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Background: Pemphigus foliaceus (PF) is an autoimmune blistering disease caused by autoantibodies
(Abs) against desmoglein 1 (Dsg1). PF sera contain polyclonal Abs which are heterogeneous mixture of
both pathogenic and non-pathogenic Abs, as shown by isolation of monoclonal Abs (mAbs).
Objective: To investigate how pathogenic and non-pathogenic anti-Dsg1 Abs contribute to blister
formation in PF.
Methods: Using organ-cultured human skin, we compared the effect of a single pathogenic anti-Dsg1 IgG
mAb, a single non-pathogenic anti-Dsg1 IgG mAb, and their mixture on blister formation as analyzed by
histology, subcellular localization of IgG deposits and desmosomal proteins by confocal microscopy, and
desmosomal structure by electron microscopy. In addition, we measured keratinocyte adhesion by an in
vitro dissociation assay.
Results: 24 h after injection, a single pathogenic anti-Dsg1 IgG caused a subcorneal blister with IgG and
Dsg1 localized linearly on the cell surface of keratinocytes. A single non-pathogenic anti-Dsg1 IgG bound
linearly on the keratinocytes but did not induce blisters. A pathogenic and a non-pathogenic IgG mAb
injected together caused an aberrant granular pattern of IgG and Dsg1 in the lower epidermis with blister
formation in the superﬁcial epidermis. Electron microscopy demonstrated that the mixture of mAbs
shortened desmosomal lengths more than a single mAb in the basal and spinous layers. Furthermore,
although Dsg1 clustering required both cross-linking of Dsg1 molecules by the non-pathogenic IgG plus a
pathogenic antibody, the latter could be in the form of a monovalent single chain variable fragment,
suggesting that loss of trans-interaction of Dsg1 is required for clustering. Finally, a p38MAPK inhibitor
blocked Dsg1 clustering. When pathogenic strength was measured by the dissociation assay, a mixture of
pathogenic and non-pathogenic IgG mAbs disrupted keratinocyte adhesion more than a single
pathogenic mAb. This pathogenic effect was only partially suppressed by the p38MAPK inhibitor.
Conclusion: These ﬁndings indicate that a polyclonal mixture of anti-Dsg1 IgG antibodies enhances
pathogenic activity for blister formation associated with p38MAPK-dependent Dsg1 clustering and that
not only pathogenic antibodies but also non-pathogenic antibodies coordinately contribute to blister
formation in PF.
© 2016 Japanese Society for Investigative Dermatology. Published by Elsevier Ireland Ltd. All rights
reserved.
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p38MAPK, p38 mitogen-activated protein kinase; mAb, Monoclonal antibody; scFv, Single-chain variable fragment.
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1. Introduction
Pemphigus is an autoimmune blistering disease of skin and/or
mucous membranes characterized by the loss of intercellular
adhesion of keratinocytes, acantholysis, due to the binding of IgG
autoantibodies to desmogleins (Dsgs) [1]. Pemphigus consists of
two major subtypes, pemphigus foliaceus (PF) and pemphigus
vulgaris (PV), which are characterized by autoantibodies against
desmoglein 1 (Dsg1) and desmoglein 3 (Dsg3), respectively. PF
exhibits superﬁcial blistering in the skin, while PV shows
suprabasilar blistering of the skin and mucous membranes. A
characteristic clinical ﬁnding of pemphigus is Nikolsky’s sign, in
which blisters can be induced in normal appearing skin by
applying mechanical shear force, reﬂecting the loss of cell adhesion
in the epidermis.
Dsgs and desmocollins (Dscs) are cadherin type adhesion
molecules located in desmosomes. Extracellularly, Dsgs comprise
four domains (EC1-4) which consist of cadherin repeats of
approximately 110 amino acids each, and juxtamembrane anchor
(EC5). Dsgs and Dscs are predicted to form homophilic (or perhaps
heterotypic with each other) trans-interactions via their EC1
domains or cis-interactions via their EC1 and EC2 domains [2].
Desmosomal cadherins are connected to keratin intermediate
ﬁlaments by cytoplasmic plaque proteins, including plakoglobin
(PG) and desmoplakin [3].
Two major mechanisms have been proposed for blister
formation in pemphigus. One is steric hindrance, in which
pathogenic autoantibodies induce the loss of cell adhesion by
directly interfering with the trans- or cis-interaction of Dsgs [4–8].
The other proposed pathologic mechanism is that autoantibodies
cause a cellular response, that includes internalization and
degradation of Dsgs, associated with intracellular signaling, such
as p38 mitogen-activated protein kinase (p38MAPK), Rho family
GTPase, protein kinase C and phospholipase C [9–13]. However, the
relative contribution of the two major mechanisms to loss of cell–
cell adhesion has not been determined. A recent study on PV
showed that polyclonal PV serum IgG induced p38MAPK-dependent Dsg3 clustering on the cell surface that subsequently leads to
its endocytosis. On the other hand, a pathogenic monoclonal antiDsg3 IgG, AK23, induced the loss of cell adhesion independently of
the p38MAPK pathway, possibly functioning through the steric
hindrance interfering with Dsg adhesion [14].
The mechanism for blister formation in PF is less well
understood. To better understand the pathogenesis of PF, we
previously isolated multiple anti-Dsg1 monoclonal antibodies
(mAbs) as single-chain variable fragment (scFv) from a PF patient
by phage display [15]. Out of 67 generated unique anti-Dsg1 scFv
mAbs, only two scFv mAbs showed the ability to induce blister
formation when injected into cultured skin and neonatal mice.
Therefore this data suggested that PF sera consisted of both
pathogenic and non-pathogenic antibodies against Dsg1. Analysis
of the strongly pathogenic anti-Dsg1 scFv mAb, 3–30/3 h (PF1-815), revealed that it recognized the amino-terminal trans-adhesive

region of the EC1 domain of Dsg1, which deﬁned a major
pathogenic epitope targeted by most PF sera [16] and caused
trans-interaction blocking.
However, several questions are still unsolved. It is unknown
how each anti-Dsg1 mAb contributes to blister formation under
polyclonal conditions in vivo. For example: Do non-pathogenic
anti-Dsg1 Abs have any role in blister formation? Is p38MAPK
signaling necessary for blister formation in PF? Do monoclonal and
polyclonal anti-Dsg1 Abs induce blisters by different mechanisms?
To assess these questions, we compared the effects of a single
anti-Dsg1 mAb and a mixture of anti-Dsg1 mAbs on blister
formation, subcellular localization of desmosomal molecules, and
desmosomal structural changes in a human skin organ culture and
primary keratinocyte. We found that a mixture of a pathogenic and
a non-pathogenic anti-Dsg1 IgG mAb induced Dsg1 clustering,
which enhanced the loss of cell adhesion compared to the
pathogenic antibody alone. Furthermore, a p38MAPK inhibitor
prevented Dsg1 clustering. Although the inhibitor did not prevent
blistering in the ex vivo injection assay, it did partially block the
loss of cell adhesion measured by the in vitro keratinocyte
dissociation assay. These ﬁndings indicated that a polyclonal
mixture of pathogenic and non-pathogenic anti-Dsg1 mAbs caused
p38MAPK-dependent Dsg1 clustering that was associated with
enhanced pathogenic activity beyond that of the single pathogenic
mAb.
2. Materials and methods
2.1. Preparation and puriﬁcation of anti-Dsg1 scFv mAbs
We used two anti-Dsg1 scFv antibodies isolated from a PF
patient by phage display (Table 1). Soluble scFv mAbs were
produced in the Top10 F’ strain of E. coli (Invitrogen, Carlsbad, CA)
and puriﬁed by Talon metal afﬁnity resin (Clontech, Mountain
View, CA) as previously described [15].
2.2. Generation of divalent IgG1 mAbs from cDNA encoding anti-Dsg1
scFv mAbs
Divalent IgG1 mAbs were generated from anti-Dsg1 scFv mAbs
as described previously [17]. The eukaryotic PIGG expression
vector was provided by Carlos Barbas (Scripps Research institute).
Primers used to subclone scFv mAbs into the PIGG vector are
shown in Supplemental Table 1. The variable region of the heavy
chain (VH) was ampliﬁed by PCR over PF mAbs, contained in the
scFv phagemid expression vector pComb3X. The PCR product was
subcloned into the SacI-ApaI site in the PIGG vector. The constant
region of the kappa light chain (CK) was ampliﬁed over PA-H6-HATT vector which was provided by Donald Siegel (University of
Pennsylvania) as the PCR template for PF1-2-6 and PF1-2-22. The
constant region of the lambda light chain (CL) was ampliﬁed over
pIgG-E1M2 as the PCR template for PF1-8-15. The variable region
of the light chain (VL) was hybridized by overlap PCR using primers

Table 1
Epitope location, pathogenicity and antibody form of anti-Dsg1 monoclonal antibody.
Name of antibodya

Epitope location of Dsg1

Antibody form

Pathogenic antibody

PF1-8-15 (3-30/3h)

IgG and scFv

Non-pathogenic antibody

PF1-2-6 (1-18/L12)
PF1-2-22 (1-08/O12O2)

Conformational epitope of
AA89-101 of EC1
(Putative trans-adhesive interface)
Linear epitope of EC3
AA 1-161 of Dsg1

Abbreviations: Dsg1, desmoglein 1; PF, pemphigus foliaceus; EC, extracellular domain; AA, amino acid; scFv, single chain variable fragment.
a
Antibody name in parenthesis is based on gene usage of heavy and light chain [15].

IgG and scFv
IgG

K. Yoshida et al. / Journal of Dermatological Science 85 (2017) 197–207

shown in Supplemental Table 1 and subcloned in the HindIII-XbaI
site of the PIGG vector. All recombinant constructs were veriﬁed by
sequencing.
2.3. Production of IgG form of anti-Dsg1 mAbs
Transfection of generated anti-Dsg1 IgG mAb in PIGG vectors
was performed into 293FT cells (Invitrogen) using FUGENE6
transfection reagent (Promega, Madison, WI) according to the
standard protocol, using ﬁve 10 cm cell culture plates at
approximately 90% cell density and Dulbecco’s Modiﬁed Eagle’s
Medium (Wako, Osaka, Japan) plus 10% ultralow IgG fetal bovine
serum (Invitrogen) as harvest media. Expressed antibody was
harvested from the cell culture supernatant at 3 and 6 days. IgG
antibody was puriﬁed from the harvested media with protein A
agarose beads (GE Healthcare, Uppsala, Sweden). Samples were
dialyzed into phosphate buffered saline (PBS) (pH 7.4) and
concentrated to approximately 1 mg/ml using Amicon Ultra-4
(Merck Mllipore, Co.cork, Ireland). Antibody binding to Dsg1 was
conﬁrmed by ELISA (MBL, Aichi, Japan) according to the
manufacturer’s protocols.
2.4. SDS-PAGE of anti-Dsg1 IgG mAb
Puriﬁed anti-Dsg1 IgG mAb was mixed in Laemmli sample
buffer (BIO-RAD, Alfred Nobel Drive Hercules, CA) with or without
b-mercaptoethanol (Wako, Osaka, Japan), then separated by SDSPAGE. Fractionated proteins were detected by coomassie brilliant
blue stain (ATTO, Tokyo, Japan). SDS-PAGE under reducing
conditions showed that puriﬁed IgG mAbs produced from the
scFvs exhibit two bands, with molecular weights corresponding to
the light and heavy chains of IgG. Under non-reduced conditions,
the puriﬁed IgG were detected as single band, with molecular
weight of the divalent IgG (Supplemental Fig. S1).
2.5. Human skin organ culture injection assay
Specimens were obtained from leftover normal skin after
excisional surgery after written informed consent. The specimens
were trimmed by removing fat tissue and cut into 5 mm diameter
pieces. Individual anti-Dsg1 IgG mAbs (50 mg) or a mixture of two
anti-Dsg1 IgG mAbs (50 mg each) or PBS as control were injected
from dermal side by using insulin syringe. In some experiments,
we used 25 mg of anti-Dsg1 scFv mAb to equalize the valency of
antigen-binding site between IgG and scFv. As molecular weight of
scFv is 37 kD and that of IgG is 146 kD, we calculated it by following
formula: Y(weight of scFv)/37 = [X(weight of IgG)/146]  2. The
injected skin specimens were put on the insert of Transwells
(Corning, Tewksbury, MA) with deﬁned keratinocyte-SFM medium
(Invitrogen) containing 1.2 mM CaCl2 in the outer compartment
and then cultured at 37  C. After 22–24 h incubation, the skins were
harvested for histology after mechanical shear stress by slight
friction of epidermis and processed for immunoﬂuorescence
staining and electron microscopy without mechanical stress. For
p38MAPK inhibition assay, we used SB202190 (Sigma-Aldrich, St.
Louis, MO), a highly selective, potent and cell permeable inhibitor
of p38MAPK. SB202190 bound to both the inactive and the active
forms of p38MAPK. Specimens were pretreated by intradermal
injection with 16.7 mg SB202190 or dimethyl sulfoxide (DMSO) as
control for 1.5 h at 37  C. Pretreated skin specimens were injected
with a single anti-Dsg1 IgG mAb or a mixture of anti-Dsg1 IgG
mAbs together with 16.7 mg of SB202190 or PBS with DMSO as
control, then put on the insert of Transwells, and incubated with
the medium containing 1.2 mM CaCl2 and 100 mM SB202190 in the
outer compartment for 22–24 h at 37  C. All experiments were
performed at least 3 times.

199

2.6. Immunoﬂuorescence microscopy
Injected skin specimens without mechanical stress area were
frozen in OCT compound (SAKURA, Tokyo, Japan) by liquid nitrogen
and kept at 80  C until use. Skin samples were sliced into 4 mm
sections. Skin specimens were blocked with Tris-bufferd saline
(TBS) containing 1% albumin from bovine serum and 1 mM CaCl2
for 30 min at room temperature, followed by incubation with
primary antibodies in blocking solution for 1 h at room temperature. After three time washes in TBS-Ca, the skin sections were
incubated with appropriated conjugated secondary antibodies
diluted 1:400 in the blocking solution for 1 h at room temperature.
The following mAbs were used for primary antibodies: a mouse
anti-Dsg1 mAb (27B2, 1:20 dilution, Abcam, Cambridge, UK), a
mouse anti-PG mAb (15F11, 1:1000 dilution, Sigma-Aldrich), a
mouse anti-Dsc1 mAb (U100, undiluted, PROGEN Biotechnik
GmbH, Heidelberg, Germany), and a mouse anti- Dsg3 mAb
(G194, undiluted, Acris Antibodies GmbH, Herford, Germany).
Double staining of deposited IgG and adhesion molecules was
performed with Alexa Fluor 488 anti-mouse IgG (Invitrogen) and
Alexa Fluor 594 anti-human IgG (Invitrogen) as secondary Abs.
Immunoﬂuorescence was observed at 1000 magniﬁcation by
Nikon laser confocal microscope A1R (Nikon, Tokyo, Japan).
2.7. Cell culture and immunoﬂuorescence studies
Primary keratinocytes (a gift from Ehime University) were
cultured on collagen-coated chamber slide (Iwaki Science products, Tokyo, Japan) in medium MCDB153 until 100% conﬂuent. Cells
were changed to 0.5 mM calcium-containing medium for 24 h
before treatment with anti-Dsg1 mAbs. Individual anti-Dsg1 IgG
mAbs (50 mg/ml), individual anti-Dsg1 scFv mAbs (25 mg/ml), a
mixture of these mAbs or PBS as control were added to cell culture
medium. After 24 h incubation at 37  C, cells were washed three
times with PBS(+), and then ﬁxed in 20  C methanol for 5 min and
processed for immunoﬂuorescence indicated above. For p38MAPK
inhibition assay, cells were treated with 25 mM SB202190 or DMSO
as control 1.5 h prior to antibody addition. SB202190 remained in
the medium for the duration of the experiment. All experiments
were performed at least 3 times.
2.8. Electron microscopy
The injected skins without mechanical shear stress area were
ﬁxed by 2.5% glutaraldehyde in 0.1 M phosphate buffer and postﬁxed in 1% osmiumtetroxide, then dehydrated and embedded in
epon resin. Ultrathin sections were cut into 80 nm and stained with
uranyl acetate and lead citrate and observed by JEL-1400C
transmission electron microscope (JEOL Ltd., Tokyo, Japan). To
analyze lengths of desmosomes, image pictures of ultrathin
sections were taken at the same magniﬁcation (8000). About
one to two hundred of desmosomal length in the each layer was
averaged.
2.9. Modiﬁed dispase-based dissociation assay
We used a previously described in vitro dissociation assay with
some modiﬁcations [18]. Primary keratinocytes were cultured on
collagen-coated 12-well microplates (Iwaki) in medium MCDB153
until 100% conﬂuent. Culture medium was changed to 0.5 mM
calcium-containing medium for 24 h before treatment with antiDsg1 mAbs. Individual anti-Dsg1 IgG mAbs (50 mg/ml), individual
anti-Dsg1 scFv mAbs (25 mg/ml), a mixture of these mAbs or PBS as
control with AK23 (1 mg/ml) were added to each wells. After 24 h
incubation with these mAbs, the cells were rinsed with PBS (+)
twice and incubated with 300 ml dispase at 37  C for 15 min.
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Released cell sheets were rinsed with PBS (+) three times and
pipetted ﬁve times by using a 1 ml pipette. Fragmented cell sheets
were ﬁxed by adding 1 ml of 10% buffered formalin phosphate and
stained by crystal violet. Three pictures were taken and used for
counting the number of fragments manually. To inhibit p38MAPK
signaling, the cells were pretreated with 25 mM SB202190 or DMSO
as control for 1.5 h at 37  C before adding anti-Dsg1 mAbs with
AK23. The inhibitor remained in the medium during the
experiment. We set the concentration of the inhibitor at which
Dsg1 clustering was not detectable by immunoﬂuorescence
staining. Dissociation index were calculated from the number of
fragments (N) using following formula: N with anti-Dsg1 mAb +
AK23/N with PBS + AK23. All experiments were performed at least
3 times.

2.10. Statistical analysis
The data were analyzed by one-way analysis of variance
followed by Bonferroni correction (Fig. 2B) or Tukey’s method
(Figs. 5 B and 6 B) for multiple-group samples. Statistical
signiﬁcance was presumed for p < 0.05.
3. Results
3.1. Production of pathogenic and non-pathogenic anti-Dsg1 IgG mAbs
We have previously cloned both pathogenic and non-pathogenic anti-Dsg1 mAbs as scFv from lymphocytes of a PF patient by
phage display technique. ScFvs form antibody fragments that
express the monovalent antigen-binding site of the native

Fig. 1. A mixture of pathogenic and non-pathogenic IgG monoclonal antibodies (mAbs) induced clustering of desmoglein 1 (Dsg1) in the organ-cultured human skin. Each
individual mAb and a mixture of anti-Dsg1 IgG mAbs were injected into human skin specimens that were then cultured for 22–24 h. The skins were harvested for histology
after mechanical shear stress by slight friction of epidermis. Histology and direct immunoﬂuorescence of IgG deposits and staining of Dsg1 were captured by confocal
microscopy. PF1-8-15 IgG (50 mg) caused superﬁcial epidermal acantholysis (A), but PF1-2-6 IgG (50 mg) did not (E). Note that an individual injection of PF1-8-15 IgG or PF1-26 IgG showed linear distribution of IgG and Dsg1 on the cell surface of keratinocytes (B–D, F–H), while the mixture injection of PF1-8-15 IgG (50 mg) and PF1-2-6 IgG (50 mg)
(PF1-8-15 IgG + PF1-2-6 IgG) showed aberrant granular IgG and Dsg1 distribution in the lower epidermis (J–L), in addition to superﬁcial acantholytic blister (I). In PBS,
epidermal morphology and Dsg1 distribution were normal (M, O) with no detectable IgG deposition in the epidermis (N). Bar = 20 mm.
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immunoglobulin molecules. In order to analyze the mechanism of
blister formation in PF, the anti-Dsg1 scFvs were converted to
divalent full length IgG1 molecules using the PIGG vector [19].
Anti-Dsg1 IgG and scFv mAbs used in this study are shown in
Table 1. A pathogenic PF1-8-15 IgG mAb recognized a conformational epitope within amino acid 89–101 on the putative transadhesive interface of the EC1 domain, which deﬁnes a major
pathogenic epitope targeted by most PF sera [16]. A nonpathogenic PF1-2-6 IgG mAb recognized a linear epitope on EC3
and another non-pathogenic PF1-2-22 IgG mAb recognized amino
acid 1–161 of Dsg1 [15].
3.2. A mixture of pathogenic and non-pathogenic anti-Dsg1 IgG mAbs
induced clustering of Dsg1 in the lower epidermis
Previous several studies using PV sera or a mixture of antiDsg3 mAbs reported that those Abs induced clustering and
endocytosis of Dsg3 [14,20]. In PF, several papers reported that PF
patients’ Nikolsky positive skin showed clustered deposition of
IgG and Dsg1 in the basal and spinous layers [21,22]. In this study,
we ﬁrst analyzed the effects of pathogenic and non-pathogenic
anti-Dsg1 IgG mAbs on alterations of Dsg1 sublocalization and
IgG deposits. We used a human skin organ culture system to
reﬂect in vivo conditions. Excised human skin was injected with
three different patterns of mAbs; a pathogenic PF1-8-15 IgG
(50 mg), a non-pathogenic PF1-2-6 IgG (50 mg), a mixture of
pathogenic PF1-8-15 IgG (50 mg) and non-pathogenic PF1-2-6 IgG
(50 mg). We analyzed hematoxylin-eosin staining, direct immunoﬂuorescence (DIF) of IgG deposits and staining of Dsg1
captured by confocal microscopy. PF1-8-15 IgG injection caused
an acantholytic superﬁcial blister (Fig. 1A). DIF showed PF1-8-15
IgG bound linearly on the cell surface of keratinocytes throughout
the epidermis (Fig. 1B) coincident with the Dsg1 distribution
(Fig. 1C, D). PF1-2-6 IgG did not cause acantholysis, as expected
(Fig. 1E). DIF of PF1-2-6 IgG and Dsg1 distribution also showed
coincident linear staining on the cell surface of keratinocytes
throughout the epidermis (Fig. 1F–H). On the other hand, the
mixture of PF1-8-15 IgG and PF1-2-6 IgG injection caused
superﬁcial acantholysis (Fig. 1I) and revealed IgG and Dsg1
staining, mostly merged, with an aberrant granular pattern in the
lower epidermis in addition to the usual linear cell surface
staining elsewhere (Fig. 1J–L). At a longer incubation time of 36 h,
Dsg1 clustering was observed at whole layers of the skin injected
the mixture of PF1-8-15 IgG and PF1-2-6 IgG (Supplemental
Fig. 2). To exclude the possibility that the Dsg1 clustering was
resulted from excessive doses of PF IgG rather than the mixture,
we injected double doses of pathogenic PF1-8-15 IgG (100 ug) and
non-pathogenic PF1-2-6 IgG (100 ug). The single mAb injection
did not induce Dsg1 clustering (Supplemental Fig. 3). These
ﬁndings suggest that in PF, as has been shown in PV, clustering of
Dsg1 requires polyclonal anti-Dsg1 antibodies.
3.3. A mixture of pathogenic and non-pathogenic anti-Dsg1 IgG mAbs
causes more remarkable ultrastructural changes in the basal and
spinous layers than a single anti-Dsg1 IgG mAb injection
To evaluate the ultrastructure of cultured human skin injected
with anti-Dsg1 IgG mAbs, the Nikolsky positive non-blister area
was observed by electron microscopy. Each individual mAb and the
mixture of mAbs caused widening of intercellular space in the
basal and spinous layers, but not in the granular layer (Fig. 2A).
Fig. 2B shows the average desmosomal length in the different
layers of epidermis with the three different mAb conditions as well
as PBS as a control. The mixture of PF1-8-15 IgG and PF1-2-6 IgG
shortened the desmosomal length much more than PF1-8-15 IgG
or PF1-2-6 IgG alone in the basal and spinous layers. In the granular
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layer, the desmosomal length in the skin injected with anti-Dsg1
mAbs was shorter than that with PBS. These ﬁndings suggested
that a mixture of anti-Dsg1 mAbs promoted ultrastractural
changes of desmosomes.
3.4. A mixture of pathogenic and non-pathogenic anti-Dsg1 IgG mAbs
injection induced clustering of Dsc1 and PG
To check the distribution of other desmosomal proteins in the
injected skin, we stained Dsc1, Dsg3 and PG (Fig. 2C). In the skin
injected with PF1-8-15 IgG or PF1-2-6 IgG alone, Dsc1, Dsg3 and PG
were distributed linearly on the cell surface of keratinocyte
throughout the epidermis. On the other hand, in the skin injected
with the mixture of PF1-8-15 IgG and PF1-2-6 IgG, Dsc1 and PG
were clustered in the lower epidermis similar to Dsg1 staining
while Dsg3 remained in the normal linear pattern. This data
showed that Dsg1 clustering was associated with alterations of the
sub-cellular localizations of Dsc1 and PG as well.
3.5. Dsg1 clustering is due to cross-linking of Dsg1 molecules by nonpathogenic anti-Dsg1 IgG antibody only when trans-interaction of
Dsg1 molecules is blocked by a pathogenic anti-Dsg1 antibody
To test if Dsg1 clustering is due to cross-linking by IgG mAbs, we
compared the effects of the IgG (divalent) and scFv (monovalent)
forms of anti-Dsg1 mAbs. The correspondence between mAb
injections and Dsg1 clustering is shown in Table 2 and
representative microscopic ﬁndings are shown in Fig. 3 and
Supplemental Fig. 4A. The mixture of PF1-8-15 IgG and PF1-2-6 IgG
caused Dsg1 clustering (Fig. 3A). In contrast, when a mixture of
PF1-8-15 scFv and PF1-2-6 scFv was injected, Dsg1 clustering was
not observed although superﬁcial blistering was induced (Fig. 3B).
A mixture of PF1-8-15 IgG with another non-pathogenic PF1-2-22
IgG also caused Dsg1 clustering (data not shown). Therefore,
divalent IgG was necessary to induce Dsg1 clustering, but not
blister formation. To further test which mAb was necessary for
Dsg1 clustering, we injected various combinations of IgG and scFv
forms of anti-Dsg1 mAbs. When a mixture of PF1-8-15 IgG and
PF1-2-6 scFv was injected, the Dsg1 clustering was not observed
(Fig. 3C). On the other hand, when a mixture of PF1-8-15 scFv and
PF1-2-6 IgG was injected, the Dsg1 clustering was observed
(Fig. 3D). These ﬁndings suggest that Dsg1 clustering is due to
cross-linking of Dsg1 molecules by non-pathogenic IgG mAbs.
When injected with a mixture of two different non-pathogenic
anti-Dsg1 IgG mAbs (PF1-2-6 IgG + PF1-2-22 IgG), Dsg1 clustering
was not observed (Fig. 3E). This suggests that blocking of transinteraction of Dsg1 molecules by a pathogenic anti-Dsg1 mAb is
also necessary for Dsg1 clustering.
3.6. Dsg1 clustering by anti-Dsg1 mAbs is p38MAPK dependent, but
not essential for blister formation in ex vivo
Several papers have demonstrated, with PV sera and PV antiDsg3 mAbs, that p38MAPK signaling has a key role for blistering
through endocytosis and clustering of Dsg3 [12,14]. Moreover, it
has been reported that phosphorylation of p38MAPK was
increased in a PF patient’s skin and in PF-IgG injected mouse skin
[11,23]. Therefore, we used the p38MAPK inhibitor SB202190 to
determine if p38MAPK also plays a role in blistering associated
with clustering of Dsg1 in the human organ culture model (Fig. 4).
Treatment with SB202190 prevented Dsg1 clustering induced by
the mixture of PF1-8-15IgG and PF1-2-6 IgG. However, SB202190
did not prevent blister formation by either the mixture pattern or
PF1-8-15 IgG alone. This result suggests that Dsg1 clustering is
p38MAPK signaling dependent but not essential for blistering in ex
vivo.

202

K. Yoshida et al. / Journal of Dermatological Science 85 (2017) 197–207

Fig. 2. A mixture of anti-desmoglein 1 (Dsg1) IgG monoclonal antibodies (mAbs) accelerated alteration of desmosomal morphology and desmosomal proteins in the lower
epidermis. A: Non-blister area of anti-Dsg1 IgG mAb injected human skin was observed by electron microscopy. Note that every mAbs injection pattern caused intercellular
space widening in the basal and spinous layers. Bar = 2.0 mm. B: Desmosomal length in the different layers of epidermis. Right and left arrow in the photo of the desmosome
represents the length of desmosome in the electron microscopy. The desmosomal lengths in every pattern injection of anti-Dsg1 IgG mAbs were shorter than those in PBS.
Especially, desmosomal length of the mixture injection (PF1-8-15 IgG + PF1-2-6 IgG) was shorter than PF1-8-15 IgG alone at the basal and spinous layers. Data are
mean  SEM. *p < 0.05, **p < 0.01. NS, not signiﬁcant. C: Immunoﬂuorescence staining of desmocollin 1 (Dsc1), desmoglein 3 (Dsg3) and plakiglobin (PG) in human skin
specimens injected with anti-Dsg1 IgG mAbs was captured by confocal microscopy. The mixture injection (PF1-8-15 IgG + PF1-2-6 IgG) induced clustering of Dsc1 and PG in
the lower epidermis, but individual anti-Dsg1 IgG mAb injection did not. Anti-Dsg1 IgG mAb injections did not affect Dsg3 distribution. Bar = 20 mm.
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Table 2
Correspondence of antibody injection patterns and Dsg1 clustering.
Antibody injection patterns
PF1-8-15 IgG
PF1-2-6 IgG
PF1-2-22 IgG
PF1-8-15 IgG + PF1-2-6 IgG
PF1-8-15 IgG + PF1-2-22 IgG
PF1-8-15 scFv + PF1-2-6 IgG
PF1-8-15 IgG + PF1-2-6 scFv
PF1-8-15 scFv + PF1-2-6 scFv
PF1-2-6 IgG + PF1-2-22 IgG
PF1-8-15 IgG + PF1-2-6 IgG + PF1-2-22 IgG

Dsg1 clustering

+
+
+

+

Abbreviations: Dsg1, desmoglein 1; PF, pemphigus foliaceus; scFv, single chain
variable fragment.

3.7. A mixture of anti-Dsg1 IgG mAbs enhanced pathogenic activity for
the loss of cell adhesion in association with p38MAPK-dependent Dsg1
clustering
To further verify results of ex vivo injection assay, we analyzed
Dsg1 distribution and pathogenic strength by in vitro cultured
primary keratinocytes. Primary keratinocytes were incubated in
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0.5 mM calcium-containing medium for 24 h to induce Dsg1
expression and then treated with individual anti-Dsg1 IgG mAbs,
individual anti-Dsg1 scFv mAbs or those antibody combinations.
To evaluate additional effects of non-pathogenic anti-Dsg1 mAbs,
we used same doses of PF1-8-15 IgG in both individual and mixture
patterns. As expected, the mixture of PF1-8-15 IgG (50 mg/ml) and
PF1-2-6 IgG (50 mg/ml) induced punctuated Dsg1 distribution, but
other individual anti-Dsg1 mAbs and a mixture of PF1-8-15 IgG
(50 mg/ml) and PF1-2-6 scFv (25 mg/ml) showed linear staining of
Dsg1 along cell borders (Fig. 5A). Next, we used a previously
described in vitro dissociation assay with some modiﬁcations to
compare the pathogenic strength of the anti-Dsg1 mAbs in a
quantitative manner [18]. For cell sheets to fragment in the
dissociation assay, adhesion of both Dsg3 and Dsg1 must be
blocked. Therefore, we incubated cells with anti-Dsg1 mAbs in the
presence of AK23, an anti-Dsg3 mAb which inhibits adhesion by
Dsg3, in each well. Addition of AK23 alone induced fragmentation
of the cell sheet at only minimum levels (leftmost panel in Fig. 5B).
Therefore, the number of fragments represents the pathogenic
strength of anti-Dsg1 mAbs. The average dissociation index is
shown in Fig. 5B and Supplemental Fig. 4B. The dissociation index
of IgG or scFv form of non-pathogenic PF1-2-6 was almost the

Fig. 3. Desmoglein 1 (Dsg1) clustering needed not only a pathogenic anti-Dsg1 antibody, but also cross-linking of Dsg1 molecules by a non-pathogenic anti-Dsg1 IgG
antibody. Immunoﬂuorescence of Dsg1 staining of human skin injection assay is captured by confocal microscope. Schema show comparing the effect between IgG and singlechain variable fragment (scFv) form of anti-Dsg1 monoclonal antibodies (mAbs). A: The mixture injection of PF1-8-15 IgG and PF1-2-6 IgG (PF1-8-15 IgG + PF1-2-6 IgG) caused
Dsg1 clustering and blistering. PF1-8-15 IgG disturbed trans-interaction of Dsg1 molecules. PF1-2-6 IgG caused cross-linking of Dsg1 molecules. B: The mixture injection of
PF1-8-15 scFv and PF1-2-6 scFv (PF1-8-15 scFv + PF1-2-6 scFv) did not cause Dsg1 clustering, but caused blistering. ScFv type antibodies could not cause cross-linking of Dsg1
molecules because they had only one antigen binding site. C: The mixture injection of PF1-8-15 IgG and PF1-2-6 scFv (PF1-8-15 IgG + PF1-2-6 scFv) did not cause Dsg1
clustering, but caused blisteing. PF1-8-15 IgG disturbed trans-interaction of Dsg1 molecules, but did not cause cross-linking of Dsg1 molecules. D: The mixture injection of
PF1-8-15 scFv and PF1-2-6 IgG (PF1-8-15 scFv + PF1-2-6 IgG) caused Dsg1 clustering and blistering. PF1-2-6 IgG caused cross-linking of Dsg1 molecules. E: The mixture
injection of two different non-pathogenic anti-Dsg1 IgG mAbs (PF1-2-6 IgG + PF1-2-22 IgG) did not cause Dsg1 clustering and blistering. Bar = 20 mm.
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Fig. 4. The p38 mitogen-activated protein kinase (p38MAPK) inhibitor SB202190 prevented desmoglein 1 (Dsg1) clustering, but not blistering by a mixture of pathogenic and
non-pathogenic anti-Dsg1 IgG monoclonal antibodies (mAbs). Human skin specimens were pretreated with the p38MAPK inhibitor SB202190 or DMSO for 1.5 h. Pretreated
skins were injected anti-Dsg1 IgG mAbs with SB202190 or DMSO and cultured for 22 h. Histology and immunoﬂuorescence of Dsg1 staining of confocal microscopy were
shown. SB202190 had no effect for Dsg1 distribution of individual anti-Dsg1 IgG mAb injected skin. On the other hand, SB202190 blocked the Dsg1 clustering induced by the
mixture injection (PF1-8-15 IgG + PF1-2-6 IgG), but could not block blistering caused by PF1-8-15 IgG and the mixture injection. Bar = 20 mm.

same as that of control PBS as expected. The dissociation index of
the single PF1-8-15 IgG was almost 3 times higher than that of the
single PF1-2-6 IgG. The mixture of PF1-8-15 IgG (50 mg/ml) and
PF1-2-6 IgG (50 mg/ml) dissociated keratinocytes sheets more than
the single PF1-8-15 IgG (50 mg/ml), while the dissociation index of
the mixture of PF1-8-15 IgG (50 mg/ml) and PF1-2-6 scFv (25 mg/
ml) was almost the same as the single PF1-8-15 IgG (50 mg/ml).
This result suggests the addition of IgG form non-pathogenic antiDsg1 Ab to pathogenic anti-Dsg1 Ab can accelerate the dissociation, which was correlated with the clustering of Dsg1.
To investigate to what extent p38MAPK signaling or p38MAPKdependent Dsg1 clustering contributes to loss of cell adhesion, we
treated the cells with the p38MAPK inhibitor SB202190. Immunoﬂuorescence staining showed SB202190 prevented Dsg1 clustering
caused by the mixture of anti-Dsg1 IgG mAbs, but did not affect
Dsg1 distribution in cells treated with the single anti-Dsg1 IgG
mAb (Fig. 6A). Next we performed the in vitro dissociation assay in
the presence or in the absence of p38MAPK inhibitor. Treatment of
SB202190 failed to prevent loss of adhesion in cells incubated with
the single PF1-8-15 IgG, indicating that PF1-8-15 IgG does not
require p38MAPK signaling to inhibit cell adhesion. On the other
hand, SB202190 partially prevented fragmentation of cell sheets
induced by the mixture of PF1-8-15 IgG and PF1-2-6 IgG (Fig. 6B).
Furthermore, dissociation index of the mixture pattern with
SB202190 was almost the same as that of the single PF1-8-15 IgG
with SB202190, suggesting that Dsg1 clustering induced additive
effect. These ﬁndings also indicated that p38MAPK-dependent
Dsg1 clustering enhanced the loss of cell adhesion, but it was not
required for blister formation.
4. Discussion
In this study, by comparing individual anti-Dsg1 IgG mAbs and a
mixture of anti-Dsg1 mAbs, mAbs, we found that a polyclonal
mixture enhances pathogenicity in PF. Importantly, non-pathogenic mAbs, that do not induce blisters by themselves can enhance
pathogenic activity associated with clustering of Dsg1. However,
inhibition of p38MAPK-dependent Dsg1 clustering is not sufﬁcient
to prevent blister formation, suggesting that p38MAPK- independent mechanism, presumably trans-interaction blocking of Dsg1

molecules or other signaling pathways, may be a primary
mechanism of blister formation, and p38MAPK-dependent Dsg1
clustering has an additive effect in inducing pathology in PF.
The above studies were done in human skin organ culture, but
we conﬁrmed in an in vitro dissociation assay, modiﬁed for
detection of pathogenicity of anti-Dsg1 Abs. Our ﬁndings are
consistent with some reports about PV autoantibody showing that
polyclonal conditions affect pathogenicity [24,25]. In trying to
determine how anti-Dsg1 mAbs interfered with cell adhesion, we
examined the major adhesion junction in keratinocytes, the
desmosome. We observed that the length of desmosomes was
predominantly shorter in the skin injected with the mixture of
anti-Dsg1 IgG mAbs than that with the single anti-Dsg1 IgG mAbs
in the basal and spinous layers of epidermis at the Nikolsky
positive non-blister area. This is consistent with the previous
ﬁnding that smaller desmosomes were seen at the basal and
spinous layer of Nikolsky positive PF patients’ skin [22]. In addition
to Dsg1 clustering, clustering of PG and Dsc1 was also observed in
the lower epidermis of the skin injected with the mixture of antiDsg1 IgG mAbs. Those ﬁndings suggested that polyclonal condition
of PF IgG promotes desmosome disassembly and in turn augments
the loss of cell adhesion.
Dsg1 clustering was more clearly observed in the lower
epidermis where blisters in PF usually do not occur. The
desmosome structure change in electron microscopy and alteration of sublocalization of desmosomal molecules were also more
prominent in the lower epidermis. The reason of the discrepancy is
not clear. One possible reason is that as IgG mAbs was injected at
dermis in organ-cultured human skin, the lower layers may shows
the earliest change after IgG antibodies bind Dsg1. The possibility is
supported by the ﬁnding that Dsg1 clustering was more evident in
whole layers of epidermis at incubation times more than 24 h
(Supplemental Fig. 2). It is possible that the desmosomal length in
granular layers may be shortened at these longer incubation times
as it has been reported that hypoplastic desmosomes were
observed in lesional skin in PF patients by electron microscopy
[26]. Or it may be possible that keratinocytes in lower epidermis
may be more susceptible to clustering by IgG binding as less
differentiated state compared to upper layers in epidermis.
Furthermore, the in vitro dissociation assay may reﬂect the
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Fig. 5. A mixture of pathogenic and non-pathogenic anti-desmoglein 1 (Dsg1) IgG monoclonal antibodies (mAbs) induced Dsg1 clustering which enhanced loss of cell
adhesion in primary keratinocytes. A: Immunoﬂuorescence imaging of primary keratinocytes. Keratinocytes were incubated in 0.5 mM calcium-containing medium for 24 h
to induce Dsg1 expression and then treated anti-Dsg1 IgG mAbs for 24 h. Keratinocytes treated with the mixture of PF1-8-15 IgG and PF1-2-6 IgG (PF1-8-15 IgG + PF1-2-6 IgG)
showed Dsg1 clustering. Bar = 50 mm. B: Dissociation assay corresponding to the immunoﬂuorescence imaging series (n = 6 per group). PF1-8-15 IgG + PF1-2-6 IgG showed
higher dissociation index than the mixture of PF1-8-15 IgG and PF1-2-6 scFv (PF1-8-15 IgG + PF1-2-6 scFv) or PF1-8-15 IgG alone. Photos show the fragments condition of each
well. Data are mean  SEM. *p < 0.05.

strength of cell adhesion of whole layers because the cultured
keratinocytes contains both differentiated and undifferentiated
cells. Higher dissociation index by the mixture of anti-Dsg1 mAbs
may reﬂect weaker adhesion in the lower epidermis in addition to
upper epidermis.
Consistent with our results, Oktarina et al. reported that
puriﬁed IgG from PF serum but not Fab fragments induced
clustering in human organ culture skin [27]. In addition, similar
results have been reported in PV, in which a mixture of anti-Dsg3
IgG mAbs induced Dsg3 clustering in cultured keratinocytes [14].
We propose the mechanism and role of Dsg1 clustering as follows.
First, blockage of trans-interaction of Dsg1 molecules is necessary
for clustering. Second, the blocked Dsg1 molecules are cross-linked
by divalent anti-Dsg1 IgG. Finally, the clustering enhances the
pathogenic effect of antibodies.
Signaling pathways including p38MAPK have been studied in
PV pathogenesis. Studies using a p38MAPK inhibitor in PV have

suggested that p38MAPK signaling was linked to both Dsg3
endocytosis and the loss of keratinocyte adhesion in response to PV
IgG [12]. On the other hand, a recent study using PV mAbs
indicated that p38MAPK activation may not be essential for the
loss of cell adhesion in PV but may function downstream of
antibody binding to augment blistering via Dsg3 endocytosis [28].
Saito et al. showed p38MAPK signaling dependent and independent mechanisms in PV blister formation [14].
Roles of p38MAPK in the pathogenesis for PF, as opposed to PV,
have not been well studied. In previous studies, phosphorylation of
p38MAPK was increased in a PF patient skin and PF-IgG injected
mouse skin [11,23]. Our study, for the ﬁrst time, showed a
relationship between p38MAPK signaling and Dsg1 clustering.
Clustering of Dsg1 in response to the mixture of pathogenic and
non-pathogenic anti-Dsg1 IgG mAbs was prevented by treating
with SB202190. However, SB202190 was not sufﬁcient to block
blister formation by the mixture of anti-Dsg1 IgG mAbs in the ex
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Fig. 6. p38 mitogen-activated protein kinase (p38MAPK) inhibition prevented anti-desmoglein 1 (Dsg1) IgG monoclonal antibodies (mAbs) Dsg1 clustering, but not loss of
cell adhesion in vitro. A: Immunoﬂuorescence imaging of primary keratinocytes with the p38MAPK inhibitor SB202190. Cells were pre-incubated with SB202190 for 1.5 h
followed by co-incubated with anit-Dsg1 IgG mAbs and SB202190 for 24 h. SB202190 prevented Dsg1 clustering induced by the mixture of PF1-8-15 IgG and PF1-2-6 IgG in
cultured primary keratinocytes. Bar = 50 mm. B: Dissociation assay with SB202190 corresponding to the immunoﬂuorescence imaging series (n = 6 per group). SB202190 failed
to prevent loss of cell adhesion in keratinocytes incubated with the single PF1-8-15 IgG. On the other hand, SB202190 partially suppressed loss of cell adhesion in
keratinocytes incubated with the mixture of PF1-8-15 IgG and PF1-2-6 IgG. Dissociation index of the single PF1-8-15 IgG with SB202190 was almost the same as that of the
mixture of PF1-8-15 IgG and PF1-2-6 IgG with SB202190. Photos show the fragments condition of each well. Data are mean  SEM. *p < 0.05. NS, not signiﬁcant.

vivo skin culture. In addition, SB202190 only partially reduced
fragmentation of cell sheets in the in vitro dissociation assay. These
ﬁndings indicated that p38MAPK-dependent Dsg1 clustering is not
essential for blister formation in PF. Furthermore, SB202190 could
not prevent blister formation in ex vivo skin culture or loss of cell
adhesion in vitro dissociation assay by the single pathogenic PF18-15 IgG mAb. These ﬁndings indicate that the pathogenic mAb
may cause loss of cell adhesion by a p38MAPK-independent
mechanism, possibly by steric hindrance as mentioned in previous
PV studies [7,14] or other signaling pathways. Our data is
contradictory to a previous study using a passive transfer mouse
model with puriﬁed PF IgG, in which blister formation was blocked
by SB202190 [11] or a study using atomic force experiment that
puriﬁed IgG from two PF patients did not disrupt trans-adhesion of
Dsg1 [29]. The difference may be due to the source of IgG; a half-

and-half mixture of anti-Dsg1 IgG mAbs in our study and puriﬁed
PF IgG from sera in the previous studies, which should contain
pathogenic and non-pathogenic anti-Dsg1 IgG in various mixture
ratios among different PF patients. It may be possible that the
mixture ratio between pathogenic and non-pathogenic anti-Dsg1
IgG inﬂuences the pathogenicity. An alternative explanation is that
the difference of study design may affect the result.
In summary, our results suggest that, as in PV, in PF the
polyclonal nature of anti-Dsg1 antibody is a factor that inﬂuences
pathogenic activity in blister formation through p38MAPKdependent clustering of Dsg1. Not only pathogenic Abs but also
non-pathogenic Abs coordinately contribute to blister formation in
PF. However, at least one pathogenic antibody that directly
interferes cell adhesion may be necessary for the clustering and
blister formation.
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