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Pemphigus foliaceus IgG causes dissociation
of desmoglein 1—containing junctions without
blocking desmoglein 1 transinteraction
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Autoantibodies against the epidermal desmosomal cadherins desmoglein 1 (Dsgl) and Dsg3 have been shown
to cause severe to lethal skin blistering clinically defined as pemphigus foliaceus (PF) and pemphigus vulgaris
(PV). It is unknown whether antibody-induced dissociation of keratinocytes is caused by direct inhibition of
Dsgl transinteraction or by secondary cellular responses. Here we show in an in vitro system that IgGs purified
from PF patient sera caused cellular dissociation of cultured human keratinocytes as well as significant release
of Dsgl-coated microbeads attached to Dsg-containing sites on the keratinocyte cellular surface. However, cell
dissociation and bead release induced by PF-IgGs was not caused by direct steric hindrance of Dsg1 transinter-
action, as demonstrated by single molecule atomic force measurements and by laser trapping of surface-bound
Dsgl-coated microbeads. Rather, our experiments strongly indicate that PF-IgG-mediated dissociation events
must involve autoantibody-triggered cellular signaling pathways, resulting in destabilization of Dsgl-based

adhesive sites and desmosomes.

Introduction

It is well established that skin blistering in patients suffering
from pemphigus vulgaris (PV) and pemphigus foliaceus (PF) is
caused by formation of antibodies against the desmosomal cad-
herin family members desmoglein 1 (Dsgl) and Dsg3, respec-
tively (1-4). Dsgs are linked to the keratinocyte intermediate
filament cytoskeleton by several adaptor proteins located in the
desmosomal plaque, including plakoglobin (5, 6). It has been
proposed that antibody-induced steric hindrance of Dsg tran-
scellular binding (transinteraction) is the major pathogenic
mechanism responsible for cellular dissociation and pemphi-
gus development (7, 8). However, other mechanisms, includ-
ing antibody-induced activation of extracellular proteolysis,
phosphorylation of Dsgs, and activation of protein kinase C
followed by plakoglobin dislocation and subsequent depletion
of Dsgs from desmosomes, appear to be important for pem-
phigus pathogenesis (9-13). To address this question of direct
inhibitory action of antibodies on desmosomal adhesion ver-
sus antibody-induced intracellular signaling pathways involved
in cellular dissociation, we used single molecule-based micro-
mechanical approaches, i.e., laser tweezers and atomic force
microscopy (AFM). These approaches, which have been used in
our laboratory to characterize binding properties and regulatory
mechanisms of vascular endothelial cadherin (VE-cadherin) and
neuronal cadherin (N-cadherin) (14-19), allowed us, for what we
believe is the first time, to discriminate between direct and indi-
rect effects of antibodies on Dsg-based intercellular adhesion.
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Dsg, desmoglein; F-actin, filamentous actin; Fab, antigen-binding fragment; HaCaT,
immortalized human keratinocyte cell line; N-cadherin, neuronal cadherin; NHS,
N-hydroxy-succimide; PEG, polyethylene glycol; PF, pemphigus foliaceus; PV, pemphi-
gus vulgaris; RT, room temperature; VE-cadherin, vascular endothelial cadherin.
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In the present study, we provide evidence that PF-IgGs do not
directly inhibit Dsgl-mediated adhesion by steric hindrance but
require cell-dependent signaling mechanisms.

PF-IgGs at concentrations that induced cellular dissociation in
monolayers of cultured immortalized human keratinocyte cell line
(HaCaT) keratinocytes also resulted in release of Dsgl-coated beads
bound to Dsg-containing sites on the cell surface. In contrast, when
beads were preincubated with PF-IgGs before settlement on HaCaT
cells, binding to the cell surface was not inhibited.

Results

Effect of PF-IgGs on human keratinocytes (HaCaT). IgG fractions
from PF patients as well as a monoclonal mouse antibody direct-
ed against the extracellular domain of Dsgl detected the recom-
binant Dsgl-Fc fusion protein in dot blot analysis (Figure 1).
Dot blot analysis of lysates of confluent HaCaT cells demon-
strated the presence of Dsgl as well as of Dsg3 (Figure 1). Dsgl
was hardly detectable 3 days after plating and increased over time
until strong expression was detected at 7 days after plating, the
time when experiments were performed. A mouse monoclonal
antibody to Dsg3 was used for immunostaining of desmosomes
in cultured HaCaT monolayers. In order to reveal autoantibody-
induced dissociation of keratinocytes at the light microscope
level, we looked for a staining protocol that allowed visualiza-
tion of even small intercellular gaps. Keratinocytes were strongly
labeled by antibodies to cytokeratins, with the exception of the
cell periphery where staining was weak (not shown). However,
Alexa-phalloidin, a specific label for filamentous actin (F-actin),
created strong labeling of the entire cortical cytoplasm and
allowed detection of even very small intercellular gaps.

In control monolayers, Dsg3 and F-actin were strongly enriched
along the cell periphery (Figure 2, A-C). Individual desmosomes
were not revealed under these conditions. Moreover, Dsg3 was
localized in cytoplasmic compartments, probably reflecting sites
of synthesis, transport, and recycling (20). The overall distribu-
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Characterization of PF-IgGs and HaCaT cells. Dot blot immunodetec-
tion demonstrating that the mouse monoclonal antibody directed against
Dsg1 (i) as well as PF1-IgGs (jii) but not control IgGs (ii) detected the
recombinant fusion protein consisting of the complete extracellular
domain of Dsg1 and the Fc-portion of human IgGs (Dsg1-Fc).
Both Dsg1 and Dsg3 were detected in HaCaT cell lysates by the mono-
clonal anti-Dsg1 (a-Dsg1) antibody (iv—vi) and the monoclonal a-Dsg3
antibody (vii), respectively. Contents of Dsg1 constantly increased
from 3 days (iv) and 5 days (v) up to 7 days after plating (vi), the time
when monolayers were used for experiments. The data shown is for 1
representative experiment out of 3.

tion of F-actin and Dsg3 remained unchanged by incubation of
HaCaT cells with control IgGs for 24 hours (35 ug/ml) (Figure 2,
D-F). In contrast, when HaCaT cells were incubated with PF1-IgGs
(35 ug/ml total IgG), intercellular gaps appeared between many
cells of the monolayers (Figure 2G) accompanied by profound
changes in cell shape. Gap formation could be observed as early
as after 2 hours of incubation with PF-IgGs (not shown), but
effects were more pronounced after 24 hours of incubation.
Under these conditions, different effects on the actin cytoskele-
ton were observed. F-actin had largely disappeared from cell bor-
ders (Figure 2, G and M). The cytoplasmatic actin filament sys-
tem displayed formation of numerous stress fibers (Figure 2G),
aggregates of short actin filaments, or a complete loss of cyto-
plasmatic actin (Figures 2M and 3C). Overall immunoreactivity
for Dsg3 was reduced in cells displaying gap formation but was
still present in small cellular processes interconnecting neigh-
boring cells (arrowheads in Figure 2H). To investigate whether
cell dissociation was caused by Dsg1-specific antibodies from the
PF-IgG fractions, we performed immunoabsorption experi-
ments. Immunoabsorption using beads coated with recombinant
Dsgl-Fc abolished both gap formation and changes in cellular
shape as documented for PF2-IgGs (Figure 2, J-L). In control
experiments using beads coated with recombinant VE-cadherin-
Fc (which is not expressed in keratinocytes), the cell-dissociat-
ing activity of PF-IgGs remained unchanged (Figure 2, M-O),
indicating that Dsgl-specific antibodies from the PF-IgG frac-
tions were responsible for these effects. In contrast to PF-IgG,
the monoclonal antibody (1:50, 24 hours) directed against the
extracellular domain of Dsgl did not induce cell dissociation
(Figure 2, P-R) although it inhibited Dsgl-mediated homophilic
binding as revealed by laser tweezer assay and AFM (see below)
under the same conditions.

Next, we tested the effect of PF-IgGs on distribution of
Dsgl. Under control conditions, Dsgl was distributed along
cell borders when HaCaT cells were grown to full confluence
(Figure 3A). However, following treatment with PF-IgG, Dsgl
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immunostaining was largely lost in cell groups in which gap for-
mation and cell dissociation were detected by F-actin staining
(Figure 3, B and C, arrows). On the other hand, immunostaining
for Dsg3 was clearly less strongly affected.

Characterization of bead-to-cell junctions. For characterization of
bead-to-cell junctions by immunofluorescence, we used Dsgl-
coated latex-sulfate beads rather than Dynabeads because the
latter displayed strong autofluorescence whereas the former are
nonfluorescent. After settlement on the surface of HaCaT cells for
30 minutes, most beads had recruited endogenous Dsgl, Dsg3,
and plakoglobin to the bead-to-cell junctions (Figure 4, A-D),
as shown by halo-like accumulation of immunofluorescence
specific for these proteins in the immediate vicinity of the beads
(arrows in Figure 4, B and D). Beads coated with Fc fragments
only (used as controls) did not induce formation of such bead-
to-cell contacts (Figure 4, E and F). With respect to staining for
Dsgl, it has to be mentioned that the Dsgl antibody used for
staining is directed against the extracellular domain of Dsgl and
thus cannot discriminate between cellular Dsgl and recombinant
Dsgl-Fc bound to the bead surface. However, as seen in Figure 4B,
the amount of Dsgl-Fc bound to the bead surface was in most
experiments too low to create any significant immunosignal.
Beads not inducing immunopositive bead-to-cell contacts were
in the range of roughly 10-30%, which is close to the value of
loosely attached beads determined by laser tweezer experiments
(20%). To further characterize the structure of bead-to-cell con-
tacts, monolayers were processed for transmission and scanning
electron microscopy. During the rather harsh conditions of fixa-
tion, dehydration, and embedding/critical point drying, only the
tightly (specifically) bound beads remained attached to the cell
surface. Cell-to-bead junctions were found at the tip of finger-
like processes between the cell surface and adhering microbeads
(arrow in Figure 5). These processes closely mimicked the desmo-
some-bearing processes between neighboring cells (arrowhead).
Phagocytosis of beads was not observed under these conditions
and also did not occur during the subsequent incubation period
with PF-IgGs (30-60 minutes).

PF-IgGs reduced adbesion of Dsgl-coated microbeads to the surface of
HaCaT cells. The effect of PF-IgG fractions on Dsgl binding was
studied by laser tweezer experiments. For this purpose, Dsgl-coat-
ed beads were allowed to settle on the cell surface for 30 minutes
before their binding was tested by separating forces of the laser
beam. Under these control conditions, about 80% of Dsgl-coated
beads were tightly bound to the cell surface. Incubation periods
longer than 30 minutes did not change the overall outcome of the
assay. Therefore, all studies were performed with the 30-minute
protocol. When EGTA (5 mM, 30 minutes) was added to the cul-
ture medium, the number of bound beads dropped to 27% + 1% of
control values (Figure 6), documenting that Dsgl-mediated adhe-
sion is strongly Ca?"-dependent (n = 6). To demonstrate that bead
binding was specifically mediated by Dsg1 and to rule out the pos-
sibility thatloss of bead binding following incubation with EGTA
was caused by secondary effects, we performed experiments with
the mouse monoclonal antibody directed against the extracellular
domain of Dsgl. At antibody concentrations of 1:50, the immuno-
labeling signal of dot blots of recombinant Dsg1 displayed intensi-
ties similar to the signal obtained with PF-IgGs (Figure 1). Anti-
Dsgl reduced the number of bound Dsgl-coated beads to HaCaT
cells to 27% + 7% of control values and thus to the same extent as
EGTA. In the presence of control IgGs (35 ug/ml), the number of
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beads bound to the cell surface was unaffected (n = 6). However,
when HaCaT cells with surface-bound beads were postincubated
with PF-IgG fractions (PF1- and PF2-IgGs, 35 ug/ml, 30 minutes),
the number of bound beads dropped significantly to 51% + 2%
and 28% + 4% of control values, respectively (n = 6). When PF2-
IgGs were depleted of Dsgl autoantibodies by immunoabsorption
with Dsgl-coated beads (see above), the PF2-IgG-induced loss of
bead binding was completely abolished (Figure 6), indicating that
Dsgl-specific antibodies from the PF-IgG fraction were respon-
sible for these effects. This conclusion was confirmed by control
experiments using VE-cadherin-coated beads for immunoabsorp-
tion. No significant reduction of PF2-IgG-induced loss of Dsg1-
mediated binding was observed under these conditions (42% + 4%
of control values, n = 5 each).

To investigate whether PF-IgGs inhibit Dsgl-mediated adhe-
sion directly or act indirectly by complex cellular responses, we
performed preincubation studies in which either HaCaT cells or
Dsgl-coated beads were preincubated with PF-IgGs before beads
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Figure 2

PF-lgG-induced cell dissociation in HaCaT monolayers. HaCaT cells
double-stained for F-actin using Alexa-phalloidin (A, D, G, J, M, and P)
and Dsg3 (B, E, H, K, N, and Q). In controls, F-actin and the des-
mosomal cadherin Dsg3 were distributed along cell junctions (A-C).
Control IgGs (35 ug/ml, 24 hours) did not affect distribution of Dsg3
(E and F). In contrast, PF1-IgGs (35 ug/ml, 24 hours) induced intercel-
lular gaps (arrows) best seen in the Alexa-phalloidin stain for F-actin
(G and I). Note that Dsg3 is still present in cell processes spanning
gaps (arrowheads in H). Following immunoabsorption of PF-IgGs by
Dsg1-Fc—coated beads, PF2-1gGs (35 ug/ml, 24 hours) had no effect
(J-L) whereas large gaps (arrows) were induced by incubation with
PF2-1gGs when control absorption was performed with beads coated
with VE-cadherin—Fc (VE-Fc) (M-0), indicating requirement of auto-
antibodies specific for Dsg1 for cell dissociation. Note that the inhibi-
tory monoclonal antibody directed against the extracellular domain of
Dsg1 did not induce gaps (P—R). Scale bar: 40 um for all panels (n = 5).
abs., immunoabsorption.

were allowed to settle on the cell surface. When HaCaT cells
(35 wg/ml) were preincubated for 30 minutes with PF1-IgGs
before beads were applied after removal of PF-IgG-containing
culture medium, binding of Dsgl-beads was reduced to 33% + 8%
of control levels and thus was not significantly different from
experiments in which PF-IgGs were applied subsequently to bind-
ing of Dsgl-coated beads (n = 5). However, when instead Dsgl-
coated beads were preincubated with PF1-IgGs (35 ug/ml, 30 min-
utes) in vitro before settlement on HaCaT cells, 93% + 3% of beads
compared with controls bound to the cell surface, indicating that
PF-IgGs did not inhibit Dsgl-mediated binding to HaCaT cells
(n=235).In contrast, the monoclonal anti-Dsg1 reduced bead bind-
ing to 29% + 2% when cells were preincubated with the antibody
and also reduced the number of bound beads to 26% + 1% when
Dsgl-coated beads were preincubated with the antibody, indicat-
ing that the mechanisms by which PF-IgGs and the monoclonal
antibody affected Dsgl-mediated adhesion are profoundly differ-
ent. Moreover, these experiments demonstrate that PF-IgG treat-
ment of cultured keratinocytes reduced Dsgl-mediated adhesion
not by steric hindrance of Dsgl transinteraction but by involved
secondary cellular mechanisms.

PF-IgGs did not block transinteraction of single Dsgl molecules in a
cell-free system. To study the effects of PF-IgGs in a cell-free sys-
tem where adhesion of Dsgl molecules can be investigated in the
absence of any cellular signaling mechanisms, we used single mol-
ecule atomic force microscopy (AFM). Force-distance cycles were
performed to quantify binding activity between Dsg1-Fc molecules
coupled to tip and plate of the AFM setup as described in detail
elsewhere (14, 16, 21). The general principle of determination of
binding activity of transinteracting recombinant Dsgl dimers is
illustrated in Figure 7A. Dsgl covalently attached to the tip of the
cantilever and the surface of the plate were brought into interac-
tion and separation by cyclic upward and downward movements
of the tip at a frequency of 1-2 Hz (force-distance cycles). During
downward movement (approach), the tip of the cantilever eventu-
ally hit the plate and, during further downward movement, was
gradually deflected upwards until the end of the approach (defined
as zero position of the cycle). During the following retrace move-
ment, the cantilever bent back with the same linear force slope
until the tip separated from the plate to reach the unbent neutral
position. During further progression of the retrace movement,
the cantilever remained in the neutral position if no interaction
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PF-lgG—induced cell dissociation is accompanied by loss of Dsg1
staining. After incubation of HaCaT cells with PF-IgGs (35 ug/ml,
24 hours), monolayers were double-stained for Dsg1 (B) and
F-actin using Alexa-phalloidin (C). Intercellular gaps are indicated by
arrows. Dsg1 is located along cell borders (A) and becomes strongly
reduced in response to PF-IgGs (arrowheads in B). Scale bar: 40 um
for all panels (n = 5).

occurred between tip- and plate-bound Dsgs. Interaction between
Dsgl molecules proceeded throughout the entire period during
which plate and tip were in contact. If interaction had taken place,
the cantilever was pulled down below the neutral line until a criti-
cal force was reached (unbinding force) at which the Dsgl bonds
broke. Unbinding was followed by an abrupt jump of the cantilever
to the neutral position. Unbinding events typically proceeded suc-
cessively, creating saw tooth-like unbinding curves such as those
shown in Figure 7A. Because Dsgl was attached to the plate and
tip by flexible polyethylene glycol (PEG) linkers, molecules could
freely diffuse within the radius of the length of the linkers (~8 nm),
allowing them to undergo unimpaired encounter reactions (21).
Approach-retrace cycles of 800 nm/s and 0.1 seconds encounter
time were performed in the presence and absence of antibodies.
The total area between the force curve and the neutral line was
taken as a measure for binding activity (Figure 7A) as outlined pre-
viously (14). Binding activity was normalized to experiments using
a cantilever not labeled with Dsg1 to eliminate the contribution of
unspecific interactions. Each point of the plot shown in Figure 7A
represents the mean activity of at least 600 retrace cycles using one
AFM tip (4 tips for each condition).

The unit unbinding force of a single binding event of 2 tran-
sinteracting Dsgl molecules was measured as 37-68 pN depend-
ing on the pulling velocity (300 nm/s-6000 nm/s), which is
comparable to the unbinding force of other cadherins, such as
VE-cadherin or N-cadherin (14, 16). But higher order unbinding
events were also observed that point to additional mechanisms
of interaction. These findings will be published in detail in a
separate study. In the presence of EGTA-binding (5 mM), activ-
ity of Dsgl transinteraction was strongly reduced to 15% + 8%

Figure 4

Localization of Dsg1, Dsg3, and plakoglobin at cell-to-bead contacts.
Dsg1-coated beads (A-D) and Fc-coated beads (E and F) were
immunostained following settlement on HaCaT cells for 30 minutes.
Immunostaining for Dsg1 (B) showed localization of Dsg1 at the cell
surface underneath most Dsg1-coated beads, which are visualized in
A by corresponding phase contrast microscopic image. Note halo-like
accumulation of cellular Dsg1 and plakoglobin around the bead attach-
ment sites (arrows in B and D). Similarly, Dsg3 (C) was detected at
cell-bead contacts. In contrast, no immunoreactivity for Dsg1 was found
underneath Fc-coated beads visualized in a corresponding phase con-
trast figure (E and F). Scale bar: 10 um for all panels (n = 5).
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of control values (Figure 7B). PF-IgGs 1 and 2 did not significant-
ly reduce binding activity on the single molecule level (35 ug/ml,
30 minutes). Binding activity was 106% + 12% after treatment
with PF1-IgGs and was even surprisingly higher following treat-
ment with PF2-IgGs (167% + 4%). To exclude the possibility that
antibody-induced crosslinking of transinteracting Dsg1 ectodo-
mains might have caused this increase in binding activity, we
prepared antigen-binding fragments (Fabs) from the patients’
IgG fractions. When applied at the same protein concentrations,
PF1-IgG Fab fragments as well as PF2-IgG Fab fragments did not
change Dsgl transinteraction (94% + 11% and 107% + 9% of con-
trols). This indicates that the increase in binding activity to 167%
observed with PF2-IgGs was probably caused to some degree
by antibody-mediated cross-bridging between Dsgl molecules
bound to plate and tip. In contrast to both PF-IgGs, the mono-
clonal antibody directed against the extracellular domain of
Dsgl (1:50) reduced binding activity to 42% + 9% of control val-
ues. Taken together, these experiments demonstrate that PF-IgGs
did not block transinteraction of Dsgl molecules in a cell-free
system whereas PF-IgGs reduced Dsgl-mediated adhesion only
under conditions in which they acted on keratinocytes.

Discussion

PF-IgGs reduce Dsgl-mediated adbesion by mechanisms other than steric
hindrance. Our study demonstrates for what we believe is the first
time at the single molecule level that Dsgl molecules undergo
homophilic, Ca?*-dependent interaction and provides further
insight into the mechanisms involved in skin blistering induced
by pemphigus autoantibodies. During the last decade, autoanti-
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Figure 5

Characterization of cell-to-bead contacts induced by Dsg1-coated beads. Scan-
ning electron microscopy (A) and transmission electron microscopy (B) were used
to characterize contacts between HaCaT cells and Dsg1-coated beads formed
after 30 minutes of settlement. Finger-like processes were present underneath
beads with direct contact to HaCaT cells (arrows). These processes were similar
to the desmosome-bearing processes found at contact sites between neighboring
cells (arrowhead). Scale bars: 2.5 um (A), 1.25 um (A, inset); 1.0 um (B).

bodies against Dsgs have been identified as the main cause of blis-
ter formation in PF and PV (1-4, 22, 23). Moreover, it is generally
believed that Dsgl is predominantly expressed in the superficial
layers where little Dsg3 is present to compensate for the reduced
function of Dsgl. This observation has been taken to explain why
PF is characterized by superficial skin blistering whereas PV is
associated with suprabasal blistering (8). However, the molecular
mechanisms underlying skin blister formation induced by pem-
phigus antibodies are still unclear. Two hypotheses have been
proposed as possible explanations for why scattering of keratino-
cytes is induced following binding of pemphigus antibodies (7, 9,
24-26). First, it is possible that binding of PF antibodies, which
are known to be primarily directed against the first extracellular
domain (27), would disrupt Dsg-mediated adhesion through
steric hindrance. On the other hand, there are reports indicating

Figure 6

Effect of PF-IgGs on binding of Dsg1-coated beads to HaCaT cells.
Beads were allowed to settle on the surface of HaCaT cells for 30 min-
utes (control). Number of bound beads was reduced by simultaneous
incubation of EGTA (5 mM, 30 minutes). Incubation of monolayers with
attached beads for an additional 30 minutes with IgG fractions from 2
patients (PF1- and PF2-IgG, 35 ug/ml each) as well as with a monoclo-
nal antibody (1:50) directed against the extracellular domain of human
Dsg1 significantly reduced the number of bound beads (label in white
box and white bars). Immunoabsorption using Dsg1-coated beads but
not control absorption using VE-cadherin—labeled beads completely
abolished the effect of PF-IgGs on bead adhesion. Preincubation of
HaCaT cells with PF-IgGs prior to bead settlement also reduced bead
binding (label in gray box and gray bars) whereas preincubation of
beads with PF-IgGs did not inhibit bead binding. In contrast, the mono-
clonal Dsg1 antibody reduced bead binding also when applied for pre-
incubation with beads, indicating a different mechanism underlying the
reduction of Dsg1 adhesion (n = 6 for each condition).
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that pemphigus antibodies induce several intracellular
signaling events that may lead to decreased desmosomal
adhesion (10-13). Recently, it has been demonstrated
that PV-IgGs induce activation of p38 MAPK with sub-
sequent phosphorylation of hsp 27 (28).

In our study, treatment of cultured keratinocytes with
PF-IgGs induced intercellular gap formation and disap-
pearance of Dsgl from intercellular junctions. This was
accompanied by significant reduction of Dsg1l-mediated
adhesion measured as number of surface-bound Dsgl-
coated beads resisting laser trapping. Immunodepletion
of PF-IgGs using Dsgl-coated beads completely abol-
ished these effects of PF-IgG, indicating that autoanti-
bodies against Dsgl were responsible for the biologic
effects in our in vitro system and that the recombinant
protein retained its native conformation during the puri-
fication procedure (4, 29).

However, in contrast to experiments using the mono-
clonal Dsgl antibody, binding of beads to keratino-
cytes was not significantly reduced when Dsgl-coated
beads were preincubated with PF-IgGs before bead
settlement. These data indicate that PF-IgGs reduced
Dsgl binding by different, cell-dependent mechanisms
whereas the monoclonal Dsgl antibody seemed to
directly inhibit Dsgl adhesion. This was confirmed by
studies using AFM in a cell-free system in which we
demonstrated that the monoclonal antibody but not
PF-IgGs inhibited Dsgl transinteraction. The increased bind-
ing activity in the presence of PF2-IgGs was likely caused by
antibody-mediated cross-linking between plate- and tip-bound
Dsgl ectodomains as indicated by experiments with Fab frag-
ments prepared from PF2-IgG.

The novel result of our study is that PF-IgGs did not inhibit
Dsgl binding by steric hindrance but rather reduced Dsg1-medi-
ated adhesion by antibody-mediated cellular responses. IgG frac-
tions used in this study were taken from 2 patients afflicted with
severe forms of PF. These IgG fractions also caused dissociation of
keratinocytes in vitro under conditions where no steric hindrance
of Dsgl binding was detected, indicating that steric hindrance
is not required for induction of the disease. However, since the
goal of the study was not to determine the IgG epitope recognized
by PF patient antibodies, we cannot exclude the possibility that
IgG fractions that inhibit Dsg transinteraction may be present
in other patients suffering from PF. But our experiments clearly
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show that steric hindrance is not a general mechanism by which
skin blistering is mediated in PF patients, and we show further
that an inhibitory mouse monoclonal antibody does not cause
cellular dissociation of HaCaT cells.

PF-IgGs induced dissociation of keratinocytes and loss of Dsgl. In our
study, incubation with PF-IgGs induced formation of numerous
intercellular gaps in monolayers of HaCaT cells. Dissociation of
keratinocytes in response to incubation with PF-IgGs was paral-
leled by profound loss of Dsg1l immunoreactivity. Whereas Dsg3
was still present in cellular processes spanning intercellular gaps,
Dsgl staining had largely disappeared in cell groups exhibiting
gaps. These data are in line with previous studies that demon-
strated that PV antibodies induced Dsg3 degradation (10, 11).
Moreover, recent studies reported that PV-IgGs both reduced
gene expression and increased phosphorylation of Dsg3 and
other desmosomal plaque components. Expression of cytoskel-
etal proteins like cytokeratins was also found to be reduced fol-
lowing treatment with PV-IgGs (30). In this context, we believe
our results are the first to demonstrate that PF-IgGs cause dis-
sociation of cultured keratinocytes within a time course similar
to that described previously for antibodies from PV patients (12).
Also in favor of signaling events, other studies demonstrated that
PV-IgGs caused activation of protein kinase C and required the
expression of plakoglobin for cell dissociation (7, 12, 25). More-
over, our experiments indicate that inhibition of Dsgl binding
by steric hindrance is not sufficient to induce keratinocytes to
detach. The monoclonal Dsgl antibody reduced binding of
Dsgl-coated beads as well as transinteraction of single Dsg1
molecules (AFM experiments) but was not sufficient to cause
dissociation of keratinocytes. If cell dissociation in vitro reflects
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Figure 7

Binding activity of Dsg1 in the presence or
absence of PF-IgGs probed by AFM. (A)
General working principle of force-distance
cycles. Dsg1-Fc is covalently attached by
PEG-linkers to the plate and cantilever tip
of the AFM setup. Molecules are brought
into contact by downward movement of the
tip. During upward movement, a downward
deflection of the cantilever will occur if plate-
and tip-bound Dsg1 molecules undergo
binding (left). Retrace and approach were
subtracted, and the area below the resulting
curve was integrated and taken as a mea-
sure for the average binding activity (right,
gray). (B) Bar diagram shows binding activi-
ties of Dsg1 molecules in the presence or
absence of antibodies. Binding activity was
significantly reduced by incubation with
EGTA (5 mM, 30 minutes) or the monoclo-
nal antibody directed against Dsg1 (1:50).
However, PF-IgGs (35 ug/ml, 30 min) did not
reduce binding events in this cell-free sys-
tem. Fab fragments from the PF-IgG fraction
have been applied to rule out possible cross-
linking effects of the PF-IgGs and were found
not to reduce Dsg1-mediated binding (n = 4
for each condition).

30 nm

JUSTRV RS v
M

Unbinding events
of several transinteracting
Dsg1 molecules

the skin blistering activity of PF-IgG, these results indicate that
reduction of Dsgl-mediated adhesion by steric hindrance may
not be sufficient for the pathogenesis of PF.

Ca?*-dependent homophilic transinteraction of Dsgl. Our results from
AFM experiments clearly demonstrate that Dsgl is capable of
undergoing specific homophilic transinteraction in a Ca?*-depen-
dent manner. In our AFM experiments, in which Dsgl was coupled
via flexible linkers to tip and plate of the AFM, binding was sig-
nificantly reduced following incubation with either EGTA or the
inhibitory monoclonal antibody directed against Dsg1.

The unbinding force of 2 transinteracting Dsg1l molecules was
in the range of the forces measured by AFM for other members
of the cadherin family that bind in homophilic manner, such as
VE-cadherin (35-55 pN) and N-cadherin (40 pN) (14, 16). These
data clearly demonstrate that Dsgl is able to undergo homophilic
transinteraction. However, it has to be emphasized that the in vitro
conditions of our assay may not completely apply to the in vivo
situation where members of both the Dsg and desmocollin (Dsc)
subfamilies seemed to build heterophilic complexes. Heterophilic
interaction has been shown by cell aggregation assays using cells
expressing either Dsgl or Dscl (31, 32). It has been proposed
that the ratio between Dsgl and Dscl is a critical determinant
of desmosomal adhesion (33). Different studies using the first 2
extracellular domains of Dsg2 and Dsc2 reported both homophilic
and heterophilic interaction of Dsg2 (34).

Taken together, our AFM experiments demonstrate that PF-
IgGs do not inhibit homophilic transinteraction of Dsgl mol-
ecules by steric hindrance. However, it cannot completely be
ruled out that heterophilic interactions of Dsgl with Dscl may
be more sensitive to PF IgG. Thus, further studies are needed
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Number 11~ November 2005



to determine the contribution of homophilic versus heterophilic
mechanisms of desmosomal adhesion and to characterize the
underlying molecular binding properties.

Methods

Cell culture. The immortalized human keratinocyte cell line HaCaT (a kind
gift from P. Boukamp, German Cancer Research Center (DKFZ),
Heidelberg, Germany) was grown in DMEM (Invitrogen Corp.) supple-
mented with 50 U/ml penicillin-G, 50 ug streptomycin, and 10% FCS
(Biochrom) in a humidified atmosphere (95% air, 5% CO;) at 37°C.
The cultures were used for all experiments when grown to confluent
monolayers, and Dsgl expression was detected by dot blot analysis
(Figure 1) as well as immunostaining (day 7 after plating ) (see Figure 3A).
For dot blot analysis, cells from a T25 tissue flask were harvested in 150 ul
of HBSS following incubation for 20 minutes in PBS consisting of
137mMNaCl, 2.7 mM KCl, 8.1 mM Na,HPO,,and 1.5 mM KH2PO4, pH 7.4)
containing 1% EGTA (Roth), followed by 10 minutes of incubation in
EGTA/trypsin (0.025%/0.05% final concentration each). Dot blotting was
performed as described below.

Cytochemistry. HaCaT cells were grown on cover slips to confluence as
described above (7 days) and incubated with PF-IgGs or control IgGs for
24 hours at 37°C. After incubation with PF-IgG, culture medium was
removed and monolayers fixed for 10 minutes at room temperature (RT)
with 2% formaldehyde (freshly prepared from paraformaldehyde) in PBS.
Afterwards, monolayers were treated with 0.1% Triton X-100 in PBS for §
minutes at RT. After rinsing with PBS at RT, HaCaT cells were preincu-
bated for 30 minutes with 10% normal goat serum (NGS) and 1% BSA at
RT and incubated for 16 hours at 4°C with mouse monoclonal antibod-
ies directed against the ectodomain of human Dsgl (clone p124; Progen
Industries Ltd.) or Dsg3 (Zytomed) (dilution 1:100 in PBS each). After
several rinses with PBS (3 times for 5 minutes each time), monolayers
were incubated for 60 minutes at RT with Cy3-labeled goat anti-mouse
IgGs (Dianova). For visualization of F-actin, Alexa-phalloidin (MoBiTec;
diluted 1:60 in PBS) was used (incubation for 1 hour at RT). Cells incu-
bated with antibodies or Alexa-phalloidin were rinsed with PBS (3 times
for 5 minutes each time). Cover slips were mounted on glass slides with
60% glycerol in PBS containing 1.5% n-propyl gallate (Serva) as antifading
compound. For visualization of Dsgl, Dsg3, and plakoglobin in associa-
tion with bound Dsgl-coated beads, Dynabeads could not be used because
of strong autofluorescence. Therefore, immunolocalization studies were
performed with latex sulphate beads (Interfacial Dynamics Corp.). Bead
solution (125 ul; 5 ul packed beads) was washed twice in 2-morpholino-
ethane sulfonic acid (MES) (25 mM, pH 6.0) buffer by centrifugation and
resuspension at 3000 g for 10 minutes. Beads were resuspended in 500 ul
MES including 2.5 ug Dsg1-Fc and incubated overnight at RT under per-
manent slow overhead rotation. After centrifugation at 3000 g for 10 min-
utes, beads were washed 3 times in 1 ml PBS containing 0.1% albumine.
Beads were stored for up to 10 days under permanent overhead rotation
at 4°C. After incubation of HaCaT with Dsgl-coated microbeads for 30
minutes, culture medium was removed and monolayers were treated as
described above. Monolayers were examined using an LSM 510 (Zeiss).
Images were processed using Adobe Photoshop 7.0 software.

Purification of PF-IgG. Sera from 2 PF patients whose diagnosis was con-
firmed clinically, histologically, and serologically and from a volunteer
without any skin disease (control) were used for the present study. Sub-
jects provided informed consent to the Department of Dermatology, Uni-
versity of Liibeck for the research studies. IgG fractions were purified by
affinity chromatography using protein A agarose (Oncogene), eluted by
citrate buffer (25 mM, pH 2.4), and immediately dialyzed against HBSS.
The purity of isolated IgGs was checked by Coomassie blue staining of 7.5%
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SDS-PAGE. Activities against Dsgl of IgGs purified from PF/control sera
and purchased mouse monoclonal antibody directed against Dsgl were
adapted by dot blot immunodetection analysis of recombinant Dsgl-Fc
(0.1-1 ug per dot) transferred to nitrocellulose using mouse monoclonal
Dsgl antibody followed by HRP-labeled goat anti-mouse IgGs (Dianova)
as secondary antibody and the enhanced chemiluminescence technique
(Amersham Biosciences) or biotinylated PF-IgGs and biotinylated control
IgGs followed by HRP-labeled streptavidin (Dianova). For biotinylation,
300 ug of PF-IgGs was incubated twice for 2 hours at RT with 20 ug/ul
N-hydroxy-succimide-biotin (NHS-Biotin) (Pierce Biotechnology Inc.), and
afterwards reaction was stopped using saturated glycin in PBS followed by
dialysis against PBS overnight at 4°C. Dot blotting of HaCaT cells was
performed as indicated above using the monoclonal antibodies directed
against Dsgl and Dsg3, respectively.

Preparation of Fab fragments. PF-IgGs were dialyzed overnight against buf-
fer A (0.1 M Tris, pH 8.0,2 mM EDTA) at 4°C. Papain (Sigma-Aldrich) was
incubated in buffer A containing dithiothreitol (DTE) for 15 minutes at
37°C for activation and added at 1% final concentration to PF-IgG frac-
tions for a 2-hour incubation at 37°C. Afterwards, reaction was stopped
by incubation for 1 hour at 37°C in 2 mM iodacetamid (35). Preparations
of Fab fragments were analyzed by Coomassie blue staining of 7.5% SDS-
PAGE and by Western blotting using HRP-labeled goat anti-FC IgGs or
goat anti-Fab IgGs (Dianova; 1:600 each) followed by HRP-labeled rabbit
anti-goat IgGs as outlined above. Capability of Fab fragments to bind to
recombinant Dsgl was demonstrated by dot blot analysis.

Recombinant Dsgl-Fc. The transfer vector pEVmodPFIg, containing the
sequence of the entire extracellular domain (EC 1-5) of Dsgl and the
constant region of human IgG 1 (Fc), was a kind gift from Masayuki
Amagai (Keio University School of Medicine, Tokyo, Japan) (4). For
expression in eucaryotic cells, the Dsgl-Fc sequence was excised from
pEVmodPFIg by digestion with Bg/lIl and KpnI and ligated with similarly
cut pEGFP-N3 mammalian expression vector (BD Biosciences — Clon-
tech). Dsgl-Fc and VE-cadherin were expressed by stably transfected
CHO cells and purified from culture supernatants by affinity chroma-
tography using protein A agarose (Oncogene). The protein was eluted by
citrate buffer (25 mM, pH 2.4) and immediately dialyzed against HBSS
for 16 hours at 4°C and stored in aliquots at -80°C. Protein content was
determined using the Bradford method, and purity was checked by Coo-
massie blue staining of 10% SDS-PAGE. Western blotting and immuno-
detection were performed as described above using mouse monoclonal
antibody against Dsg1 as well as goat anti-human IgGs directed against
the Fc-portion of the fusion protein. Both antibodies detected the
recombinant Dsgl-Fc fusion protein as a single band migrating slightly
above the calculated molecular weight (not shown).

Coating of polystyrene beads. After vortexing, 10 ul solution of protein A-
coated superparamagnetic polystyrene microbeads (Dynabeads, diameter
2.8 um; Dynal) containing 2 x 10° beads/ml were washed 3 times using
100 ul of buffer A (100 mM sodium phosphate buffer, pH 8.1). Washing
was performed by immobilization of beads for 1 minute in a magnetic
tube holder (MPC-E-1; Dynal Biotech) and reuptake in the correspond-
ing buffer. Washed beads were suspended in 100 ul of 100 mM sodium
phosphate buffer, pH 8.1, in HBSS containing 10 ug of Dsg1-Fc or of the
Fc part of human IgGs (Dianova) and allowed to react for 16 hours at
4°C under permanent slow overhead rotation to avoid aggregation. After
washing 3 times for 5§ minutes each time in 100 ul of buffer A and 3 times
for 5§ minutes each time in buffer B (100 mM sodium borate, pH 9.0),
beads were incubated for 45 minutes at RT in 100 ul buffer B contain-
ing 0.54 mg dimethyl pimelimidate dihydrochloride (DMP) (Pierce Bio-
technology Inc.) to covalently cross-link protein A and bound Fc parts.
After washing 2 times for 5 minutes each time in buffer C (100 ul 0.2 M
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ethanolamine, pH 8.0), beads were incubated in buffer C for 2 hours at
RT. Finally, beads were washed 3 times for 5§ minutes each time in HBSS
and stored in HBSS at 4°C for up to 8 days under permanent slow over-
head rotation to avoid aggregation of beads. The concentration of beads
in these stocks was about 1.6 x 108 beads/ml.

Immunoabsorption experiments. PF-IgGs were added to 1 ml of DMEM
(35 ug/ml final concentration) and incubated overnight at 4°C with
Dynabeads coated with 15 ug recombinant Dsg1-Fc or VE-cadherin-Fc as
described above. To saturate potential free protein A binding sites, beads
were postincubated with 200 ul of human control IgGs (0.3 ug/ml) for
1 hour at RT. Following immunoabsorption, beads were separated using
a magnetic tube holder, and DMEM containing the IgG fractions was
applied to HaCaT monolayers.

Laser tweezer. The setup was used as described previously (17). The
home-built laser tweezer setup consisted of an Nd:Yag laser (1064 nm),
the beam of which was expanded to fill the back aperture at a high NA-
objective (100 x 1.3 oil; Zeiss), coupled through the epi-illumination port
of an Axiovert 135 microscope (Zeiss) and reflected to the objective by a
dicroic mirror (FT 510; Zeiss). Through all experiments, the laser inten-
sity was 42 mW in the focal plane. Coated beads (10 ul of stock solution)
were suspended in 200 ul of culture medium and allowed to interact
with HaCaT monolayers for 30 minutes at 37°C before measuring the
number of bound beads (control values). Beads were considered tightly
bound when resisting laser displacement at the 42-mW setting. For every
condition, 100 beads were counted. Afterwards, control and PF-IgG frac-
tions (35 ug/ml) were applied for 30 minutes, and the number of bound
beads was counted again. Percentage of beads resisting laser displacement
under various experimental conditions was normalized to control values.
For preincubation experiments, either HaCaT cells or Dsgl-coated beads
were incubated with PF-IgGs (35 pug/ml, 30 minutes) and rinsed twice in
HBSS before beads were allowed to settle on HaCaT cells for 30 minutes.
Negative controls were performed using Dsgl-coated beads incubated on
the surface of HaCaT cells in the presence of S mM EGTA (Roth) or in
the presence of monoclonal mouse IgG antibody (1:50 in HBSS) directed
against Dsg-1 (clone p124; Progen Industries Ltd.).

Scanning electron microscopy. HaCaT monolayers with adhering Dsgl-
coated Dynabeads were fixed overnight with 6.5% glutaraldehyde in
HBSS. After dehydration with graded acetone series, critical point drying,
and sputtercoating with palladium-gold (CPD 030, BAL-TEC), cells were
examined with a JSM-840 scanning electron microscope (JEOL).

Transmission electron microscopy. HaCaT monolayers with adhering
Dsgl-coated Dynabeads were fixed in 2.5% glutaraldehyde containing
0.01% ruthenium red in 0.1 M sodium cacodylate, pH 7.35, for 1 hour
at 4°C. After rinsing in 0.1 M cacodylate (3 times for 5 minutes each
time), cells were postfixed in 2% OSO, in 0.1 M cacodylate for 1 hour
at RT. Cells were rinsed again in cacodylate and dehydrated in ascend-
ing concentrations of methanol (25%, 50%, 70%, 80%, 95% [twice], 100%

[twice]; 10 minutes each time). Following incubation in 70% methanol,
monolayers were placed for 1 hour in saturated uranyl acetate in 70%
methanol for 1 hour in the dark. After dehydration, cells were equili-
brated in propylene oxide (2 times for 10 minutes each time) and embed-
ded in Epon 812, semithin sections (1 uM) were stained with toluidine
blue, and ultrathin sections were contrasted with uranyl acetate and lead
citrate and examined with a LEO AB 912 electron microscope.

Atomic force microscopy measurements. Dsg1-Dsgl interactions were charac-
terized by force-distance measurements of Dsg1 coupled via flexible linkers
to the tip and substrate of a Bioscope AFM driven by a Nanoscope III con-
troller (Digital Instruments Inc.). Dsgl was linked covalently to the Si3N4
tip of the cantilever (Park Scientific Ltd.) and freshly cleaved mica plates
(Wacker) using PEG spacers containing an amino-reactive cross-linker
group (NHS ester) at 1 end and a thiol-reactive group (2-[pyridyldithio]
propionate) at the other, as previously described in detail (21). The NHS
group served to link PEG to free amino acid groups at both the Si3N4
tip and the SiOH plate introduced by treatment of the tip and plate with
2-aminoethanol HCI (Sigma-Aldrich). Binding events were measured in
HBSS by force-distance cycles at amplitudes of 300 nm and at frequencies
ranging from 1-2 Hz. Force-distance cycles were performed either at con-
stant lateral positions or with lateral shifts of 1 nm/s. Force-distance cycles
were analyzed as described previously in detail (15, 16).

Statistics. Differences in bead adhesion or single molecule transinterac-
tion between different protocols were assessed using 2-tailed Student’s ¢
test. Values throughout are expressed as mean + SEM. Statistical signifi-
cance is assumed at P < 0.05.
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