to characterize other self-antigens targeted by an-
tibodies produced by PV patients, because it would imply
that anti-Dsg 3 antibody is the sole cause of PV. In
marked disagreement with such conclusion were the re-
sults of our previously published study,® in which we
found that neither antibody to Dsg 3 nor to Dsg 1 were
required to induce gross skin blisters in neonatal mice.
Therefore, we hypothesized that in addition to anti-Dsg 3
antibody, the rDsg3-Ig-His chimeric baculoprotein ab-
sorbed PV antibodies of other specificities. To test this
hypothesis, we injected neonatal Dsg3™"mice with the
similar doses (ie, up to 20 mg/g) of IgGs from either
preabsorbed PV sera or rDsg3-Ig-His eluant. The lack of
Dsg 3 in neonatal mice used in experiments was con-
firmed by genotyping with two sets of primers, the Neo
primers for the knockout Dsg3 gene and the Dsg3 prim-
ers for the intact Dsg3 gene (Figure 1C), as we described
previously.® Preabsorption with rDsg3-Ig-His eliminated
the ability of PV IgG to cause lesions in Dsg3™"mice,
whereas eluted antibodies caused PV-like skin blisters
which were similar to those observed in Dsg 3+/+ mice
(data not shown). Because keratinocytes in Dsg3"""'mice
do not express Dsg 3,33 which was confirmed by geno-
typing (Figure 1C), the anti-Dsg 3 antibody was not sup-
posed to cause skin blisters in these animals. These
results therefore indicated that: 1) rDsg3-Ig-His absorbs
out non-Dsg 3 antibodies from PV sera; and 2) these
non-Dsg 3 PV IgG(s) is/are pathogenic. These findings
prompted further characterization of the antigenic profile
of the adsorbed antibodies.

The Antigenic Reactivities of Pathogenic PV
IgGs Adsorbed on rDsg3-1g-His

The ability of PV IgG to recognize the Dsg 3-Fc IgG1
chimeric baculoprotein was demonstrated in the past,
but the immunoreactivity of PV IgG eluted from this chi-
mera was not.?%?3 Because PV IgG affinity purified with a
recombinant protein representing only the extracellular
epitope of Dsg 3, rDsg3, reacted selectively with the
wild-type or recombinant Dsg 3,'° it was assumed that
rDsg3-Ig-His, too, was monospecific for anti-Dsg 3 anti-
body.?°2® However, the PV serum preabsorbed with
rDsg3 alone did not lose its ability to cause skin blisters in
neonatal mice,'® whereas the serum preabsorbed with
rDsg3-Ig-His did.?®23 Therefore, addition of the Fc IgG1
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Figure 1. Characterization of disease-causing PV antibodies affinity purified on rDsg3-Ig-His. A: RT-PCR amplification of the sequence encompassing the junction
region in the rDsg3-Ig-His baculovirus with a forward primer matching the Dsg 3 sequence and a reverse primer matching the human Fc IgG1 sequence. A PCR
product appeared at the expected size when genomic DNA was isolated from infected Sf9 cells (lane 2), but not from noninfected insect cells (lane 3). The PCR
product size was estimated using the 100 bp DNA ladder run in parallel (lane 1). B: Western blotting of the affinity-purified 7Dsg3-Ig-His baculoprotein used in
absorption experiments. The chimeric protein migrated with an apparent molecular weight of 105 kd where it was recognized by a PV serum (lane 1). No protein
band can be seen in the control lane in which primary antibody was omitted (lane 2). C: Genotyping of a Dsg 3—/— (Dsg3™!") mouse versusa Dsg 3+/— mouse.
The Dsg3™" mice were used both as a recipient in passive transfer experiments and as a source of epidermal proteins in immunoblotting experiments. Note: both
the Neo band (220 bp) and the Dsg3 band (500 bp) were amplified from Dsg 3+/— mouse, whereas amplification of the Dsg 3 knockout mouse DNA gave only
the Neo band. D: Immunoblotting characterization of PV IgGs eluted from rDsg3-Ig-His after absorption of the PV serum-coded PRC-45, using epidermal proteins
from a Dsg3™" mouse as a substrate. The eluted PV IgGs specifically recognized polypeptides with apparent molecular weights of 38, 55, 60, 80, 85, 110, 120,
130, 140, 170, and 190 kd (Jane 1). A 115-kd protein was excluded because it was nonspecifically visualized in a negative control experiment in which the primary
antibody was omitted (lane 2). Positions of the molecular weight markers in kd are shown on the right.
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portion to the Dsg 3 extracellular epitope might have
created new secondary and tertiary epitopes that were
recognized by disease-causing non-Dsg 3 PV IgGs. To
test this hypothesis, we performed immunoblotting exper-
iments with PV IgG immunoaffinity purified on the rDsg3-
Ig-His chimeric baculoprotein using the epidermal pro-
teins from Dsg 3—/— mice as a substrate. The rationale
for using Dsg3—/— epidermal protein extract was to
avoid a possibility that multiple bands could result from
reactivities of anti-Dsg 3 antibody with products of the
proteolytic degradation of Dsg 3. Repeated experiments,
using sera from different PV patients, demonstrated that
chimera absorbs a mixture of PV IgGs which recognize
several different keratinocyte protein bands, depending
on the PV serum tested. For example, as seen in Figure
1D, from the PV serum coded “PRC-45," rDsg3-Ig-His
adsorbed out autoantibodies directed against the 38, 55,
60, 80, 85, 110, 120, 130, 140, 170, and 190 kd antigens.
The 130-kd band represented a keratinocyte protein
other than Dsg 3 because there was no Dsg 3 in the
epidermis of the Dsg3™!" mouse used in this immunoblot-
ting assay. These findings convincingly demonstrated
the pemphigus immunopathology is not limited to anti-
Dsg antibodies and urged identification of novel self-
antigens targeted by PV autoimmunity.

PV IgG Recognizes Novel Human «9 AChR

Our previous works indicated that the pool of disease-
causing PV antibodies includes an antibody to a putative
keratinocyte AChR binding the muscarinic drugs [®H]at-
ropine®* and [*H]PrBCM.2 In addition to classical m1,
m3, m4, and m5 muscarinic AChRs,*®> we previously
found in human keratinocytes a putative homologue of
the rat @9 AChR®? that can bind muscarinic as well as
nicotinic drugs.®* Therefore in our search for keratinocyte
AChR(s) targeted by PV autoantibodies we included both
classical muscarinic AChR subtypes and a9 AChR. The
blocking experiments were performed to examine if stain-
ing produced by anti-AChR antibody could be blocked
by preincubating the specimens with PV antibodies. The
serum samples from PV patients’ coded 230, 245, and
246, which showed the highest titers of anti-AChR anti-
bodies in the radioimmunoprecipitation experiments re-
ported elsewhere,® were included in a series of immuno-
fluorescence blocking experiments.

We tested a hypothesis that pretreatment of the strat-
ified epithelium with the PV sera/lgG fractions that contain
anti-AChR antibody should prevent subsequent tissue
staining with FITC-conjugated, immunoaffinity-purified
rabbit antibody to this receptor. Three of three test PV
sera had antibodies that completely blocked staining
produced by FITC-labeled anti-a9 nAChR antibody (Fig-
ure 2, A and B). Preincubation with normal human sera
did not alter binding of anti-a9 antibody, indicating that
the blockade with PV antibodies was disease-specific.
None of test PV patients had antibodies that could block
or diminish the specific staining of keratinocytes pro-
duced by antibodies to muscarinic AChRs subtypes (not
shown). These results indicated that human «9 AChR

homologue is a novel and specific target for PV autoim-
munity.

We further hypothesized that anti-a9 PV 1gGs might
recognize the a9 epitope that was used to raise anti-a9
rabbit antibody. To test this hypothesis, we preabsorbed
PV sera with the a9 peptides used for immunization and
examined reactivities of the preabsorbed PV sera with the
monkey esophageal epithelium by indirect immunofluo-
rescence. The differences in staining intensity produced
by preabsorbed versus nonpreabsorbed PV sera, how-
ever, were not sufficient to make any definitive conclu-
sion. It can be postulated therefore that the a9 epitope(s)
other than those represented by the peptides used for
immunization is/are targeted by anti-a9 autoantibodies
present in serum of test PV patients. Consequently, the
ability of PV IgGs to block binding of rabbit anti-a9 anti-
body to keratinocytes is most likely explained by stereo-
typic hindrance of the epitope recognized by rabbit an-
tibody by the PV antibody attached to a different epitope
on the same a9 molecule.

Visualization of Human «9 AChR in Tissue and
Keratinocyte Monolayers

The monospecificity of rabbit anti-a9 antibody used in
blocking experiments was demonstrated in immunoblot-
ting experiments in which 20 ug of human oral keratino-
cyte protein were separated by a 10% sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and trans-
ferred to a nitrocellulose membrane. The affinity-purified
anti-a9 antibody recognized a single major protein band
that migrated with an apparent molecular weight of 50 kd
(Figure 2C). By indirect immunofluorescence, this anti-
body produced a classical pemphigus-like staining of the
stratified epithelium (Figure 2D) and also specifically
stained the cell membranes of cultured human oral (Fig-
ure 2, E and F) and epidermal (not shown) keratinocytes.
The specificity of antibody binding was confirmed in con-
trol experiments showing that staining of the cell and
tissue substrates as well as immunoblotting membranes
could be eliminated by: 1) omitting primary antibody; and
2) preincubating the primary antibody solution with the a9
peptides used for immunization, but not with an irrelevant
peptide.

Antibody Against a9-AChR Causes
Acantholysis in Keratinocyte Monolayers

To determine whether antibody binding to «9 AChR may
be relevant to the clinical and pathological features of PV,
we investigated the acantholytic activity of rabbit anti-a9
antibody in monolayers of human oral keratinocytes. The
experimental monolayers grown in standard 6-well plates,
which were installed onto a heated (37°C) stage of an
inverted microscope, received 10 ug/ml of rabbit mono-
epitopic anti-a9 antibody dissolved in the culture medium,
and the control monolayers received an equivalent
amount of IgGs precipitated from the pre-immune serum
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Figure 2. Visualization of keratinocyte 9 AChR—a novel PV antigen. A and B: Specific blocking of the immunostaining of the cell membranes of keratinocytes
by FITC-conjugated rabbit anti-a9 monoepitopic antibody because of preincubation with the PV serum PRC-45. The strong intercellular staining of the cryostat
section of monkey esophagus resulting from anti-a9 antibody binding to the cell membrane (A) was completely eliminated in the specimen preincubated with
PV (B) but not normal human serum (not shown). Scale bars, 50 um. C: Characterization of the affinity-purified monoepitopic anti-a9 AChR rabbit antibody. The
sodium dodecyl sulfate-polyacrylamide gel electrophoresis-resolved membrane protein extract of cultured human oral keratinocytes was used as the substrate for
immunoblotting. The anti-a9 antibody recognized a protein that migrated with an apparent molecular weight of 50 kd (lane 1). The specificity of this single-band
antibody binding was illustrated by the ability to abolish the staining in control experiments, in which a strip of the immunoblotting membrane was exposed to
the anti-a9 antibody that had been preincubated overnight with 150 nmol of the peptide immunogens (lane 2). In another set of control experiments, no staining
was detected when the primary antibody was omitted (lane 3). The molecular weight markers in kd are shown on the right. D—F: Visualization of «9 AChR on
the keratinocyte cell membrane. In a series of indirect immunofluorescence experiments, nonpermeabilized specimens of normal human attached gingiva (D)
and a second passage preconfluent (E) or confluent (F) monolayers of normal human gingival keratinocytes were incubated with immunoaffinity-purified rabbit
anti-a9 AChR antibody, and its binding was visualized by using secondary, FITC-conjugated donkey anti-rabbit IgG antibody, as detailed in the Material and
Methods. The antibody visualized a9 AChR on the cell membrane of keratinocytes, producing a characteristic intercellular, or pemphigus-like fishnet staining of
the epithelium (D). In keratinocyte monolayers, the antibody decorated the cell surface of preconfluent cultured keratinocytes (E), and was found clustered at
the sites of cell-to-cell contacts in confluent cultures (F), indicating that «9 AChRs are localized predominantly to the areas of keratinocyte cell membrane
associated with cell-to-cell contacts. Scale bars, 50 um.

of the same rabbit. The typical sequence of the morpho-
logical changes that could be observed during the time-
course study of the experimental, but not control, cultures
is shown in Figure 3. The intact keratinocytes had polyg-
onal morphology and were tightly attached to each other
(Figure 3A). Within 30 to 45 minutes after the addition of
anti-a9 antibody, the exposed cells retracted their cyto-
plasmic aprons, shrunk, and rounded-up, revealing large
gaps in the monolayer (Figure 3, B-F). These changes
were very similar to acantholysis observed in keratinocyte
monolayers treated with the IgG fraction of PV sera.?* The

acantholysis produced by rabbit anti-a9 antibody could
reverse spontaneously if the antibody was washed out
after exposing the cells for no longer than 60 minutes.
The reverse could be hastened by adding to the medium
50 umol/L of the cholinergic agonist carbachol (data not
shown). During the reverse, the round-shaped keratino-
cytes flattened and expanded their cytoplasmic aprons.
The cell borders exhibited peripheral ruffling which smooth-
ened after the cytoplasmic protrusions had reached the
borders of neighboring cells and formed new intercellular
contacts. Thus, blocking a9 AChR on the membrane of
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Figure 4. Agarose gel electrophoresis of overlapping portions of the human a9 AChR mRNA amplified in the course of step-by step RT-PCR experiments. Total
RNA was extracted from second passage human gingival keratinocytes and used as a template in RT-PCR experiments detailed in the Material and Methods section.
The PCR products amplified from DNase-treated RNA samples (lanes 2) appeared at expected sizes, which were deduced from rat a9 sequence. The DNase
nontreated, nonreverse-transcribed RNA samples (lanes 1), which contained some residual genomic DNA, were used to test the efficacy of DNase I treatment
in the negative control experiments (lanes 3) in which the RT step was omitted. The absence of the bands with the expected sized in lanes 1 of the “products
1-3” indicates that the primers amplified genomic sequences containing introns, whereas the presence of the band with the expected size in lane 1 of the “product
4” indicates that the primers amplified an intronless genomic sequence. An additional negative control experiment included the use of water instead of the RNA
template (lanes 4) to control for any possible contamination with the genetic material throughout the entire procedure. No PCR products were obtained in either

negative control experiment, ie, no bands in lanes 3 or 4.

cultured keratinocytes with rabbit anti-receptor antibody re-
sulted in pemphigus-like acantholysis.

We further asked if anti-a9 antibody could induce ac-
antholysis in vivo. The passive transfer experiments were
performed using both neonatal BALB/c and Dsg3™"
mice. The pups received from 1 to 20 mg IgG of rabbit
IgG per g of body weight per day during at least 3 days.
Approximately 48 hours after last intraperitoneal injection,
the mice were sacrificed and their skin and oral mucosa
were examined by light microscopy and direct immuno-
fluorescence. All animals survived at least three injec-
tions, after which no significant macroscopic or micro-
scopic alterations consistent with the PV phenotype
could be found. The antibody, however, did bind to mu-
rine keratinocytes in the skin and oral mucosa, as judged
from positive direct immunofluorescence staining of
these tissue samples with FITC-conjugated anti-rabbit
IgG antibody (data not shown). These results indicated
that either the conformational epitope of the a9 AChR
expressed by keratinocytes residing in tissue is different
from that expressed by cultured keratinocytes, or that
anti-a9 antibody alone is not sufficient at inducing the PV
phenotype in vivo.

Identification of Complete Reading Frame of
Human a9 AChR

To allow further characterization of antigenic epitopes of
a9 in the future, in this study we sought to obtain the

whole sequence of the human «9 AChR protein. In the
past, we used RT-PCR with degenerate primers to am-
plify from human epidermal keratinocyte mRNA a portion
of human a9 AChR, which seemed to be highly homolo-
gous to rat «9.%® In this study, we used a step-by-step
RT-PCR approach to obtain the complete human a9 se-
quence using RNA isolated from cultured human oral
keratinocytes. We first amplified the middle portion of the
translated region of the human a9 gene using a pair of
primers, 5'-TGGGAGGTCCATGGCATGCC-3' (forward) and 5'-
TCCTTCTTTCTGGAAAGGTCTTTGTT-3' (reverse), which matched
within the sequences present in rat «9.%* This PCR prod-
uct, termed “product 1,” showed the size of 577 bp
(Figure 4), as predicted from the rat «9 AChR se-
guence.®* Subsequent sequencing of product 1 revealed
its 85% similarity with the homologous sequence region
of rat 9. A second RT-PCR experiment was aimed to
identify a region upstream to the 5’ end of product 1
(Figure BA). The forward primer 5'-GGCACGATGCGTACCT-
cAcG-3' was designed to match the rat sequence of this
a9 region, and the reverse primer 5’'-GGGATGAGGAGGTTGAC-
GAT-3' was based on the authentic human a9 sequence
revealed by sequencing product 1. This RT-PCR ampli-
fied a 481-bp product 2 (Figures 4 and 5A). Following the
same strategy, a third RT-PCR experiment was con-
ducted using the primer pair 5'-AGATGAACCGGCCCCATTCC-3'
and 5’-GCCTCCACACGAGGTCACTG-3' which amplified a 345-bp
product 3 representing the remaining portion of the 5" end
(Figures 4 and 5A). Finally, the 3’ end region of human

Figure 3. Pemphigus-like acantholysis in a monolayer of second passage human oral keratinocytes treated with immunoaffinity-purified rabbit anti-a9 AChR
monoepitopic antibody. The phase-contrast images were obtained in monolayers, grown to confluence in serum-free keratinocyte growth medium in a standard
6-well cell culture plate, before (A), and 15 (B), 30 (C), 45 (D), 60 (E), and 75 (F) minutes after the addition of 10 ug/ml of anti-a9 AChR antibody. Note:
separation of individual keratinocytes from neighboring cells is followed by peripheral cytoplasmic blebbing and cell rounding-up. The pictures were taken from
the same microscopic field before and after addition of antibody. No changes in cell morphology were observed in the monolayer treated with the equal amount
of pre-immune serum from the same rabbit (not shown). Scale bar, 50 um.
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GCA GAG ACG
Ala Glu Thr

AAT GTG ACC
Asn Val Thr

Human o 9 AChR
5’ 3’
-48 1362
Product 1
5’ 3’
560 1093
Product 2
5 3
213 674
Product 3 Product 4
5’ 3 5 3
-48 277 1056 1362

TGC ATC TCC TTT TGC TGG ATC TAC TTT GCT GCT TCC AGA CTG AGA GCT
Cys Ile Sexr Phe Cys Trp Ile Tyr Phe Ala Ala Ser Arg Leu Arg Ala

___________________ Partial signal peptid

GCA GAT GGA AAA TAT GCT CAG AAG TTG TTT AAT GAC CTT TTT GAA GAT TAT TCT AAT GCT CTT CGT CCA GTG GAA GAT ACA GAT AAA GTC CTG
Ala Asp Gly Lys Tyr Ala Gln Lys Leu Phe Asn Asp Leu Phe Glu Asp Tyr Ser Asn Ala Leu Arg Pro Val Glu Asp Thr Asp Lys Val Leu

CTG CAG ATT
Leu Gln Ile

ACG CTC TCT CAG ATT AAG GAT ATG GAT GAA AGA AAC CAA ATT CTG ACT GCT TAT TTG TGG ATC CGC CAA ATC TGG CAC GAT GCC
Thr Leu Sexr Gln Ile Lys Asp Met Asp Glu Arg Asn Gln Ile Leu Thr Ala Tyr Leu Trp Ile Arg Gln Ile Trp His Asp Ala

TAT CTC ACG TGG GAC CGA GAT CAG TAC GAT GGC CTA GAC TCC ATC AGG ATC CCC AGT GAC CTC GTG TGG AGG CCA GAC ATC GTC TTA TAT AAC AAG GCT GAT
Asp Gln Tyr Asp Gly Leu Asp Ser Ile Arg Ile Pro Ser Asp Leu Val Trp Arg Pro Asp Ile Val Leu Tyr Asn Lys Ala Asp

Tyr Leu Thr Trp Asp Arg
Peptide 1

GAT
Asp

GAA
Glu

TCT
Ser

TCA GAG CCT

GTG ARC ACC AAT GTG GTC CTG CGG TAT GAT GGG CTG ATC ACC TGG GAT GCA CCG GCC ATC ACC ARA AGC TCC TGT GTG

Ser Glu Pro Val Asn Thr Asn Val Val Leu Arg Tyr Asp Gly Leu Ile Thr Trp Asp Ala Pro Ala Ile Thr Lys Ser Ser Cys Val

GTC
val

GAT
Asp

GTC
val

Peptide

ACC
Ihr

cTe
Leu

TAC
Tyr

TCcT
Ser

TTC
Phe

2
TTC CCT TTT
Phe Pro Phe

GAC TTC ATT
Asp Phe Ile

ACC CTC CTIT
Thr Leu Leu

GAC AAC CAG CAG TGC AAC CTG ACT TTT GGT TCC TGG ACC TAC AAT GGC AAT CAG GTG GAC ATA TTC AAC GCC TTG GAC
Asp Asn Gln Gln Cys Asn Leu Thr Phe Gly Ser Trp Thr Tyr Asn Gly Asn Glpn Val Asp Ile Phe Asn Ala Leu Asp

GAA GAT GTG GAA TGG GAG GTC CAT GGC ATG CCC GCT GTG AAG AAT GTG ATC TCC TAT GGC TGC TGC TCT GAG CCT TAC

Glu Asp Val Glu Trp Glu Val His Gly Met Pro Ala Val Lys Asn Val Ile Ser Tyr Gly Cys Cys Ser Glu Pro Tyr Pro

CTG ARG AGG AGG TCC TCG TTC TAT ATC GTC AAC CTC CTC ATC CCA TGC GTC CTC ATA TCT TTT CTG GCT CCT CTG AGT
Leu Lys Arg Arg Ser Ser Phe Tyr Ile Val Asn Leu Leu Ile Pro Cys Val Leu Ile Ser Phe Leu Ala Pro Leu Ser
MSR I

GTG
val

AGC
Ser

CCG

TTT
Phe

GAT
asp

GGA
Gly

GAT
Asp

TAT
Tyr

GCC TCC GGA GAA AAG GTC TCC CTG GGA GTG ACC ATC CTG TTG GCC ATG ACT GTA TTT CAG CTA ATG GTG GCA GAA ATC ATG CCG GCC
Ala Ser Gly Glu Lys Val Ser Leu Gly val Thr Ile Leu Leu Ala Met Thr Val Phe Gln Leu Met Val Ala Glu Ile Met Pro Ala

GAG
Glu

CAC
His

Asn

ATC
Ile

ATT
Ile

Gee
Ala

AGT
Ser

AAA
Lys

GCC
Ala

ATG
Met

MSR II

CTG ATA GGT AAA TAC TAC ATA GCC ACG ATG GCC CTG ATC ACA GCC TCC ACT GCG TTG ACC ATC ATG GTG ATG AAT ATC CAC TTC TGT

Leu Ile Gly

Lys Tyr Tyr Ile Ala Thr Met Ala Leu Ile Thr Ala Ser Thr Ala Leu Thr Ile Met Val Met Asn Ile His Phe Cys
MSR III

AGA
Arg

cee
Arg

AAG
Lys

GTG

CCG GTG CCA CAC TGG GCC AGG GIG GTC ATC CTG AAA TAC ATG TCC AGG GTC TTG TTT GTC TAT GAT GTG GGT GAA AGC TGC CTC AGC

Pro Val Pro

GAG CGG GAC

His Trp Ala Arg Val Val Ile Leu Lys Tyr Met Ser Arg Val Leu Phe Val Tyr Asp Val Gly Glu Ser Cys Leu Ser

CAC CTC ACG AAA GTT TAT AGC AAA CTC CCA GAG TCT AAC CTG AAA GCA GCC AGG AAC AAA GAC CTT TCC AGA AAG AAG

Glu Arg Asp His Leu Thr Lys Val Tyr Ser Lys Leu Pro Glu Ser Asn Leu Lys Ala Ala Arg Asn Lys Asp Leu Ser Arg Lys Lys

TTA AAG AAC GAC CTG GGC TGC CAG GGT AAG AAC CCT CAG GAG GCC GAG AGT TAC TGT GCA CAG TAC AAA GTG CTG ACG AGG AAT ATT
Leu Lys Asn Asp Leu Gly Cys Gln Gly Lys Asn Pro Gln Glu Ala Glu Ser Tyr Cys Ala Gln Tyr Lys Val Leu Thr Arg Asn Ile

TGC CTC AAA GAC CAC ARG GCC ACC AAT TCC AAG GGG AGT GAA TGG AAG AAG GTG GCG ARA GTC ATA GAC CGA TTC TTC ATG TGG ATT

Cys Leu Lys

TTT GTG ATG

Asp His Lys Ala Thr Asn Ser Lys Gly Ser Glu Trp Lys Lys Val Ala Lys Val Ile Asp Arg Phe Phe Met Trp Ile
MSR IV

TCA
Ser

GGG
Gly

cCce
Pro

GAC
Asp

GAG
Glu

TTT
Phe

GAA
Glu

GCC
Ala

Cac
His

ATG
Met

TAC
Tyr

TTC
Phe

ACT ATT TTG ATC ATA GCA

Val Phe Val Met Thr Ile Leu Ile Ile Ala

Human

Rat

Human

Rat

Human

Rat

Human

Rat

Human

Rat

Human

Rat

CISFCWIYFAASRLRAAETADGKYAQKLFNDLFEDYSNALRPVEDTDKVLNVTLQITLSQIKDMDERNQILTAYLWIRQIWHDAYLT
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a9, a 329-bp product 4 (Figures 4 and 5A), was amplified
using the forward primer 5’-TAGCAAACTCCCAGAGTCTAACCTG-3',
matching the 3" end region of human «9 product 1, and the
reverse primer 5'-CTCTTTCCTGCTAATCTGCTCTTGC-3', matching
the 3’ end of rat &9. The overlapping sequences of the four
PCR products rendered the complete nucleic acid se-
quence coding for human a9 AChR (Figure 5B). Computer
analysis of sequence homology was performed using the
Gene Jockey I software (Biosoft, Cambridge, UK). The
nucleotide and amino acid sequences of rat and human a9
AChRs were found to be ~85% and 92% similar, respec-
tively (Figure 5C).

In all RT-PCR experiments, the adequacy of DNase
treatment of RNA was verified in two sets of negative
control experiments. In a first set, the omission of the RT
step abolished amplification, whereas in a second set no
PCR product was generated when a tube containing H,O
instead of the RNA extract received the same treatments
as the experimental sample (Figure 4).

Discussion

The results of this study demonstrate that disease-caus-
ing PV autoantibodies are not limited to anti-Dsg antibod-
ies because we documented that the rDsg3-Ig-His chi-
mera, which, in contrast to the rDsg3 alone, can eliminate
all acantholytic IgGs from PV sera'®?® actually absorbs
out a mixture of anti-keratinocyte antibodies. A pool of
disease-causing PV IgGs includes an autoantibody that
targets novel human a9 AChR expressed in oral and
epidermal keratinocytes, which extends our previously
published observations that 85% of pemphigus patients
develop antibodies to keratinocyte AChRs.*?* In this
study, we identified the complete reading frame of human
a9 AChR—the first known representative of a novel class
of cholinergic receptors with dual, muscarinic and nico-
tinic pharmacology and mixed metabotropic and iono-
tropic functions coupled to regulation of intracellular
Ca®* metabolism.®*“* Rabbit monoepitopic antibody vi-
sualized a9-made AChRs at the sites of keratinocyte
cell-to-cell attachments both in the stratified epithelium
and in cell cultures. In keratinocyte monolayers, anti-a9
antibody produced an antagonist-like effect, causing
pemphigus-like acantholysis, which can be abolished by
the cholinergic agonist carbachol.

a9 is a distant member of the nicotinic AChR gene
family which may form Ca®"-permeable ACh-gated ion
channels.®* It is the only AChR with dual, nicotinic and
muscarinic pharmacology identified to date. Electrophys-
iological studies demonstrated that the response of a9-
injected Xenopus laevis oocytes to ACh can be blocked
by the muscarinic antagonist atropine as well as the
nicotinic antagonist tubocurarine.®* Although a9 shares
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~40% sequence homology with all other known nicotinic
AChR subunits,3* it forms homo-oligomeric channels that
undergo conformational changes upon binding of both
nicotinic and muscarinic drugs, as well as professional
ligands of the type A y-aminobutyric acid, glycine, and
type 3 serotonin receptors®+4°

Demonstration in frog keratinocytes of a low-affinity
ACh-responsive receptor modulating Ca®* metabolism
with mixed, muscarinic and nicotinic pharmacological
profile*®4” prompted our search for a9 in human keratin-
ocytes. We used the degenerate primer RT-PCR ap-
proach to amplify portions of human «9 from mRNA iso-
lated from epidermal keratinocytes, which were highly
homologous with respective rat a9 regions.®® Indeed,
mammalian a9 sequences are highly homologous.*®4°
Therefore, in this study, the PCR primers were designed
based on the reported rat a9 sequence.®* Comparison of
the complete human and rat a9 sequences revealed 85%
and 92% similarity of the nucleic and amino acid, respec-
tively. In addition to human keratinocytes, a9 sequences
have so far been cloned from mammalian nasal epithe-
lium, cochlear and vestibular hair cells, and pars tubera-
lis of the hypophysis.3*48:59 n sjitu hybridization studies
also showed that in the rat the a9 gene is expressed in
the skeletal muscle of the tongue.®* Surprisingly, a9 has
not been found in neurons.®' Substantial nonneuronal
expression of a9 mMRNA suggested that this receptor has
functions separate from its role in neurotransmission.®?
The results of this study indicate that one of the biological
functions of a9 AChRs in the stratified epithelium is con-
trol of the adhesive function of keratinocytes.

A possibility that keratinocyte shape and adhesion is
controlled by a putative AChR with dual, muscarinic and
nicotinic pharmacology was predicted by our observations
that the muscarinic and nicotinic effects on keratinocyte
adhesion are similar.?® For instance, human keratinocytes in
cell culture respond with reversible acantholysis to the re-
versible muscarinic antagonist atropine in the exact same
way as they respond to the reversible nicotinic antagonist
mecamylamine. This is in marked contrast with the opposite
effects produced by muscarinic and nicotinic drugs on
other cellular functions, such as proliferation, migration, and
differentiation.?®%3 Thus, the presence in human keratino-
cytes of an AChR with mixed pharmacological characteris-
tics, such as «9, in addition to classical nicotinic and mus-
carinic types of AChRs, can help explain why certain
nicotinic and muscarinic drugs produce similar effects on
keratinocyte adhesion, while at the same time, exhibit op-
posite effects on other keratinocyte functions which are
probably controlled through classical AChR types.

The peculiar pharmacology of «9 AChR, which in-
cludes binding of the pan-muscarinic ligand atropine,3*
also helps explain how PV IgG that presumably should be

Figure 5. The complete reading frame of human a9 AChR. A: Schematic representation of the overlapping sequences of human a9 AChR ¢cDNAs amplified in the
course of step-by-step RT-PCR experiments, showing positions of the nucleotide sequences of the amplified products. B: The nucleotide sequence and the
predicted amino acid sequence of human a9 AChR. The putative signal sequence and the membrane-spanning regions (USR) are indicated. Positions of the
peptides used to generate monoepitopic anti-a9 antibody are underlined. Double-underlined are the cysteines in the positions 133, 147, 197, and 198, which
can provide reducible double-disulfide bridges, and the negatively charged Asp 136 and 143, Thr 138, Gln 145 and 146, which also can be involved in formation
of the ACh binding pocket. C: Amino acid sequence alignment of rat and human a9 AChR homologues. The dots indicate identical residues of the two protein

sequences exhibiting 92% similarity.
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directed against a structurally nicotinic type of AChR
(based on the relationship between the myasthenia
gravis and pemphigus®**°) in effect compete with [*H]a-
tropine for binding to keratinocytes®® and precipitate a
keratinocyte AChR covalently labeled with the predomi-
nantly muscarinic radioligand [°H]PrBCM.® The fact that
keratinocyte a9 is targeted by pemphigus antibody is
also in keeping with the notion that the biochemical
events elicited because of PV IgG binding to the keratin-
ocyte cell surface include both the nicotinic-like effects
(ie, Ca®" influx) and the muscarinic-like effects (ie, acti-
vation of phospholipase C, production of inositol 1,4,5-
trisphosphate, rapid transient increase of intracellular
Ca®*, changes in the intracellular cAMP/cGMP ratios,
and activation and translocation of protein kinase C from
the cytosol to the particulate/cytoskeletal fractions).56-6°
Similar ionotropic and metabotropic effects altering the
concentrations of intracellular free Ca®* can be induced
by acting on a9 AChR expressed in cochlear outer hair
cells.**

Altering of the a9-coupled signaling pathway may lead
to PV acantholysis. It has been recently shown that the
whole PV IgG fraction can induce phosphorylation of Dsg
3 and its dissociation from plakoglobin,®' resulting in a
separation of desmosomal cadherins from the cytoskel-
eton proteins, which may provide a mechanism for pem-
phigus acantholysis. Interestingly, stimulation of «9 AChR
also induces phosphorylation of yet unidentified cell
membrane proteins with molecular weights of 120 and
220 kd.®? These may represent the epithelial adhesion
molecules, such as the 120-kd E-cadherin® and the
220-kd desmoplakin 11.5* Furthermore, the cholinergic
agonist carbachol, which can reverse acantholysis pro-
duced by both PV IgG?* and anti-a9 antibody has been
shown to activate the cell adhesive function via stimula-
tion of E-cadherin activity/function.®® Altogether, these
findings suggest that pemphigus acantholysis results, at
least in part, from antagonism of anti-receptor IgG and
the cytotransmitter ACh at keratinocyte «9 AChR, and
that cholinergic control of cell adhesion mediated
through this receptor-coupled pathways can be restored
in the excess of a pharmacological agonist which pro-
tects the receptor from its ligation by the antibody that
acts as a high-affinity ligand.

In contrast to distinct in vitro acantholytic activity of
anti-a9 antibody, intraperitoneal administration of anti-a9
antibody to neonatal mice did not induce PV-like muco-
cutaneous changes. The lack of symptoms in injected
animals was not surprising. We believe that the integrity
of the epidermal barrier in higher species relies on more
than a single molecule. It is important to emphasize that
although all mice carrying a null mutation for either the a9
AChR®® or the Dsg 3% gene survive their genetic de-
fect, the majority of nontreated PV patients die because
of their of disease.®® Indeed, the keratinocyte self-anti-
gens targeted by PV autoimmunity are not limited to
adhesion molecules and so-called “professional” AChRs.
For instance, using an immunoaffinity-purified PV anti-
body we have screened human keratinocyte cDNA ex-

pression library and found another novel PV antigen,
which we termed “pemphaxin.”®® Pemphaxin is a low-
affinity AChR upregulated by methylprednisolone.”®
Pemphaxin is similar to annexin Il, and, therefore, may
play an important role in the physiological control of actin
polymerization,”" which is a major driving force for kera-
tinocyte cell-to-cell adhesion.”® Therefore, the patho-
physiology of PV cannot be explained by autoimmunity to
a single molecule or to a single group of molecules.
Additionally, the importance of cell-mediated immune re-
actions in pemphigus acantholysis, which was demon-
strated a decade ago,”® 7 has become fully appreciated
only recently. For instance, interleukin 10 was found to
exhibit an anti-acantholytic activity.”® Involvement of cel-
lular immune reactions in PV pathogenesis helps explain
why some PV patients with a high titer of circulatory
anti-keratinocytes antibodies do not develop skin lesions,
whereas some other patients with a low antibody titer
have extensive skin lesions.”” Thus, physiological protec-
tion of keratinocytes by endogenous anti-acantholytic cy-
tokine(s), on the one hand, and a lack of pro-acantholytic
cellular immune reactions, on the other, may explain in-
ability to disrupt the integrity of the epidermis in neonatal
mice by passive transfer of anti-a9 antibody. We therefore
propose that a constellation of autoantibodies to different
groups of keratinocyte self-antigens, including both cell-to-
cell adhesion molecules and AChRs, and activation of
effectors of cellular immunity, and involvement of media-
tors of inflammation on the favorable genetic background
all are required to break up the integrity of keratinocyte
adhesion in vivo and produce clinical symptoms of PV.

In summary, the pathophysiological significance of au-
toimmunity against keratinocyte a9 AChR in PV is sup-
ported by the following sets of data: 1) the vast majority of
PV patients develop autoantibodies that: i) precipitate
[®H]PrBCM-labeled keratinocyte membrane proteins;® ii)
displace the cholinergic radioligand [®*H]atropine from its
specific binding site on the cell membrane of intact hu-
man keratinocytes;** and i) block staining of human
keratinocytes with anti-a9 antibody in reactions of indirect
immunofluorescence (Figure 2, A and B). 2) Treatment of
cultured keratinocytes with a cholinergic antagonist of
either muscarinic or nicotinic class®*2® or with an anti-a9
antibody (Figure 3) in all cases results in the acantholysis.
3) Cholinergic agonists can stimulate the keratinocyte
adhesive function,?® and prevent, attenuate, or reverse
acantholysis, depending on the timing of addition of cho-
linomimetic drugs or PV IgG,?* or anti-a9 IgG to keratin-
ocyte monolayers.

We conclude that whereas the structure and function
of keratinocyte self-antigens recognized by PV IgG await
their further identification and characterization, the estab-
lished role of the cholinergic pathway in regulating kera-
tinocyte adhesion and the growing body of evidence that
this pathway is altered in PV strongly suggest that choli-
nomimetic drugs may be a useful adjunct to treatment of
PV patients and may even facilitate the development of a
nonhormonal treatment of pemphigus patients. The re-
cently reported case of PV that had improved by ciga-



rette smoking”® and reports of successful use of nicotin-
amide as a steroid-sparing agent in pemphigus’® hint
that such expectation is realistic, since cigarette smoke
contains the cholinomimetic nicotine and nicotinamide
exhibits a cholinomimetic effect®® because of both stim-
ulation of ACh release®' and inhibition of acetylcholines-
terase.?? Further studies should be also directed toward
the development of recombinant full-length a9 to be used
in PV antibody absorption experiments, to obtain more
direct evidence of the pathophysiological significance of
anti-a9 PV IgG, and define the pathogenic epitope(s) of
the a9 antigen.

GenBank Accession Number

The accession number of the human a9 sequence re-
ported in this paper is AF227732.
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