Explanations for the clinical and microscopic localization
of lesions in pemphigus foliaceus and vulgaris
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Patients with pemphigus foliaceus (PF) have blisters on skin, but not mucous membranes, whereas
patients with pemphigus vulgaris (PV) develop blisters on mucous membranes and/or skin. PF and PV
blisters are due to loss of keratinocyte cell-cell adhesion in the superficial and deep epidermis, respec-
tively. PF autoantibodies are directed against desmoglein (Dsg) 1; PV autoantibodies bind Dsg3 or both
Dsg3 and Dsgl. In this study, we test the hypothesis that coexpression of Dsgl and Dsg3 in keratinocytes
protects against pathology due to antibody-induced dysfunction of either one alone. Using passive
transfer of pemphigus IgG to normal and DSG3"! neonatal mice, we show that in the areas of epider-
mis and mucous membrane that coexpress Dsgl and Dsg3, antibodies against either desmoglein alone
do not cause spontaneous blisters, but antibodies against both do. In areas (such as superficial epider-
mis of normal mice) where Dsgl without Dsg3 is expressed, anti-Dsg1 antibodies alone can cause blis-
ters. Thus, the anti-desmoglein antibody profiles in pemphigus sera and the normal tissue distributions
of Dsgl and Dsg3 determine the sites of blister formation. These studies suggest that pemphigus
autoantibodies inhibit the adhesive function of desmoglein proteins, and demonstrate that either Dsgl

or Dsg3 alone is sufficient to maintain keratinocyte adhesion.

J. Clin. Invest. 103:461-468 (1999).

Introduction

Pemphigus is a life-threatening blistering skin disease in
which patients’ autoantibodies are directed against desmo-
somal glycoproteins, resulting in the loss of keratinocyte
cell-cell adhesion (1). The two classic forms of pemphigus
are pemphigus foliaceus (PF) and pemphigus vulgaris (PV)
(2). In PF, patients develop skin erosions that result from
blisters within the granular layers of the superficial epi-
dermis. Patients with PF, however, do not develop blisters
or erosions of the mucous membranes. Two-thirds of
patients with PV develop mucous membrane blisters early
in the course of their disease, and as the disease progress-
es, they develop skin blisters as well (3). Histologically, PV
blisters occur deep in the epidermis between the basal and
most immediate suprabasal keratinocytes, as well as
between the basal cells themselves.

Pemphigus autoantibodies recognize cell-surface anti-
gens of keratinocytes (4). These antigens have been iden-
tified as desmogleins (Dsg’s), transmembrane desmoso-
mal glycoproteins belonging to the cadherin supergene
family of calcium-dependent adhesion molecules (5-7).
Dsgl is the autoantigen recognized by PF antibodies,
whereas Dsg3 is specifically recognized by PV autoanti-
bodies (8-13). However, about one-half to two-thirds of
PV sera also contain antibodies against Dsg1 (10, 14-16).
Most patients with early PV and only mucous membrane
lesions have only anti-Dsg3 antibodies, whereas most

patients with later disease, involving the skin, have both
anti-Dsg3 and anti-Dsg1 antibodies (13, 16).

There is compelling evidence for the pathogenicity of
these autoantibodies in pemphigus. One example is the
development of skin blisters in neonatal mice when
injected with pemphigus IgG (17, 18). Similar to the
pathology of human pemphigus, PF IgG induces blisters
in the superficial epidermis, and PV IgG induces deep
suprabasilar blisters in neonatal mice. Immunoadsorp-
tion and affinity chromatography of pemphigus sera
have confirmed that the anti-desmoglein antibodies are
pathogenic in pemphigus. PF sera that are immunoad-
sorbed with the extracellular domain of Dsgl are no
longer pathogenic in neonatal mice, whereas IgG that
has been affinity purified from PF sera on Dsgl causes
superficial skin blisters (19). Similarly, PV sera
immunoadsorbed with the extracellular domain of Dsg3
lose pathogenic activity (20, 21).

Although these anti-desmoglein antibodies have been
shown to cause the blister in pemphigus, the pathophysi-
ological mechanism by which they do so has been contro-
versial. Some studies have suggested that pemphigus anti-
body binding mediates protease release that, in turn,
causes loss of cell adhesion (22-25). However, we have pos-
tulated a more direct effect in which antibodies block the
function of the Dsg’s in stabilizing cell adhesion in
desmosomes (7). Lending credence to this theory has been

The Journal of Clinical Investigation

| February 1999 |

Volume 103 | Number4

461



Figure 1

Distribution of Dsgl and Dsg3 in neonatal
mouse skin and mucous membrane. Immunoflu-
orescence staining of neonatal mouse skin (a)
and mucous membrane (b) with human PF1239
serum. Immunoperoxidase (¢) and immunofluo-
rescence (d) staining of neonatal mouse skin and
mucous membrane with rabbit anti-Dsg3 anti-
bodies. Schematic diagram of the Dsg1 and Dsg3
expression in the neonatal mouse skin (e) and
oral mucous membrane (f). Note that Dsg1 is
expressed throughout all cell layers, more in the
superficial layers and less in the deep layers of
both epidermis and mucous membrane. In the
epidermis, Dsg3 is expressed only in the deep
basal and most immediate suprabasal layers,
whereas in the oral mucosa Dsg3 is expressed

throughout all cell layers. Dsg, desmoglein.
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the characterization of DSG3" mice that are essentially
equivalent to mice whose Dsg3 function has been com-
pletely blocked (26). These mice have a similar phenotype
to patients with PV, with oral mucous membrane lesions
in neonates due to suckling and skin erosions at sites of
trauma. Both types of lesions show histology typical of PV.

It has been suggested (27-30) that the distribution and
expression levels of Dsgl and Dsg3 might account for
the characteristic distribution of lesions. For example,
Dsg3 is expressed throughout the oral mucosa, whereas
it is only expressed in the basal and immediate
suprabasal layer of the epidermis (29, 30). Conversely,
Dsgl is expressed throughout the epidermis and oral
mucosa, but more intensely superficially, and very weak-
ly in the deep epidermis. These type of observations have
led to the hypothesis, first advanced by Shirakata et al.
(30), that where Dsg3 and Dsgl are coexpressed, anti-
bodies against either one alone are not efficient at caus-
ing spontaneous blistering (e.g., anti-Dsgl in the oral
mucous membrane where Dsg3 is highly expressed
throughout). On the other hand, in areas where Dsg1 is
expressed without concomitant Dsg3, anti-Dsg1 alone
is efficient at causing spontaneous blister formation (e.g,
in the superficial epidermis of patients with PF).

In this report, we use passive transfer of pemphigus IgG
to normal and DSG3"# neonatal mice to test this hypoth-
esis. We will show that if both Dsgl and Dsg3 are present
concomitantly at a tissue site, antibodies against either
alone are inefficient at causing a spontaneous blister. In
contrast, antibodies against both Dsg’s are highly effi-
cient at blister formation if both are concomitantly
expressed in the tissue, or antibodies against one alone
are efficient if the other is not coexpressed. These find-

Mucous membrane

ings are consistent with an explanation for blister forma-
tion in which autoantibodies against either Dsgl or Dsg3
specifically block only its function, in contrast to causing
release of proteases that nonspecifically cause loss of cell
adhesion. Finally, by knowing the anti-desmoglein speci-
ficity of pemphigus sera and the Dsg distributions in
stratified squamous epithelia, the localization of blister
formation in PV and PF can be explained.

Methods
Serum IgG purification and characterization. Ten human sera were
used: one normal human serum (NHS3019), sera from two
patients with PF (PF982 and PF1239), and sera from seven
patients with PV (JPV21, NIH2054, PV1236, PV1581, PV3014,
PV3015, and PV3024). The IgG fractions of the sera were isolat-
ed by chromatography using DEAE Affi-Gel Blue according to
the manufacturer’s protocol (Bio-Rad Laboratories Inc., Rich-
mond, California, USA). For each purification, serum (20 ml) was
dialyzed overnight at 4°C against 20 mM KH,PO, (pH 8.0) and
0.02% NaNj3 and loaded on a 100-ml column bed. The eluted IgG
was concentrated using Centriprep 10 (Amicon, Lexington,
Massachusetts, USA) and dialyzed against PBS (pH 7.4; GIBCO
BRL, Grand Island, New York, USA) overnight at 4°C. The pro-
tein concentration was then determined using Bio-Rad Protein
Assay (Bio-Rad Laboratories Inc.). The final IgG concentrates
were sterile-filtered through 0.22-m membranes (Millipore
Corp., Bedford, Massachusetts, USA) and stored at -20°C.
Before affinity purification, all sera were tested by indirect
immunofluorescence for cell-surface staining on monkey
esophagus cryosections (Scimedx Corp., Denville, New Jersey,
USA). The titers were greater than 320 for all PV and PF sera.
Dsgl and Dsg3 ELISA. Procedures for ELISA using baculovirus-
expressed recombinant Dsgl and Dsg3 have been described pre-
viously (13). The methods were slightly modified, and index val-
ues were used for ELISA scores instead of reaction units. Briefly,
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all sera were diluted 200-fold and incubated for 1 h at room tem-

perature on the recombinant Dsg-coated 96-well ELISA plates.
After washing, the plate was incubated with peroxidase-conju-
gated mouse monoclonal anti-human IgG antibody (MBL,
Nagoya, Japan) for 1 h at room temperature. After washing
again, the color was developed with a tetramethylbenzidine solu-
tion for 30 min, and the reaction was stopped with 2N H,SOs4.
The absorbance was measured at 450 nm by ELISA reader (Bio-
Rad Laboratories Inc.). Index values were obtained from the fol-
lowing formula: Index = [(OD of tested serum - OD of negative
control) / (OD of positive control serum - OD of negative con-
trol)] x 100. Positive controls for Dsgl and Dsg3 ELISAs were
diluted standard PF and PV sera, respectively. Negative control
was a diluted serum obtained from a normal individual.

IgG injection into neonatal mice. C57B1/6] mice were obtained
from Jackson Laboratories (Bar Harbor, Maine, USA). The
DSG3™! mice were obtained by DSG3*/~ heterozygote inter-
crosses (26). Newborn mice (1-2 days old) weighing between 1.3
and 1.8 g were injected subcutaneously between the shoulder
blades using a 1-cc insulin syringe (Becton Dickinson, Franklin
Lakes, New Jersey, USA). Each animal received between 1 and 26
mg of the purified IgGs and was sacrificed 16 h later for evalua-
tion. The mice were injected with 100 units of heparin
(Lyphomed, Deerfield, Illinois, USA) and decapitated 10 min
later. Skin and head sections were fixed in 10% PBS-buffered for-
malin (Sigma Chemical Co., St. Louis, Missouri, USA) for his-
tology. Tails were collected for DNA extraction and genotyping.

After immunoadsorption with Dsg1, the ELISA readings for
anti-Dsg3 antibodies decreased by 17% (from 0.561 to 0.468)

Figure 2

aceus; PV, pemphigus vulgaris.

with JPV21 serum and by 21% (from 0.894 to 0.704) with
NIH2054 serum. To compensate for the decrease of anti-Dsg3
antibodies, we increased the amount of IgG injected per pup:
from 4.3 mg/pup of unadsorbed JPV21 to 5.2 mg/pup of Dsg1-
adsorbed JPV21 and from 9.4 mg/pup of unadsorbed NIH2054
to 12 mg/pup of Dsgl-adsorbed NTH2054.

To score the animals or histological tissues based on the
degree of blistering, we have devised the following protocols:
We scored gross blisters on animals before sacrifice on a scale
from 1+ to 4+, where 1+ denotes blisters only when handled; 2+,
localized blisters <30% (of tissue); 3+, extensive blisters >30%;
and 4+, very extensive blisters >80%. Animals without any blis-
ters received a (-) mark. Histological blisters were scored from
0.5+ to 4+, where 0.5+ denotes very minor blisters; 1+, blisters
at the edge; 2+, localized blisters <50%; 3+, extensive blisters
>50%; and 4+, very extensive blisters >75%. Tissues that did not
show any blisters received a (-) mark.

PCR and DSG3 genotyping. The DSG3 exon 1 (200 bps) was
amplified with primers 5'- GGAGGAACAGACTAACAGGC and
5'-ACCATCAGGAGGGCCAGAGA, and the neomycin DNA
fragment (300 bps) was amplified with primers 5'-CTTGGGTG-
GAGAGGCTATTC and S5'-AGGTGAGATTACAGGAGATC
under the following conditions: 94°C for 2 min, 58°C for 2 min,
72°C for 2 min, then 29 cycles of 94°C for 40 sec, 58°C for 1
min, and 72°C for 1 min; the final step was a 10-min incubation
at 72°C. The products were electrophoresed on a 2% agarose gel,
and the DNA was stained with ethidium bromide.

Indirect immunofluorescence. Mouse tissues were either frozen
in OCT (Electron Microscopy Sciences, Fort Washington, Penn-
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Neonatal mice injected with PFand PV IgG. (a-c) Injec-
tion of low-dose (3 mg) PF982 IgG. DSG3*/* has no
detectable blisters (a); DSG3*/~ has localized blisters (b);
DSG3"™ shows extensive blisters (c). These results show
that the presence of Dsg3 limits blisters due to anti-
Dsg1 in PF sera. (d) DSG3™/ injected with 10 mg of IgG
from PV3014 containing both anti-Dsg3 and anti-Dsg1
antibodies shows extensive blisters, demonstrating that
anti-Dsg1 antibodies in PV serum are pathogenic. (e)
Wild-type mouse injected with high-dose (26 mg) IgG
from PV3024 containing only anti-Dsg3 antibodies
(without anti-Dsg1 antibodies) developed no skin blis-
ters. (f) Wild-type mouse injected with 9.4 mg from
NIH2054, containing anti-Dsg3 and anti-Dsg1 anti-
bodies, shows extensive blisters. (g) Wild-type mouse
injected with 12.0 mg of IgG from NIH2054 adsorbed
with Dsg1 no longer demonstrates blister formation. (h)
Wild-type mouse injected with 10 mg IgG from PV3024
(anti-Dsg3 antibodies) plus 1 mg IgG from PF982 (anti-
Dsg1 antibodies) shows extensive blisters. (e—h) These
results show the importance of anti-Dsg1 for efficient
blister formation by the anti-Dsg3 in PV sera. Arrows
mark the sites of blister formation. PF, pemphigus foli-
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Figure 3

Histology of skin and oral mucosa of neonatal mice
injected with PF and PV IgG. (a) Skin from a wild-type
mouse injected with (10 mg) PF982 (anti-Dsg1) 1gG
shows superficial blisters. (b) Mucous membrane from
a wild-type mouse injected with (10 mg) PF982 IgG
shows no blisters. Skin from a DSG3"/ mouse injected
with (10 mg) PF982 IgG reveals deep suprabasilar blis-
ters (¢) and extensive acantholysis (d). (e) Mucous
membrane from a DSG3"/ neonatal mouse injected
with (10 mg) PF982 IgG shows deep suprabasilar blis-
ters. (c—e) These results demonstrate that in DSG3"/
mice, in which there is no Dsg3 to compensate, PF I1gG
causes deep suprabasilar blisters in both the skin and
mucous membranes. (f) Skin from a DSG3"/ mouse
injected with (10 mg) PV3014 (anti-Dsg1 and anti-
Dsg3) IgG shows suprabasilar blisters. (g) Skin from a
wild-type mouse injected with (26 mg) PV3024 (anti-
Dsg3) I1gG shows no blisters. (h) Skin from a wild-type
mouse injected with (10 mg) PV3014 (anti-Dsg1 and
anti-Dsg3) IgG show suprabasilar blisters. (i) Mucous
membrane from a wild-type mouse injected with (10
mg) PV3014 IgG shows suprabasilar blisters. (j) Skin
from a wild-type mouse injected with (10 mg) PV3024
IgG and (1 mg) PF982 IgG shows suprabasilar blisters.
(f—j) These results demonstrate that anti-Dsg1 anti-
bodies in PV are pathogenic and that both anti-Dsg1
and anti-Dsg3 antibodies are necessary for efficient
blister formation in PV.
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sylvania, USA) or fixed in 10% formalin (Sigma Chemical Co.).
With frozen OCT tissue, sections (4 lm) were fixed either by air
drying or 5 min in methanol/acetone (-20°C) and then washed
in PBS (GIBCO BRL) for 15 min. The tissue sections were then
blocked for 1 h in blocking buffer (1% BSA, fraction V; Sigma
Chemical Co.) in PBS and incubated with PF982 or PF1239 sera
in blocking buffer overnight at 4°C. After a 15-min wash in
PBS, the tissue sections were incubated with FITC-conjugated
goat anti-human IgG (1:80 in blocking buffer, Cappel Labora-
tories, Cochranville, Pennsylvania, USA) for 1 h at room tem-
perature. The sections were again washed for 15 min in PBS,
dipped briefly in 95% ethanol (Sigma Chemical Co.), and
mounted in Elvanol (DuPont,Wilmington, Delaware, USA) for
viewing and photography with a BX60 photomicroscope
(Olympus Corp., Lake Success, New York, USA) (26).

Titers of the sera and IgG fractions were determined by indi-
rect immunofluorescence on monkey esophagus cryosections
(Scimedx Corp.). Briefly, monkey esophagus sections were

washed for 15 min in PBS, blocked for 15 min in blocking
buffer, and incubated with the sera or IgG fractions suspended
in blocking buffer for 1 hr at room temperature. The remain-
ing steps were as described earlier here.

To stain for Dsg3, AP904, an affinity purified rabbit
anti-mouse Dsg3 antibody, was used. This antibody was shown
by immunoblot to recognize a 130-kDa protein in DSG3*/* but
not DSG3" mouse skin extracts (31). Formalin-fixed paraffin-
embedded tissues (4 Um) were deparaffinized for 5 min each in
xylene (2 times), 100% ethanol (2 times), 95% ethanol, 75%
ethanol, and 50% ethanol. After a brief rinse in PBS, the tissues
were microwaved at 900 W for 4.5 min in an antigen-retrieving
medium (TUF; Signet, Dedham, Massachusetts, USA). The tis-
sues were then treated at 41°C for 7 min each with 0.1% trypsin
and then 3% hydrogen peroxide. After a 7-min incubation in 20%
ethanol in PBS, the tissues were incubated in blocking buffer for
1 h at room temperature and then with AP904 (1:100) in block-
ing buffer overnight at 4°C. For immunofluorescence
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microscopy, slides were then washed in PBS for 15 min and incu-
bated with Texas red-conjugated goat anti-rabbit IgG (1:200)
(Molecular Probes Inc., Eugene, Oregon, USA). The tissues were
then washed for 15 min in PBS, rinsed briefly in 95% ethanol,
and mounted for viewing. For immunoperoxidase staining, after
the overnight incubation with AP904 antibody, the tissues were
washed in PBS for 15 min and then incubated with biotinylated
goat anti-rabbit IgG (1:200) (Vector Laboratories, Burlingame,
California, USA). The tissues were washed in PBS for 15 min and
incubated with “Vectastain” (Vector Laboratories) for 30 min at
room temperature. The antibody binding was then detected with
Stable DAB (Research Genetics, Huntsville, Alabama, USA). The
DAB reactions were stopped with a 2-min rinse in H,O, and the
tissues were counterstained with hematoxylin (Gill’s Formula-
tion #3; Fisher Scientific, Pittsburgh, Pennsylvania, USA), dehy-
drated in ethanol, and mounted with Elvanol.

Results

Distribution of Dsgl and Dsg3 in normal neonatal mouse skin
and oral mucous membranes. To test the hypothesis that the
distribution of Dsgl and Dsg3 and the anti-desmoglein
specificity of autoantibodies determine the blister local-
ization in pemphigus, we first defined the expression pro-
files of Dsgl and Dsg3 in mouse skin and mucous mem-
branes by immunohistochemistry. In the skin, Dsgl, as
detected with PF serum, was on the cell surface through-
out the epidermis, more intense in the superficial layers,
and less intense in the deep basal layer (Fig. 1a). Cell-sur-
face staining for Dsg3, with rabbit anti-mouse Dsg3 anti-
bodies, was limited to the basal and most immediate
suprabasal cells of the skin (Fig. 1¢). Similar staining was
seen with anti-Dsg3 specific PV serum (not shown). The
distribution of Dsgl and Dsg3 in mouse skin is similar
to that previously observed in human skin (29, 30). In the
palate, the staining for Dsgl was throughout the epithe-
lium, however much more intense in the superficial lay-
ers (Fig. 1b). In some areas of the mucosa, the borders
between the cells of the basal and the suprabasal layers
were stained for Dsg1, but no staining was detected on
the lateral cell membranes of the basal cells. The staining
for Dsg3 was present throughout the mouse mucosal
epithelium (Fig. 1d). Thus, as determined by immuno-
histochemistry, the distributions of Dsgl and Dsg3 in

Figure 4

Levels of anti-Dsg1 and anti-Dsg3 antibodies in PV sera measured by
ELISA. Dsg1 ads. indicates that the serum was adsorbed with the extra-
cellular domain of Dsg1 produced in baculovirus. The ELISA index is
defined in Methods.

mouse and human skin and mucous membrane are sim-
ilar, as shown schematically in Fig. 1, e and f. Unlike pre-
vious reports in the human (30), however, Dsgl is
expressed in mouse mucosa and skin at about the same
intensity (Fig. 1,4 and b).

PF autoantibodies induce blisters where Dsgl is expressed
without coexpressed Dsg3. In the skin of normal mice, PF
autoantibodies are known to cause blisters in the super-
ficial epidermis, where Dsgl is expressed without con-
comitant Dsg3. If, as we hypothesized, Dsg3 protects
against blisters due to anti-Dsgl antibodies, then
DSG3"¥ mice, which do not express Dsg3, should exhib-
it more severe blistering than wild-type mice when inject-
ed with PF antibodies. To show that the presence of
Dsg3 limits PF blister formation, low doses of IgG from
sera of two patients with PF were transferred into two
sets of neonatal mice from DSG3*/- parents. In the first
experiment, nine pups from one licter were each injected
with 3 mg of PF IgG. The next day, we recorded the
extent of blistering without yet knowing the genotype of
the pups. We observed that one pup had no gross blisters
(Fig. 2a). Six pups had either localized or extensive blis-
ters (example shown in Fig. 2b). Two pups had very
extensive blisters (example shown in Fig. 2¢). Subsequent
genotyping of the animals revealed that the one pup that
did not develop gross blisters was a wild-type animal
(DSG3*/*). The other six pups that showed localized to
extensive blisters were heterozygous for the DSG3 muta-
tion (DSG3*-). The two neonates that had very extensive
blisters were DSG37#!. In a second experiment, seven
pups from another litter were injected with 1 mg of PF
IgG. The next day, five animals developed localized blis-
ters covering less than 30% of their bodies, and two ani-
mals had very extensive blisters covering greater than
80% of their bodies. Subsequent genotyping showed that
of the five animals with localized blisters, two were wild-
type (DSG3*/*) and three were heterozygous (DSG3*/")
for the DSG3 mutation. The two animals that demon-
strated very extensive blisters were DSG3"“ . Even with
higher doses of PF IgG, we repeatedly observed more
extensive blister formation in the DSG3"# animals.
These findings demonstrate that animals devoid of Dsg3
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Table 1
Histology of blisters in neonatal mice injected with PV I1gG

PV3024

C578BI/6) DSG3mil
or DSG3*/*

Skin Palate
0.5+D -

DSG3*/-

Skin
0.5+D -

Skin
14D -

Palate Palate

(26 mg 1gG/pup) - - - -

PV1236 - -
(10 mg 1gG/pup) - -

PV3015
(10 mg 1gG/pup)

PV1581
(10 mg 1gG/pup)

PV3014
(10 mg 1gG/pup)

1+D -
1+D -
1+D -
1+D -

2+D
2+D -
2+D -
2+D -

4+D
4+D
3+D
4+D
4+D -
4+D -
3+D -
3+D -
3+D -
3+D -
3+D -
24D -

4+D
4+D

3+D
3+D
3+D
4+D 2+D
4+D 1+D
4+D -
3+D

4+D
4+D
4+D

4+D
3+D

See Methods for definition of scale. Minus sign represents no blisters; D represents
blisters deep in the epithelium. PV, pemphigus vulgaris.
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were more susceptible to gross blister formation by anti-
Dsgl antibodies in PF sera.

Similar to humans, neonatal mice express Dsg3
throughout the oral epithelium. Therefore, we hypothe-
sized that this expression should protect against blister
formation from the anti-Dsgl antibodies in PF sera. PF
(PF982 and PF1239) IgG (10 mg/pup) was injected into
CS7B1/6] (n = 12), DSG3"/* (n = 6), and DSG3"/~ (n = 12)
neonatal mice within one to two days after birth. Within
16 hours after the IgG transfer, all 30 animals had gross
blisters over 80% of their skin. Histologically, the blisters
were observed in the superficial epidermis between cells
within the granular layers (Fig. 34). In spite of these exten-
sive skin blisters, none of the animals developed blisters
in the oral mucosa (Fig. 3b). These results show that in
both the deep epidermis and throughout the epithelia of
oral mucous membrane, expression of Dsg3 protects
against blister formation by anti-Dsg1 antibodies.

If, indeed, Dsg3 protects against blistering from anti-
Dsgl antibodies, then in DSG3" mice injected with PF
antibodies, we would expect to see loss of cell adhesion
extending to the deep epidermis and throughout the
mucous membranes, sites protected by Dsg3 expression in
normal mice. To test this prediction, six DSG3"# neonatal
mice were injected with 10 mg IgG from two different PF
sera (PF982 and PF1239). All six animals developed exten-

sive gross blisters. The histology of the skin mostly showed
acantholytic blisters deep in the epidermis (Fig. 3¢); how-
ever, in some areas, extensive acantholysis was observed
throughout the entire epidermis, from the suprabasal to
the granular layers (Fig. 3d). We assayed these mice for
mucous membrane lesions by histological analysis of the
anterior palate, a region that never shows blistering in
uninjected DSG3"“ neonates. All PF IgG-injected DSG3"
mice developed extensive suprabasilar blisters on the ante-
rior palate (Fig. 3e). Thus, in DSG3"¥ mice, PF IgG causes
blistering in areas normally protected from pathology by
coexpressed Dsg3 in wild-type mice.

Anti-Dsgl antibodies in PV sera are pathogenic. All PV sera
contain antibodies against Dsg3, whereas one-half to
two-thirds also contain antibodies against Dsgl (10,
14-16). To determine whether the anti-Dsg1 antibodies
in PV sera are pathogenic, we injected six DSG3" ani-
mals from three different litters with IgG from three dif-
ferent PV sera (PV3014, JPV21, and NIH2054) that con-
tained high levels of anti-Dsg1 antibodies, as determined
by enzyme-linked immunosorbent assay (ELISA) (Fig. 4).
All six animals developed extensive gross skin blisters
(example shown in Fig. 2d). By histology, the blisters were
localized to the deep suprabasal layer of the epidermis
(Tables 1 and 2; Fig. 3f). To demonstrate that it is the anti-
Dsgl antibodies that are pathogenic in these mice, we
adsorbed two PV sera (JPV21 and NIH2054) with the
extracellular domain of Dsgl produced in baculovirus.
ELISA assay confirmed that these sera no longer con-
tained anti-Dsgl antibodies (Fig. 4). IgG from these
adsorbed sera no longer caused blisters in DSG3"# mice
(Table 2). These data show that anti-Dsgl antibodies
from these PV sera result in the same pathology in
DSG3"! mice as those from PF sera (Fig. 3c).

Both anti-Dsg3 and anti-Dsgl antibodies are necessary for effi-
cient blister formation by PV sera. To determine whether anti-
Dsgl antibodies increase the pathogenicity of PV sera, we
injected neonatal wild-type mice with different PV sera,
all containing anti-Dsg3 antibodies, but with varying
amounts of anti-Dsgl antibodies, as determined by
ELISA (Fig. 4 and Table 1). Mice injected with IgG from
PV 1236 (10 mg/pup) or high-dose IgG from PV3024 (26
mg/pup), both containing insignificant anti-Dsg1 anti-
bodies, did not develop gross or significant histological
blisters (Figs. 2e and 3g). In contrast, PV sera with increas-
ing amounts of anti-Dsg1 antibodies caused increasing-
ly severe blistering, even when injected at lower doses (10
mg/pup). In pups injected with PV3015, which by ELISA
contained a low level of anti-Dsg1 antibodies, no gross
blisters were observed, but suprabasilar blisters were
detected by histology in most animals. The two PV sera
with the highest level of anti-Dsg1 antibodies, PV1581
and PV3014, caused gross skin blisters in all pups and
oral blisters in 30%, all suprabasilar by histology (Fig. 3, 5
and 7). These observations demonstrate that PV sera con-
taining anti-Dsg3 alone are inefficient at causing blister
formation and that PV sera that contain both anti-Dsg3
and anti-Dsgl are much more pathogenic.

To demonstrate further the importance of anti-Dsgl
antibodies in the pathogenesis of PV, we adsorbed these
antibodies from pathogenic PV sera (JPV21 and
NIH2054), leaving only the anti-Dsg3 antibodies, which
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were then were tested for their ability to cause skin blis-
ters in neonatal mice (Table 2). ELISA assay demonstrat-
ed that before adsorption both sera contained anti-Dsg3
and anti-Dsg1 antibodies, but after adsorption with the
extracellular domain of Dsgl, essentially only anti-Dsg3
antibodies were detectable (Fig. 4). The unadsorbed sera
induced extensive gross blisters (Fig. 2f) that were histo-
logically in the deep epidermis. In contrast, after adsorp-
tion, even though higher amounts of IgG were injected to
compensate for the slight decrease in anti-Dsg3 antibody
titers, mice did not develop gross (Fig. 2g) or histological
blisters. These results confirm that the anti-Dsg1 anti-
bodies in PV sera are critical for efficient pathogenicity.

Final proof that anti-Dsg1 antibodies are critical to PV
sera pathogenicity was provided by taking nonpatho-
genic PV sera that contained only anti-Dsg3 antibodies
and adding small amounts of anti-Dsg1 antibodies from
PF sera. Even when injected at a dose of 26 mg per
neonatal mouse, PV3024, which contains only anti-Dsg3
antibodies (Fig. 4), was extremely inefficient at causing
blisters (Table 1). However, 10 mg of IgG from this PV
serum plus 1 mg of PF IgG produced extensive
suprabasilar blisters in wild-type mice (Figs. 2h and 3j)

These data demonstrate the importance of both the anti-
Dsg3 and anti-Dsg1 antibodies in the pathophysiology of
PV blister formation and support the hypothesis that it is
necessary to interfere with the function of both Dsg’s in
areas of skin in which they overlap to produce blisters effi-
ciently. According to this hypothesis, the reason that anti-
Dsg3 antibodies alone are inefficient at causing loss of cell
adhesion is because Dsg1 is expressed throughout the epi-
dermis and can compensate for loss of function of Dsg3.

Discussion

In this study, we correlate pemphigus antibody profiles
with Dsg tissue distribution to explain blister localization
in PF and PV. We explain blister formation in PF as follows.
In PF sera, the anti-Dsg1 antibodies cause blisters only in
the superficial epidermis of neonatal mice because that is
the only area in which Dsg] is present without coexpressed
Dsg3 (Fig. 1, e and f). Although the anti-Dsg1 antibodies
bind to mucosa of these mice (data not shown), no blisters
are formed because of the coexpression of Dsg3. In DSG3"#
mice, in which there is no Dsg3 to compensate, PF IgG caus-
es blisters in both the skin and mucous membranes. These
blisters are usually deep in the epithelium. We speculate
that the reason the blisters are deep is twofold. First, the
injected antibodies penetrate from the dermis to the epi-
dermis and first interfere with the function of the Dsg1 in
the lower epidermis; thus, the blister occurs there before
pathogenic levels of antibodies penetrate to the higher lev-
els. By direct immunofluorescence, we have confirmed that
at 4 hours after injection, IgG is found only in the lower epi-
dermis (our unpublished observation). Second, the cell-cell
adhesion deep in the epidermis might be weaker than that
found more superficially, because there are fewer desmo-
somes and less Dsg1 in the former area.

We explain blister formation in PV as follows. In early
PV, there may only be antibodies against Dsg3 (13, 16).
These antibodies are very inefficient at causing blisters
because in the skin and mucosa of neonatal mice, Dsg1 is
expressed from the superficial epidermis at least down to

the apical membrane of the basal cells (Fig. 1, e and f) and
can compensate for lost Dsg3 function. However, in adult
humans, as opposed to mice, there is much less Dsgl in
oral mucosa than in skin; therefore, in the deep mucosa,
where the intensity of Dsg1 expression falls off dramati-
cally, there may be little, if any, Dsg1 (30). Therefore, in
humans, anti-Dsg3 alone may be efficient at causing oral
mucous membrane blisters in early disease. In later dis-
ease, patients with PV develop anti-Dsgl antibodies in
addition to the anti-Dsg3 antibodies. We propose that in
later disease, mice and humans develop deep epidermal
blisters because the PV anti-Dsg3 and anti-Dsg1 antibod-
ies interfere with the function of both Dsg’s and penetrate
from the dermis into the deep epidermis, where cell-cell
adhesion may be weakest, as already discussed.

The results discussed here do not support the theory
that antibodies in pemphigus indirectly cause loss of cell
adhesion through mediation of protease release from
keratinocytes. If antibody binding caused protease
release, which in turn caused blisters, then in areas where
Dsg3 and Dsgl are coexpressed, antibody binding to one
of the two antigens would be expected to produce blis-
ters. However, we show here that these areas are actually
protected from blister formation.

Our results strongly suggest that antibodies in pem-
phigus interfere with the function of Dsg’s and that if
either Dsgl or Dsg3 is still functional, there is limited
spontaneous blistering, but that if neither is functional,
then extensive blistering results. These observations also
underscore the importance of Dsg’s in maintaining cell
adhesion in stratified squamous epithelia.

Alogical extension of our findings is that it would be rea-
sonable to screen for pharmacologic agents that increase
the expression of Dsg’s that are not bound by antibodies
in particular types of pemphigus, thus protecting against
blister formation. It is our hope that an understanding of
the pathophysiology of pemphigus at this level may lead to

innovative therapy for these life-threatening diseases.
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