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Pemphigus vulgaris is an autoimmune disease caused
by IgG antibodies against desmoglein 3 (Dsg3). Previ-
ously, we isolated a pathogenic mAb against Dsg3, AK23
IgG, which induces a pemphigus vulgaris-like pheno-
type characterized by blister formation. In the present
study, we generated a transgenic mouse expressing
AK23 IgM to examine B-cell tolerance and the patho-
genic role of IgM. Autoreactive transgenic B cells were
found in the spleen and lymph nodes, whereas anti-
Dsg3 AK23 IgM was detected in the cardiovascular cir-
culation. The transgenic mice did not develop an obvi-
ous pemphigus wvulgaris phenotype, however, even
though an excess of AK23 IgM was passively transferred
to neonatal mice. Similarly, when hybridoma cells pro-
ducing AK23 IgM were inoculated into adult mice, no
blistering was observed. Immunoelectron microscopy
revealed IgM binding at the edges of desmosomes or
interdesmosomal cell membranes, but not in the des-
mosome core, where AK23 IgG binding has been fre-
quently detected. Furthermore, in an in vitro dissocia-
tion assay using cultured keratinocytes, AK23 IgG and
AK23 IgM F(ab'), fragments, but not AK23 IgM, induced
fragmentation of epidermal sheets. Together, these ob-
servations indicate that antibodies must gain access to
Dsg3 integrated within desmosomes to induce the loss
of keratinocyte cell-cell adhesion. These findings pro-
vide an important framework for improved under-
standing of B-cell tolerance and the pathophysiology of
blister formation in pemphigus. (4m J Pathol 2011, 179:
795-806; DOI: 10.1016/j.ajpath.2011.04.015)

Pemphigus vulgaris (PV) is a life-threatening, organ-spe-
cific autoimmune blistering disease of the skin and mu-
cous membranes. It is characterized clinically by painful
oral erosions and flaccid skin blisters, histologically by
suprabasal acantholysis (ie, loss of cell-cell adhesion
between suprabasal keratinocytes), and immunopatho-
logically by IgG autoantibodies against desmoglein 3
(Dsg3), a cadherin-type cell-cell adhesion molecule
found in desmosomes.™? Compelling evidence indicates
that 1gG autoantibodies against Dsg3 are pathogenic
and play a primary role in inducing blister formation in
pemphigus. 1gGs affinity-purified from the sera of PV
patients using the extracellular domain of Dsg3 cause
suprabasal acantholysis when injected into neonatal
mice.® When anti-Dsg3 1gG is immunoadsorbed from the
sera of PV patients using the same Dsg3 domain, those
sera lose their ability to cause blister formation in neona-
tal mice.* Furthermore, monoclonal antibodies (mAbs)
against Dsg3 from a model mouse and from PV patients
induce the formation in mice of blisters with typical PV
histology.®® The pathogenic roles of autoantibodies
against nondesmoglein molecules remain to be clari-
fied.”®

We previously developed a PV model mouse by the
adoptive transfer of lymphocytes from Dsg3~/~ mice im-
munized with rDsg3 to Rag2 ™/~ mice that express Dsg3.°
Recipient mice showed stable anti-Dsg3 IgG production
and developed a PV phenotype characterized by muco-
sal erosions and acantholytic blisters, similar to those
seen in PV patients. We subsequently isolated AK series
of anti-Dsg3 IgG monoclonal antibodies from the PV
model mice and demonstrated their pathogenic hetero-
geneity.® The pathogenic AK23 IgG mAb binds to the
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adhesive interface of Dsg3, the functionally important
part of the molecule, whereas other nonpathogenic
mADbs, such as AK7 IgG, react with the central or carboxyl-
terminal extracellular regions of Dsg3, where no direct
intermolecular interactions are predicted to occur. ™

In humoral immune responses, IgM is the Ig isotype
secreted during the primary immune response, and its
production precedes that of IgG. IgM is a surface marker
of immature and mature B cells. Nevertheless, approxi-
mately 20% of mature naive B cells in the peripheral
blood of healthy donors produce low-affinity self-reactive
antibodies and approximately 5% antibodies with low
levels of polyreactivity.' Although IgM autoantibodies
are not found in the sporadic form of pemphigus, high
levels of IgM autoantibodies against desmoglein 1
(Dsg1) were recently detected in sera from patients with
fogo selvagem, a form of pemphigus foliaceus endemic
in certain areas of Brazil (notably in Limao Verde), as well
as healthy individuals. ' Nonetheless, the pathogenic rel-
evance of IgM autoantibodies in PV remains to be eluci-
dated.

To explore mechanisms of B-cell tolerance to Dsg3, we
first generated anti-Dsg3 IgM transgenic mice using
cDNAs encoding the variable regions of the H and L
chains of AK7 IgG mAb."® In AK7-IgM transgenic mice,
functionally competent Dsg3-reactive B cells were readily
detected in peripheral lymphoid organs such as the
spleen, as well as in lymph nodes, whereas anti-Dsg3
AK7 IgM was found in the cardiovascular circulation and
on keratinocyte cell surfaces. These results indicate that
autoreactive B cells against Dsg3 are able to develop in
the presence of Dsg3 but are ignored by the immune
system. We speculated that this was probably because
the AK7 IgM mADb is nonpathogenic. However, when the
pathogenic AK23 IgG mAb was injected into AK7-IgM
transgenic mice and blisters were formed, AK7 B cells
were eliminated from the bone marrow and spleen via a
Fas-mediated process in a CD4™ T cell-dependent man-
ner.' These findings suggest that autoreactive B cells
persist as long as they are not harmful, but that once
damaging events such as tissue destruction are sensed,
some danger signals, whose mechanisms were not fully
understood, are induced and mature autoreactive B cells
are eliminated in the periphery.

To further evaluate B-cell tolerance to B-cells pro-
duced pathogenic antibodies, we generated mice trans-
genic for the anti-Dsg3 AK23 IgM mAb. Unexpectedly,
AK23-IgM B-cell transgenic mice did not develop a PV-
like phenotype, although AK23-IgM-producing B cells
were found in the periphery. To exclude the possibility
that this finding was the result of insufficient AK23-IgM
production, we established AK23-IgM hybridoma cells
from the transgenic mice and administered an excess of
AK23 IgM to neonatal and adult mice. Blister formation
was not observed in any of the treated mice. We investi-
gated why AK23 IgG, but not AK23 IgM, is able to induce
blistering in vitro and in vivo and found that antibodies
must be able to gain access to Dsg3 integrated within
desmosomes to induce the blister formation that charac-
terizes pemphigus.

Materials and Methods
Mice

Dsg3™/~ mice were generated by mating female
Dsg3*/~ and male Dsg3~/~ mice (Jackson Laboratory,
Bar Harbor, ME). These mice have a mixed 129/Sv(H-2b)/
Cb57BL/6J(H-2b) genetic background. C57BL/6J mice
were purchased from Taconic Farms (Germantown, NY).
To generate the PV model mouse, splenocytes from non-
immunized Dsg3~/~ mice were adoptively transferred to
C57BL/6 Rag2~/~ mice via the tail vein. Anti-Dsg IgM and
IgG titers were examined by enzyme-linked immunosor-
bent assay (ELISA) and live keratinocyte staining.® All
mice were maintained under specific pathogen-free con-
ditions at our animal facility. All animal experiments were
performed in accordance with our institutional guidelines.

B-Cell Transgenic Mice

cDNA fragments encoding the variable regions of the H
and L chains (VH and VL) of AK23 IgG were cloned from
an AK23 IgG hybridoma by RT-PCR. In brief, total RNA
was prepared from AK23 hybridoma cells and cDNAs for
the H and L chains amplified by one-step RT-PCR (Qia-
gen, Valencia, CA). Subsequently, the H and L chains
were linked by nested PCR and subcloned into a modi-
fied pCANTABSE vector (GE Healthcare, Piscataway,
NJ). The resulting plasmids were transformed into XL1-
Blue (Stratagene, La Jolla, CA), in which single-chain
variable-region fragments were expressed as phage sur-
face molecules. For the rDsg3 ELISA, positive clones
were obtained and their sequences were determined.
The AK23.4 clone was used in the present study. The
H-chain signal, variable region, and 3’ sequences were
assembled by PCR. The signal sequence and 3’ region
were amplified from an anti-TNP H-chain EcoRI-EcoRI
fragment (kindly provided by Hajime Karasuyama) using
the DN956-DN959 primer pair. The variable region se-
quence was amplified from AK23.4 using the DN958-
DN961 primer pair. The 3’ sequence was amplified from
the anti-TNP H-chain fragment using the DN960-DN957
primer pair. All three resulting PCR fragments were then
reamplified with the DN956-DN957 primer pair. AK23-H
was generated by the replacement of the Xbal-Xbal frag-
ment of AK7-H. The primers used had the following se-
quences: (DN956) 5’-CTAGTCTAGATGGACTAGGTTCT-
TATGGA-3’, (DN957) 5'-CTAGTCTAGACAGCAACTAC-
CCTTTTGA-3’, (DN958) 5'-TCTCTTCACAGGTGTCCA-
CTCTCAGGTCCAACTGCAGCAGTCT-3’, (DN959) 5'-A-
GACTGCTGCAGTTGGACCTGAGAGTGGACACCTGTG-
AAGAGA-3’, (DN960) 5'-ACCACGGTCACCGTTTCCTC-
AGGTAAGAATGGCTTCTCCA-3', and (DN961) 5'-TGG-
AGAAGCCATTCTTACCTGAGGAAACGGTGACCGTGGT-3'.

The L-chain signal and variable region sequences
were also assembled by PCR. The signal sequence and
3’ region were amplified from an anti-TNP L-chain HindllI-
Hindlll fragment using DN950-DN951 and DN954-DN955
primer pairs: (DN950) 5’-CACCAAGCTTCAGCTGTCTT-
GTTTCAGTGACTGAT-3" and (DN951) 5'-GACCTGGGT-
CTGTGACTTCATTTTGAGGAGGCAAC-3'; (DN954) 5'-T-



TCGGTGGAGGCACCAAGCTGGAGCTGAAACGTAAGT-
ACACTTTTCTCATC-3" and (DN955) 5'-CACCAAGC-
TTCTGCAGTCAGACCCAGATCTCAATAAC-3'. The AK7
L-chain variable region was amplified from AK23-4 using
a DN952-DN953 primer pair, as follows: (DN952) 5'-AG-
GTTGCCTCCTCAAAATGAAGTCACAGACCCAGGTC-3’
and (DN953) 5-GATGAGAAAAGTGTACTTACGTTTC-
AGCTCCAGCTTGGTGCCTCCACCGAA-3'. These PCR
fragments were then fused through amplification using
the DN950-DN955 primer pair. AK23-L was generated by
replacing the Pvull-Pstl region of the AK7-L plasmid with
the amplified PCR products. Transcription of the trans-
genes was under the control of native immunoglobulin
gene promoters and enhancers. AK23-H and AK23-L
plasmids were microinjected into fertilized eggs of
C57BL/6 mice. Viable zygotes were then transferred into
the oviducts of pseudopregnant C57BL/6 mice. Two H-
chain transgenic mouse founder lines and three L-chain
transgenic mouse founder lines were established. The
lines H20 and L35, which stably express H-chain and
L-chain transgenes, respectively, were used in the pres-
ent study. AK23-IgM transgenic mice were obtained by
mating H20 and L35 mice.

Generation and Isolation of Anti-Dsg3 IgM
Hybridoma Cells

Splenocytes were isolated from AK23 IgM transgenic
mice and were fused with P3 mouse myeloma cells at a
ratio of 5:1 using polyethylene glycol (PEG 4000; Merck,
Darmstadt, Germany). Selection was then performed us-
ing hypoxanthine-aminopterin-thymidine medium and
10% hybridoma cloning factor (IGEN, Gaithersburg, MD),
as described previously.® Initially, hybridoma cells were
screened by mDsg3 ELISA. Live keratinocytes were also
screened. Positive clones were subcloned three times
using the limiting dilution method. The mAb isotype was
determined using an isotyping kit (Roche Diagnostics,
Mannheim, Germany). The mAb was then purified using a
HiTrap IgM purification HP chromatography column (GE
Healthcare) and dialyzed against PBS.

Characterization of Anti-Dsg3 Antibodies by
ELISA and Live Keratinocyte Staining

Anti-Dsg3 IgM titer was measured by ELISA using rDsg3,
as described previously.® ELISA plates were coated with
5 pg/mL rDsg3 and blocked with 3% skim milk. To con-
firm the calcium dependency of AK23 IgM, the ELISA
plates were next treated with 5 mmol/L EDTA for 30
minutes at room temperature, and then incubated with
AK23 IgM. Live staining of the mouse PAM212 keratino-
cyte was performed as described previously.® Alexa
Fluor 488-conjugated goat anti-mouse IgM and Alexa
Fluor 488-conjugated goat anti-mouse IgG (Invitrogen,
Carlsbad, CA) were used to detect the binding of AK23
IgM mAb. Stained cells were visualized by fluorescence
microscopy.
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Immunofluorescence Study on Colocalization
with Desmoplakin

Primary human epidermal keratinocytes were seeded
onto glass coverslips and allowed to proliferate to the
desired confluence. Cells were switched to medium con-
taining 0.6 mmol/L calcium chloride for 18 hours before
treatment with either AK23 IgG or AK23 IgM at 37°C for 1
hour. Antibodies were added to the cell culture medium
at a final concentration of 20 to 30 ug/mL. Cells were then
washed three times with PBS and fixed through incuba-
tion on ice with —20°C methanol for 2 minutes. Desmo-
plakin (DP) was detected using a rabbit anti-DP antibody,
NW8 (provided by Dr. Kathleen Green, Northwestern Uni-
versity Feinberg School of Medicine, Evanston, IL). Pri-
mary antibody was detected using a goat anti-rabbit IgG
antibody conjugated to Alexa Fluor 555, a goat anti-
mouse IgG antibody conjugated to Alexa Fluor 488, and
a goat anti-mouse IgM u-chain antibody conjugated to
fluorescein isothiocyanate (Invitrogen). Stained cells
were mounted on coverslips using ProLong Gold antifade
reagent (Invitrogen).

Confocal immunofluorescence microscopy was per-
formed using a DMI-6000B microscope (Leica Microsys-
tems, Wetzlar, Germany) equipped with two solid-state
lasers (491 and 561 nm) and a VT Infinity two-dimensio-
nal-array scanner (VisiTech International, Sunderland,
UK). Images were captured using an electron multiplier
deep-cooled CCD camera (C9100-12; Hamamatsu, Se-
wickley, PA). Image acquisition was driven by Simple PCI
software version 6.5 (Hamamatsu). Colocalization was
quantified using MetaMorph software version 6.0r1 (Uni-
versal Imaging, West Chester, PA). For each sample, 20
single-plane images were analyzed for the colocalization
of AK23 IgG and AK23 IgM with DP. Statistical compar-
isons were performed using Student’s t-test.

Flow Cytometric Analysis

Two-color flow cytometry was performed using a FAC-
SCalibur flow cytometer (BD Biosciences, San Jose, CA),
and the resulting data were analyzed using CellQuest Pro
software. Directly conjugated APC-anti-IgM (R6-60.2;
BD Biosciences), fluorescein isothiocyanate-conjugated
anti-lgMa (DS-1; BD Biosciences), fluorescein isothiocya-
nate-conjugated anti-IgMb (AF6-78; BD Biosciences),
and phycoerythrin-conjugated anti-mouse CD19 (1D3;
BD Biosciences) antibodies were used. To detect the
AK23 idiotype, cells were incubated with 2.5 ug/mL
rDsg3, washed, and stained with Alexa Fluor 488-con-
jugated anti-E-Tag antibody (GE Healthcare) after
washing.

Immunoelectron Microscopy

Samples were isolated from the hard palate of mice
inoculated with AK23 IgM hybridoma cells for immuno-
electron microscopy (immuno-EM) analysis. Postembed-
ding immuno-EM was performed as described previ-
ously.’® In brief, hard palate tissue was cut into small
pieces (<1 mm?), which were cryofixed through rapid
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immersion in liquid propane (—190°C). Cryofixed tissue
was then cryosubstituted in pure methanol for 48 hours at
—80°C and then embedded in Lowicryl K11M (Ladd Re-
search Industries, Williston, VT) at —60°C. Specimens
were polymerized through exposure to UV radiation at
—60°C for 48 hours and at room temperature for a further
48 hours. Ultrathin sections were cut perpendicular to the
skin surface, collected on nickel grids coated with a
polyvinyl resin Formvar support film, and processed for
immunogold labeling. The ultrathin sections were immu-
nolabeled with an affinity-purified antibody specific for
rabbit anti-mouse IgM (u-chain, diluted 1:50; Invitrogen)
and a 15-nm colloidal gold-conjugated goat anti-rabbit
IgG (diluted 1:40) (GE Healthcare). As a control, oral
mucous membrane from Rag2~/~ mice was used as a
substrate in place of equivalent samples from mAb hy-
bridoma-inoculated mice. To assess the localization of
gold particles, the number of cell membrane-associated
particles was counted in each immuno-EM image. Over-
all, 25 immuno-EM images were analyzed from AK23 IgM
hybridoma-inoculated mice and 29 images from AK23
IgG hybridoma-inoculated mice (n = 4). To quantify dif-
ferences in particle deposition, labeling percentages
were calculated as follows: Labeling Percentage = (No.
of desmosome-associated particles/No. of cell mem-
brane-associated particles) X 100. Statistical compari-
sons were performed using Student’s t-test.

Passive Transfer Assay Using Neonatal Mice

To evaluate the pathogenic activities of the AK23 IgM
mADb, a passive transfer study was performed using neo-
natal mouse. ICR (Institute of Cancer Research) mice
were used, age 12 to 24 hours, body weight 1.5t02.0 g
(Japan SLC, Shizuoka, Japan). Purified AK23 IgM (150
wg) was injected alone or together with a small amount of
exfoliative toxin A (ETA), which specifically digests Dsg1.
The dose of ETA used (1 pg/mouse) was 50% of the
minimum dose required to induce gross blistering. The
skin was evaluated macroscopically and microscopically
at 18 to 24 hours after injection of ETA. Blistering was
evaluated microscopically, using 3-mm sections ob-
tained from the whole body.

Ascites Formation Assay Using Adult Mice

To evaluate the pathogenic activity of AK23 IgM mAb in
adult mice, we performed an ascites formation assay
using hybridoma cells, as described previously.® Hybrid-
oma cells producing AK23 IgM mAb were inoculated
(5 X 10°to 1 x 107 cells per mouse, i.p.) into Rag2™/~
immunodeficient mice that had been primed with
2,6,10,14-tetramethylpentadecane (Wako Pure Chemical
Industries, Osaka, Japan). Ascites formation and the de-
velopment of PV-like characteristics, such as weight loss
and patchy hair loss, were monitored. Oral mucosa biop-
sies were obtained from inoculated mice when they de-
veloped a PV-like phenotype. Ascites formation was ob-
served after day 14.

Preparation of AK23 IgM mAb F(ab'),
Fragments

AK23 IgM mAb was digested using a Pierce ImmunoPure
IgM fragmentation kit (Thermo Scientific, Rockford, IL) to
generate F(ab’), fragments. Purified AK23 IgM mAb was
transferred to digestion buffer (50 mmol/L Tris, 150
mmol/L NaCl, 10 mmol/L CaCl,, 0.05% NaN;) using a
dextran desalting column. It was then applied to a pepsin
column equilibrated with digestion buffer and incubated
at 37°C for 90 minutes. Digested F(ab'), fragments were
collected and transferred to PBS.

In Vitro Dissociation Assay Using Normal
Human Epidermal Keratinocytes

Primary normal human epidermal keratinocytes were
seeded into 12-well plates in calcium-free MCDB 153
medium as described previously.'® After reaching con-
fluence, cells were incubated for 12 hours in keratinocyte
growth medium supplemented with 0.8 mmol/L calcium
chloride and containing various concentrations of AK23
IgM. To detect the binding of AK23 IgM to Dsg3 alone, 1
ng ETA was added to the culture medium for the final 2
hours to inactivate Dsg1. Monolayers were washed twice
with PBS and then incubated with 1.2 units of dispase Il
(Roche Diagnostics) for 30 minutes at 37°C. Floating
monolayers were washed twice with PBS and gently pi-
petted through a 1-mL pipette tip five times to mechani-
cally dissociate nonadherent cells. Dissociation scores
were calculated based on the number of fragmented cell
sheets () using the following formula: dissociation score =
[(Nuith mab ~ Nuitnout mae) (Nuwit akes — Nujithout maw)] X 100.
Cell sheets treated with 1 mg/mL AK23 were included in
each assay to adjust for interassay variability. Fragmented
cell sheets were stained with crystal violet, and measure-
ments were made using Image-Pro Plus software version
4.5.1 (Media Cybernetics, Bethesda, MD).

Results

Dsg3-Specific AK23-IgM-Producing B Cells in
Peripheral Lymphoid Organs

Among the AK series mAbs isolated from PV model mice,
AK23 IgG mAb is pathogenic and able to induce a PV-like
phenotype characterized histologically by mucosal erosion
and suprabasal acantholysis.®>'® To isolate cDNAs encod-
ing the H and L chains of AK23 IgG mAb, which reacts with
human and mouse Dsg3, total RNA from AK23-producing
hybridoma cells was used as a template for PCR amplifica-
tion applying mixed primers targeted to the H and L chains.
The resulting PCR products were sequenced (Figure 1A).
Our attempts to generate AK23 single-chain variable-region
fragments were unsuccessful, because they were pro-
duced as an insoluble protein (T. Ota and M. Amagai,
unpublished observation). Transgenic constructs encoding
the H and L chains of the AK23 mAb were generated on an
IgM backbone (Figure 1B). Transcription of these trans-
genes was under the control of native immunoglobulin gene
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Figure 1. Structures of the AK23 H and L immunoglobulin transgene
constructs. A: The amino acid sequences of the H and L chains of AK23
were determined from the DNA sequence of AK23 single-chain variable-
region fragment. The FWR and CDR domains were annotated accord-
ingly.!” B: The AK23 heavy-chain variable region (contained in an Xbal-
Xbal fragment) was linked with an H-chain promoter and a p-isotype
constant region (Cp) that included a transmembrane domain (MC). The
AK23 L-chain (k isotype) variable region (contained in a Pvull-PstI frag-
ment was linked to a k-chain promoter and constant region. E, ECoRI; Eu,
u-region enhancer; Ek, k-region enhancer; K, Kpnl; N, Notl; Ps, Pstl; Pv,
Pvull; S, Sall; X, Xbal.

promoters and enhancers. The H-chain transgene contains
exons encoding both membrane-bound and secreted
forms of the AK23 mAb derived from an IgM?® allotype, such
that both forms of IgM should be generated in mice carrying
the transgene. Transgene-derived heavy chain can detect
with IgMa antibody (C57BL/6 endogenous heavy chain is
IgMb). Five transgenic mouse founder lines were estab-
lished (two H chain and three L chain), and AK23-IgM
transgenic mice were generated by mating the H20 and
L35 lines for further characterization.

We expected to detect IgM@-positive B cells in bone
marrow, where Dsg3 is not produced, but not in the
periphery, where Dsg3 is expressed. However, signif-
icant numbers of IgM® B cells were detected in the
spleen and lymph nodes of AK23-IgM mice (Figure
2A). To exclude the possibility that IgM® B cells lose
their reactivity to Dsg3 because of incomplete allelic
exclusion, we used rDsg3 to detect anti-Dsg3 IgM
composed of transgenic H and L chains. Again, sub-
stantial numbers of CD19™ B cells expressed surface
IgM, which reacted with rDsg3 (Figure 2A). In contrast,
in wild-type mice, no such Dsg3-reactive B cells were
detected. Furthermore, IgM reactive to Dsg3 was also
observed in the blood of AK23-IgM mice. These find-
ings collectively indicate that AK23-IgM B cells are not
deleted or inactivated in the periphery.
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Absence of PV-Like Phenotype in AK23-IgM
Transgenic Mice

Because AK23 IgG mAb is pathogenic and AK23-IgM B
cells were detected in the periphery and AK23 IgM in the
circulation, we expected AK23-IgM transgenic mice to

A Bone marrow Spleen

Lymph node

AK23-B Tg

Wild type

Gross phenotype

Histology

HE stain

IgM deposition

Figure 2. Dsg3-specific AK23 IgM transgenic B cells escape tolerance. A:
Fluorescence-activated cell sorting analysis of AK23 IgM transgenic mice
detected IgM*-positive B cells in lymphoid organs, including bone marrow
(38.3%), spleen (40.2%), and lymph nodes (15.9%). Dsg3-reactive IgM-ex-
pressing B cells were also detected in bone marrow (23.8%), spleen (22.7%),
and lymph nodes (9.47%). In wild-type mice, IgMP-positive B cells, but not
Dsg3-reactive B cells, were detected in lymphoid organs. B: Macroscopic and
microscopic phenotype of AK23 IgM transgenic mice. AK23 IgM transgenic
mice exhibited no obvious PV-like characteristics, such as patchy hair loss or
weight loss. Although IgM was found deposited on the cell surfaces of basal
layer keratinocytes in vivo, no blisters were formed. The dotted line indi-
cates the basement membrane. Scale bar = 50 um.
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Figure 3. AK23 IgM recognizes the same Dsg3 epitope as AK23 IgG. A: The
binding of AK23 IgM in a mouse Dsg3 ELISA was significantly blocked by
AK23 IgG, but not by AK9 IgG or AK18 IgG. IgG(+), with AK IgG pretreat-
ment; IgG(—), without AK IgG pretreatment. B: AK23 IgM reactivity was
tested by mouse Dsg3 ELISA performed with and without EDTA (5 mmol/L)
pretreatment.

exhibit a PV-like phenotype. Contrary to our expecta-
tion, however, AK23-IgM mice did not display any ob-
vious PV characteristics (Figure 2B). The mice did not
undergo the weight loss or patchy hair loss that has
been described in PV model mice or mice inoculated
with AK23-IgG hybridoma cells.®° Histological analy-
sis of the oral mucosa, esophagus, and skin revealed
no evidence of suprabasal acantholysis (Figure 2B).
Direct immunofluorescence showed the deposition of
IgM on the surfaces of keratinocytes in the basal layers
of the oral mucosa in vivo (Figure 2B). However, the
IgM staining pattern was quite different from that of
IgG.° IgM staining was essentially restricted to the
basal cell layer, appearing as coarse dots along the
cell membranes (Figure 2B).

Isolation and Characterization of an Anti-Dsg3
IgM Monoclonal Antibody from AK23 IgM
Transgenic Mice

To explain why AK23 IgM mice failed to display a PV-like
phenotype, we considered the possibility that circulating
AK23 IgM levels are insufficient to cause blisters to form
in AK23 IgM mice. To explore this possibility, we isolated
AK23 IgM hybridoma cells from AK23 IgM mice. The IgM
mAb they produced comprised a u heavy-chain isotype
and a k light-chain isotype. To confirm that AK23 IgM and
AK23 IgG recognize the same epitope, we performed a
blocking ELISA using AK9 and AK18 antibodies that rec-
ognize several different Dsg3 epitopes. The binding of
AK23 IgM to mouse Dsg3 was significantly reduced by

AK23 IgG, but not by AK9 or AK18 IgGs (Figure 3A). The
calcium dependency of AK23 IgG binding was shared
with AK23 IgM (Figure 3B).

Indirect immunofluorescence studies using mouse
hard palate tissue revealed quite different staining pat-
terns for AK23 IgM and AK23 IgG (Figure 4A). Sera from
AK23-IgM mice and AK23 IgM mAb showed no apparent
reactivity toward keratinocyte cell surfaces, whereas
AK23 1gG mAb yielded clear staining. However, F(ab’),
fragments from AK23 IgM mAb clearly bound to kerati-
nocyte cell surfaces. Similarly, AK23 IgM failed to react
with normal human skin, whereas AK23 IgG yielded a
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Figure 4. Comparisons of the immunoreactivities of AK23 IgM, AK23 IgG,
and F(ab"), fragments of AK23 IgM. A: Indirect immunofluorescence (ITF)
staining of hard palate tissue from wild-type mice. Sera from AK23 IgM
transgenic mice and AK23 IgM mAb yielded no signal, whereas AK23 IgG
and AK23 IgM F(ab"), yielded linear cell surface staining. Insets, digitally
enlarged. Dotted lines indicate the basement membrane. B: Live staining of
mouse PAM212 keratinocytes. Both AK23 IgM and AK23 IgG stained kerati-
nocyte cell surfaces, but the staining patterns were quite different. AK23 IgM
appeared as coarse dots on cell border-free areas. C: AK23 IgM and AK23 IgG
(green) were costained with desmoplakin (red). Although AK23 IgG largely
colocalized with desmoplakin, AK23 IgM did not. D: Quantification of colo-
calization indicated significantly lower colocalization of DP with AK23 IgM
than with AK23 IgG. *P < 0.005. Scale bars = 50 um.
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Figure 5. Evaluation of the pathogenic activity of AK23 IgM by passive transfer assay using neonatal mice. Neonatal mice injected with AK23 IgG (150 ug), but
not AK23 IgM (150 ug), developed microscopic blisters. The staining pattern of 7 vivo bound AK23 IgM was characterized by low-intensity coarse dots, whereas
that of AK23 IgG was linear. Mice in neither treatment group developed macroscopic blisters, because of functional compensation by Dsgl in the skin. When
coinjected with half of the minimum effective dose of exfoliative toxin A (ETA), a Dsgl-specific serine protease produced by Staphylococcus aureus, AK23 1gG
induced the formation of blisters and yielded typical PV histological features, whereas AK23 IgM produced no obvious signs of blister formation. Dotted lines

indicate basement membrane. Scale bar = 50 um (insets, digitally enlarged).

strong signal (data not shown). When these same anti-
bodies were applied to mouse PAM212 keratinocytes,
AK23 IgM did stain keratinocyte cell surfaces, but its
staining pattern differed from that of AK23 IgG (Figure
4B). Like AK23 IgG, AK23 IgM bound to the cell-cell
borders, but it also reacted with cell border-free areas,
yielding a dotted pattern. To further characterize this
dotted IgM staining, AK23 IgG-stained and AK23 IgM-
stained primary human epidermal keratinocytes were
costained for DP (Figure 4C). DP is a component of the
cytoplasmic plaque of desmosomes. Thus, any Dsg3
that is not colocalized with DP on the plasma mem-
brane should not be integrated within desmosomes.
Quantification of the colocalization of AK23 and DP
indicated that approximately 45% of total IgG colocal-
ized with DP, compared with only 25% of IgM (P <
0.005; Figure 4D).

These findings indicate that, although AK23 IgM and
AK23 IgG recognize the same Dsg3 epitope, their ability
to gain access to Dsg3 differs, and suggest that the
dotted staining of cultured keratinocytes by AK23 IgM
may have been caused by the binding of antibody to
Dsg3 clustered on the cell membrane and not by inte-
gration within desmosomes.

AK23 IgM mAb Is Unable To Induce Blisters

To further evaluate the pathogenic activity of the AK23
IgM mAb in vivo, we performed a passive transfer assay
using neonatal mice.® '8 Identical doses of AK23 IgM and
AK23 1gG (150 pwg/mouse) were injected subcutaneously
into neonatal mice (n = 5). Macroscopic analysis failed to
detect blisters in either treatment group at 18 to 24 hours
after injection, whereas microscopic blisters were found
in mice injected with AK23 1gG but not AK23 IgM (Figure
5). Although equivalent amounts of immunoglobulin were
injected, greater amounts of bound AK23 IgG were de-
tected than of bound AK23 IgM in vivo. Moreover, AK23
IgM staining exhibited a dotted pattern, whereas AK23
IgG staining was relatively even. To eliminate Dsgfl,
whose cell-adhesive function may compensate for im-

paired Dsg3 function, we used ETA, a Dsgl-specific
serine protease produced by Staphylococcus aureus.™
Mice were coinjected with AK23 IgM or AK23 IgG and
half the minimum effective dose of ETA. Mice receiving
AK23 IgG and ETA showed extensive blistering, as well
as suprabasal acantholysis in histological analyses,
whereas animals receiving AK23 IgM and ETA exhibited
no macroscopic or microscopic evidence of blistering
(n = 5) (Figure 5).

We further tested the pathogenic activity of the AK23
IgM mAb by inoculating AK23 IgM-producing hybrid-
oma cells into Rag2~/~ immunodeficient mice.® Circu-
lating AK23 IgM titers in mice inoculated with hybrid-
oma cells were approximately six times higher than
those in AK23-IgM transgenic mice (Figure 6A). How-
ever, mice that received AK23 IgM hybridoma cells did
not exhibit macroscopic or microscopic blistering, de-
spite IgM being deposited on the cell surfaces of oral
mucosal keratinocytes (n = 3) (Figure 6B). In contrast,
mice receiving AK23 1gG hybridoma cells developed a
PV-like phenotype characterized histologically by oral
erosions and suprabasal acantholysis, patchy telogen
hair loss, and weight loss due to reduced food intake
(n = 3) (Figure 6, B and C). Although mice in both
treatment groups displayed antibody deposition in vivo,
IgM was essentially restricted to the basal layer of the
oral mucosa, appearing as coarse dots, whereas IgG
was detected in multiple mucosal cell layers, yielding
strong and more uniform staining of keratinocyte cell
surfaces.

Together, these findings suggest that AK23 IgM is not
pathogenic and is unable to induce blister formation.

F(ab’'), Fragments of AK23 IgM, but Not Intact
AK23 IgM, Induce Keratinocyte Dissociation in
Vitro

To further measure the pathogenic activity of AK23 IgM

mAb, we performed an in vitro dissociation assay'® (Fig-
ure 7). A minimum dose of ETA was applied to cells, to
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Figure 6. Evaluation of the pathogenic activity of AK23 IgM by ascites forma-
tion assay using adult mice. A: Circulating AK23 IgM titers were approximately
six times higher in mice inoculated with AK23 IgM-producing hybridoma cells
(triangles) than in AK23 IgM transgenic mice (circles). Sera were diluted 1:5 and
analyzed by mouse Dsg3 ELISA. B: Phenotypes of mice injected with AK23 IgM-
and AK23 IgG-producing hybridoma cells. Although mice injected with AK23
IgG hybridoma cells exhibited patchy hair loss and suprabasal acantholysis,
those that received AK23 IgM hybridoma cells developed no apparent PV
phenotype. Although both mice displayed in vivo deposition of AK23 antibod-
ies, IgM was essentially restricted to the basal cell layer of the oral mucosa,
appearing as coarse dots, whereas 1gG strongly and evenly stained the cell
surfaces of keratinocytes in multiple mucosal layers. Images are representative of
18 recipient mice that received AK23 IgM hybridoma cells. Insets, digitally
enlarged. C: Changes in body weight were monitored after the injection of
hybridoma cells, because the development of oral erosions has the potential to
impair food intake. Whereas body weight increased in mice injected with AK23
IgM hybridoma cells, it declined in animals injected with AK23 IgG hybridoma
cells, and some of the animals died (72 = 3). Scale bars = 50 um. O.D., optical
density; Tg, AK23 IgM transgenic; ascites, mice with AK23 IgM hybridoma cells;
t, day of death.

prevent compensation by Dsgl. We first compared
pathogenic strength between AK23 IgM and AK23 IgG
according to molecular stoichiometry (mol. wt. approxi-
mately 980 kDa for IgM and 150 kDa for IgG). We used 2
ng/mL of AK23 1gG as a positive control in this assay. We
added 10, 35, 70, and 140 pg/mL of AK23 IgM, but no
apparent dissociation activity was observed. In molar
ratio, the 140 ug/mL AK23 IgM was equivalent to 10.8
times the 2 pg/mL AK23 1gG.

We then tested whether F(ab’), (mol. wt. approxi-
mately 100 kDa) derived from AK23 IgM shows dissoci-
ation activity. We tested 5, 10, 20, and 70 pg/mL of
F(ab"), and found that F(ab’), indeed had pathogenic
activity at 20 uwg/mL or more. The dissociation activity was
not as high as 2 png/mL of AK23 1gG even with 70 ug/mL
of F(ab’),, probably because some of the binding activity
of F(ab’), was lost by pepsin digestion.

Although AK23 IgM failed to bind the cell surfaces of
keratinocytes in mouse hard palate, as assessed by in-
direct immunofluorescence, F(ab’), fragments yielded
positive staining (Figure 4). When F(ab'), fragments were
added to the culture medium, this did not produce a
dotted staining pattern, but instead stained the cell-cell
borders (Figure 4). Thus, although intact AK23 IgM did
not show pathogenic activity and was unable to block
Dsg3 function, F(ab'), fragments of AK23 did display
such activity. Together, these finding suggest that the
lack of pathogenic activity with AK23 IgM may be a
consequence of its large molecular size (it occurs as a
pentamer).

AK23 IgM Labels the Edges of Desmosomes or
Interdesmosomal Cell Membranes, as Shown
by Immuno-EM Microscopy

To determine the precise localization of AK23 IgM and
AK23 IgG on keratinocyte cell surfaces in vivo, we per-
formed immuno-EM studies using hard palate tissue from
mice inoculated with AK23 IgM-producing or AK23 IgG-
producing hybridoma cells (n = 4) (Figure 8A). Notably,
AK23 IgM and AK23 IgG showed distinct patterns of
binding. AK23 1gG labeling was predominantly detected
on desmosomes.?® In marked contrast, AK23 IgM la-
beled primarily the cell membranes between desmo-
somes (Figure 8A). When AK23 IgM labeling was de-
tected on desmosomes, it was restricted to the edges of
the desmosomes, with no labeling observed in the des-
mosome core. When quantitative analysis was applied to
localization of IgG and IgM labeling in relation to desmo-
somes, approximately 50% of IgG labeling on cell mem-
branes was found on desmosomes, whereas only <5% of
IgM labeling was detected on desmosomes (P < 0.001,
n = 2) (Figure 8B).

The results of our immuno-EM study indicate that AK23
I[gM binds primarily to Dsg3 that is not integrated to
desmosomes, and is unable to gain access to Dsg3
integrated within the desmosome core.
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Discussion (Figure 6). To evaluate the pathogenic activity of AK23

IgM antibodies are produced at an early stage in humoral
immune responses (before B cells undergo somatic hy-
permutation and isotype switching) and play an important
role in acquired immunity. In the tissue-specific autoim-
mune disease pemphigus vulgaris, the initial immune
response to Dsg3 should occur as a normal immune
response. In pemphigus model mice injected with naive
Dsg3 /" splenocytes, anti-Dsg3 IgM is produced at early
stage in the immune response, before anti-Dsg3 1gG is
subsequently produced (Tomoaki Yokoyama and M.A.,
unpublished observation). Recently, an anti-Dsg1 IgM
autoantibody typically found in fogo selvagem patients
was also detected in several healthy individuals.'® None-
theless, the pathophysiological role of anti-Dsg3 IgM in
PV remains unclear. In the present study, we used trans-
genic techniques to generate an IgM isotype of an IgG
mADb that recognizes a critical Dsg3 epitope located on
the functionally important amino-terminal adhesive inter-
face and then examined its pathogenic role in PV.

We used cDNAs encoding the variable regions of the
AK23 IgG mAb to generate AK23-IgM transgenic mice.
Contrary to our expectations, Dsg3-reactive AK23 IgM-
producing B cells were detected in the periphery and
anti-Dsg3 IgM in the cardiovascular circulation (Figure
2A). B cells recognizing the pathogenic epitope of Dsg3
were not deleted or inactivated by tolerance mecha-
nisms, as occurs in AK7-IgM transgenic mice.'® Further-
more, AK23-IgM transgenic mice displayed no apparent
PV phenotype (Figure 2B). In our search for possible
explanations, we initially considered the possibility that
circulating AK23 IgM levels might be insufficient to cause
blistering in AK23 IgM mice. To test this postulate, we
isolated AK23 IgM mAb-producing hybridoma cells. Al-
though an excess of AK23 IgM was passively transferred
to neonatal mice, no blisters were formed (Figure 5).
When AK23 IgM hybridoma cells were inoculated into the
peritoneum, circulating AK23 IgM levels increased to a
level approximately six times higher than those detected
in AK23 IgM transgenic mice, but no blisters were formed

IgM in a more quantitative fashion, we performed an in
vitro dissociation assay.'® Although AK23 IgG and
F(ab"), fragments induced fragmentation of epidermal
sheets, intact AK23 IgM did not (Figure 7). Collectively,
these findings clearly indicate that, although it recognizes
the same critical epitope of Dsg3 as the pathogenic AK23
IgG, AK23 IgM is itself not pathogenic.

Although the molecular weight of the IgM monomer is
only 190 kDa, IgM normally forms a pentamer known as
macroglobulin (hence the M in IgM), with a molecular
weight of approximately 980 kDa, much higher than that
of IgG (150 kDa). When IgM is digested by pepsin, the
molecular weight of the resulting F(ab’), fragments is
approximately 100 kDa, smaller than that of 1gG.2" Be-
cause monovalent Fab’ fragments from the sera of PV
patients are capable of inducing blister formation, one
can conclude that the Fc portion of IgG does not directly
contribute to the pathogenesis of blister formation in
pemphigus.?® AK23 IgG and F(ab’), fragments of AK23
IgM produced essentially identical linear cell-cell border
staining patterns in human skin sections and cultured
keratinocytes, whereas AK23 IgM vyielded no staining of
human skin and a coarse dotted staining pattern in cul-
tured keratinocytes, and the dots did not necessarily
colocalize with desmoplakin (Figure 4). More convinc-
ingly, immuno-EM demonstrated that AK23 IgG predom-
inantly labeled desmosomes in vivo, as previously found
in recipient mice with AK23 IgG hybridoma cells,®°
whereas AK23 IgM labeling was detected mostly in the
cell membranes between desmosomes, with weaker
staining occurring at the edges of desmosomes (Figure
8). These findings indicate differential accessibility of
AK23 IgG and AK23 IgM to Dsg3 in vivo and suggest that
the large size of AK23 IgM does not allow it to bind to
Dsg3 integrated within the desmosome core, although
sufficient amounts of IgM are within the intercellular
space. We concluded, therefore, that AK23 IgM does not
stimulate blister formation because it is unable to bind to
Dsg3 integrated within the desmosome core.
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Figure 8. Ultrastructural localization of AK23 IgM and AK23 IgG in vivo in
hard palate of adult mice receiving hybridoma cells. A: AK23 IgM was
deposited largely to the cell membranes between desmosomes or the edges
of desmosomes in vivo (arrowheads), but not in the desmosome core.
Inset, representative image of AK23 IgM deposition. AK23 IgG was heavily
deposited in the midlines of desmosomes (arrows). B: Quantitative analysis
indicates significantly stronger labeling of desmosomes in mice injected with
AK23 IgG-producing hybridoma cells than in those injected with AK23
IgM-producing cells. Scale bars: 500 nm (main images); 200 nm (inset). *P <
0.01, rtest.

The precise mechanism behind blister formation after
the binding of pathogenic anti-Dsg3 1gG to Dsg3 in vivo
remains controversial. The principal source of contention
concerns whether direct functional inhibition of Dsg3 by
IgG alone is sufficient to induce blistering, or whether
subsequent cytoplasmic signaling is also necessary.?*24
Polyclonal anti-Dsg3 IgG antibodies in sera from pemphi-
gus patients and pemphigus model mice are now widely
accepted to comprise mixtures of both pathogenic and
nonpathogenic IgGs, based on the results of studies
using monoclonal antibodies from patients and mice.>° A
growing number of studies suggest that inhibition of sig-
naling pathways such as MAPK and c-Myc,?>27 as well

as endocytic processing of Dsg3,2%?° can prevent loss of
keratinocyte adhesion in PV IgG-treated cells. Overall,
these studies suggest that PV IgG may modulate the
assembly and disassembly kinetics of desmosomes, and
that modifying keratinocyte signaling pathways can blunt
keratinocyte sensitivity to PV IgG.

Based on the present results, however, we conclude
that the direct inhibition of Dsg3 adhesive function by
AK23 IgG may be required to initiate the loss of kerati-
nocyte cell-cell adhesion. For example, the binding of
AK23 IgM to free nondesmosomal Dsg3 on cell mem-
branes does not cause blisters or loss of adhesion
strength. Therefore, binding to nondesmosomal Dsg3 is
apparently insufficient to trigger blister formation. Dsg3-
depleted desmosomes have been shown to be formed in
cultured normal human keratinocytes and DJM1 cells
through the aggregation and internalization of free-float-
ing nondesmosomal Dsg3.%°3" However, the findings of
our in vivo studies instead indicate that the binding of
AK23 to Dsg3 integrated within desmosomes is essential
to disrupt adhesion. Alternatively, it is possible that dif-
ferent isotypes of immunoglobulin differentially affect
Dsg3 endocytosis or cellular signaling pathways impli-
cated in acantholysis. Our research group has studies
underway to address these additional possibilities.

Although IgMs against Dsg are not found in the spo-
radic form of pemphigus, anti-Dsg1 IgM was recently
detected in as many as 58% of fogo selvagem patients
tested, as well in 42% of healthy donors from a rural
region of Brazil.'® This anti-Dsg1 IgM was shown, by
ELISA and immunoprecipitation, to bind to recombinant
Dsg1, but it did not bind to human skin sections in indi-
rect immunofluorescence studies, in which AK23 IgM
also failed to yield a positive signal. Our findings suggest
that the anti-Dsg1 IgM is most likely nonpathogenic and
unable to cause blisters, because of the inaccessibility of
Dsg1 integrated within desmosomes. Why then are IgM
autoantibodies produced in these patients? The role of
IgM in autoimmunity is a hot topic. Healthy individuals are
known to produce low-affinity, natural IgM antibodies that
are polyreactive to toxins and bacteria to which they have
not apparently been exposed and that presumably act as
the first line of defense against infection.%:33 IgM anti-
bodies compensate for their low antigen affinity by form-
ing pentameric structures with relatively high avidities.
Serum IgMs provide an initial response to foreign antigen
and play a regulatory role in the subsequent production
of high-affinity IgG antibodies. In the context of autoim-
munity, IgM autoantibodies have often been considered
to be simply nonpathogenic, but they appear to be actu-
ally protective.®*3> Mice deficient in serum IgM exhibit
spontaneous autoimmunity (eg, the production of anti-
DNA IgG), indicating the role of IgM in protecting against
the development of autoimmunity.®® Antigen microarray
informatics study, however, has demonstrated that the
IgM antibodies produced by neonatal humans recognize
mostly self molecules that are associated with major au-
toimmune diseases later in life.®” Dissecting the role of
autoreactive IgM antibodies is an important step in fur-
thering our understanding of the pathophysiology of au-
toimmune diseases.



In the present study, we generated Dsg3-reactive B-
cell transgenic mice expressing IgM derived from both
nonpathogenic AK7 IgG, as described previously,'® and
pathogenic AK23 IgG. In both types of mouse, function-
ally competent Dsg3-reactive B cells escaped deletion or
inactivation and persisted in the periphery. Moreover,
anti-Dsg3 IgM was detected in the circulation. However,
in both types of animal, the IgM produced was nonpatho-
genic and did not induce blistering of the skin or mucous
membranes, nor were B cells producing these IgMs
harmful to the mice. In contrast, AK7 IgM transgenic mice
injected with pathogenic AK23 IgG developed blisters,
and the AK7 B cells in their spleens were eliminated.™
This elimination of autoimmune B cells was CD4™ T cell-
dependent and involved apoptosis.’™ Thus, autoreactive
B cells persist as long as they cause no harm, but when
damaging or dangerous events such as tissue destruc-
tion are sensed, mature autoreactive B cells in the pe-
riphery are eliminated. The IgM B-cell transgenic mice
used in the present study do not undergo class-switching
from IgM to IgG due to the transgenic construct used.
B-cell knock-in mice expressing AK23 variable regions
should help to prove this concept and may represent an
important tool in the further dissection of tolerance and
autoimmune mechanisms involving B cells.
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