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Bullous pemphigoid (BP) is an autoimmune disease characterized by the formation of
blisters, in which autoantibodies mainly target type XVII collagen (ColXVIl) expressed
in basal keratinocytes. BP IgG is known to induce the internalization of ColXVIl from
the plasma membrane of keratinocytes through macropinocytosis. However, the cellular
dynamics following ColXVII internalization have not been completely elucidated. BP
lgG exerts a precise effect on cultured keratinocytes, and the morphological/functional
changes in BP IgG-stimulated cells lead to the subepidermal blistering associated with
BP pathogenesis. Based on the electron microscopy examination, BP IgG-stimulated
cells exhibit alterations in the cell membrane structure and the accumulation of
intracellular vesicles. These morphological changes in the BP IgG-stimulated cells are
accompanied by dysfunctional mitochondria, increased production of reactive oxygen
species, increased motility, and detachment. BP IgG triggers the cascade leading to
metabolic impairments and stimulates cell migration in the treated keratinocytes. These
cellular alterations are reversed by pharmacological inhibitors of Rac1 or the proteasome
pathway, suggesting that Rac1 and proteasome activation are involved in the effects of
BP IgG on cultured keratinocytes. Our study highlights the role of keratinocyte kinetics
in the direct functions of IgG in patients with BP.
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INTRODUCTION

Bullous pemphigoid (BP) is a skin-specific autoimmune disease characterized by subepidermal
blisters (1-4). Systemic glucocorticoids and immunosuppressive agents are effective treatment
options for BP (5, 6), but they increase the risk of lethal infections, particularly in elderly patients
(7, 8). The autoimmune mechanisms involved in BP have been well-discussed based on clinical
and experiential evidence (9, 10). IgG is the principal antibody involved, which recognizes the
non-collagenous 16a domain (NC16a) of type XVII collagen (ColXVII, also known as BP180 or
BPAg2) (9, 11-14).
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FIGURE 7 | Effects of BP IgG on mitochondrial function in NHEKSs. (A) Mitochondrial staining intensities (MitoTracker® Red CMXRos) were evaluated in NHEKs
incubated with a pool of BP IgGs (from BP-1, BP-2, and BP-3) or normal IgG for 16 h. One-way ANOVA was used for the statistical analysis. *p-value < 0.05. (B) ROS
were detected in NHEKSs stimulated with BP IgGs or normal IgG for 6 h. TBHP was used as a positive control. One-way ANOVA was used for the statistical analysis.
*p-value < 0.05. (C) The mitochondrial membrane potential was assayed in NHEKSs treated with BP IgGs or normal IgG for 20 h. FCCP was used as a positive control.
One-way ANOVA was used for the statistical analysis. *p-value < 0.05. (D) NHEKs were collected after a 16 h incubation with the indicated IgGs, then stained with
SYTOX green (stains dead cells) and C12-resazurin (stains living cells), and subjected to flow cytometry.
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FIGURE 8 | Results of the cell motility assay using NHEKSs stimulated with BP IgG. Hoechst 33342-labeled NHEKs were incubated with IgGs obtained from 3 patients
with BP (BP-1, BP-2, and BP-3) or normal IgG, and imaged using time-lapse microscopy. Images were captured at 10 min intervals for up to 6 h. (A) Migration
displacement maps were generated by centering the cell migration paths at a common starting point. Axes of vector diagrams = 500 pm. (B) Cell velocity of NHEKs
treated with IgGs. One-way ANOVA was employed to determine the significance of differences induced by BP IgGs. *p-value < 0.05. (C) Mean square displacement
of the NHEKS treated with IgGs.
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FIGURE 9 | Effects of cytochalasin D, NSC237766, and MG132 on the BP IgG-induced internalization. (A) Overview of the 3D reconstruction assay. The 3D
reconstruction was performed as described in the methods. The boxed region indicates XYZ boxed area, XY slice indicates the horizontal slice and used to measure
(Continued)
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FIGURE 9 | the fluorescence intensity, and XZ slice indicates the longitudinal slice. (B) Fluorescence microscopy images of the binding of the indicated IgGs to the
NHEKSs at 2 h. NHEKs were pretreated with cytochalasin D (2 uM) for 30 min, NSC23766 (200 M) for 1 h, or MG132 (6.25 M) for O h, and then 2 mg/ml BP IgGs
(BP-1, BP-2, BP-3) or normal IgG were added to the cultured cells. The 3D reconstruction assay was applied to observe the changes. Scale bar 5 um. (C)
Quantification of the IgG-stained dots in cells. The anti-lgG-FITC-stained dots in the cytoplasmic region of individual cells were counted using the CellProfiler image
analysis software. One-way ANOVA was used for the statistical analysis. *p-value < 0.05.

to 6h. One-way ANOVA was used for the statistical analysis. *p-value < 0.05.
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FIGURE 10 | Effects of cytochalasin D, NSC237766, and MG132 on the BP IgG-induced decrease in the number of adherent cells. NHEKs were pretreated with
cytochalasin D (20 wM) for 30 min, NSC23766 (500 uM) for 1 h, or MG132 (12.5 uM) for O h, and then 2 mg/ml BP IgGs (BP-1, BP-2, and BP-3) or normal IgG were
added to the cultured cells. Total numbers of adherent cells after the incubation with BP IgGs or normal IgG were counted every hour in a x20 area (0.57 mm?) for up

using flow cytometry.
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FIGURE 11 | Effects of cytochalasin D, NSC237766, and MG132 on the BP IgG-induced decrease in cellular metabolic activity. NHEKs were pretreated with
cytochalasin D (2 uM) for 30 min, NSC23766 (200 M) for 1 h, or MG132 (6.25 M) for O h, and then 2 mg/ml BP IgGs (BP-1, BP-2, and BP-3) or normal IgG were
added to the cultured cells for 16 h. Then, NHEKs were collected, stained with SYTOX green (stains dead cells) and C+2-resazurin (stains living cells), and analyzed

DISCUSSION

As shown in the present study, BP IgG directly induces
NHEK dysfunction, as BP IgG stimulation increases SYTOX
green staining, revealing structural disintegration of the plasma
membrane, intercellular vesicle formation, and mitochondrial
dysfunction, but not chromatin condensation. In addition,
BP IgG induced cell dysfunction by activating Racl and the
proteasome. Our findings support the hypothesis proposed by
Ujiie et al. that BP IgG directly causes subepidermal bulla
formation in patients with BP (41).

We considered two possible explanations for BP IgG-
induced cell dysfunction: methuosis or oncosis. The well-known
response of NHEKs to BP IgG stimulation is macropinosome
formation (43, 54). In mammalian cells, hyperstimulation
of macropinosomes is known to lead to methuosis, which
is defined as the maturation of macropinosomes (48, 49).
We first tested whether the BP IgG-induced accumulation
of fluid-filled endocytic vesicles was catastrophic and
ultimately merged with the lysosomes, as previously
reported (55), to distinguish between these mechanisms.
However, refuting our methuosis hypothesis, BP IgG-induced
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FIGURE 12 | Effects of cytochalasin D, NSC237766, and MG132 on the BP IgG-induced increase in cell motility. NHEKs were pretreated with cytochalasin D (2 wM)
for 30 min, NSC23766 (200 wM) for 1 h, or MG132 (6.25 wM) for O h, and then 2 mg/ml BP IgGs (BP-1, BP-2, BP-3) or normal IgG were incubated with the cultured
cells for 6 h. (A) Velocity of the NHEKs stimulated with IgGs. One-way ANOVA was used for the statistical analysis. *: p-value < 0.05. (B) Mean square displacement
of the NHEKSs stimulated with IgGs.

macropinosomes did not merge with lysosomes, excluding
the possibility of methuosis. The alternative explanation is
oncosis, a type of cell dysfunction caused by cell membrane
damage characterized by cellular and/or organelle swelling
(56). Our ultrastructural and morphological observations
were consistent with these changes (Figures4, 5 and
Supplementary Figure S1).

Importantly, our data provided evidence supporting
the relationship between BP IgG-induced cell dysfunction
and lysosome accumulation and mitochondria dysfunction
(Figures 5-7). Cell membrane injury directly results in acute
cell dysfunction, and the dying cells release endogenous alarm
signals, which trigger the innate immune system and modulate
inflammation through the lysosome-induced increase in the
levels and excessive formation of ROS (50, 57). In contrast,
the lysosomes mediate plasma membrane repair and control
cellular dysfunction (50, 58). Mitochondrial dysfunction
usually leads to mammalian cell death and influences the
immune system to perceive/react to the dying cells (51, 59).
Lysosome-mediated cellular dysfunction is characterized by
simultaneous membrane damage and the proteolysis of a

wide range of proteins (60). Lysotracker® Green DND-26,
a marker of the lysosome membrane potential (60), helped
identify BP IgG-treated cells with a higher lysosome membrane
potential. Conceivably, the proteolytic enzymes released from
lysosomes trigger a forward loop promoting lysosome rupture
after a 2h treatment with BP IgG. Moreover, the proteasome
inhibitor MG132 efficiently blocks lysosome rupture (61)
and has attracted considerable attention as an anti-BP agent
(41). Therefore, MG132 likely exerted its protective effects
on BP IgG-induced cell dysfunction in our study through
its antilysosome/proteasome effects. Not surprisingly, several
skin diseases are reported to be associated with alterations
in mitochondria-related metabolic pathways (59). Consistent
with the results of our ROS assay, the BP disease process was
recently reported to be characterized by ROS production (62).
We provided direct evidence that cell membrane fragility
follows ROS production induced by BP IgG stimulation,
which ultimately significantly increases cell membrane
fragility, although we have not identified the molecular
events underlying ROS production. The cell membrane is the
site of activation of numerous signaling cascades that induce
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mitochondrial dysfunction. Interestingly, Racl is reported to
be located both at the plasma membrane and mitochondrial
membrane (63). The administration of NSC23766 decreases
ROS production and promotes cell survival (64). Racl activation
might serve as the initial step to “destroy” both the cell and
mitochondrial membranes, and the pathways downstream of
Racl also contribute to increasing ROS production to promote
cellular dysfunction.

We conclude that the persistent stimulation with BP IgG
induced the formation of macropinosomes in keratinocytes,
resulting in a fragile plasma membrane, intercellular vesicle
formation, lysosome accumulation, and ROS production,
which ultimately contribute to mitochondrial dysfunction.
The BP IgG-induced alterations in keratinocytes trigger

the immune system to digest the basal keratinocytes,
causing the formation of blisters on the skin along
with BMZ.

Our study has limitations. For example, we had limited
explanations for the association of BP IgG-induced keratinocyte
alterations with blister formation. Similar to the results from
a previous study of basal keratinocytes (in vivo) from patients
with BP (65), intercellular vesicles filled with villi and swelled
mitochondria were also observed in our TEM experiment.
We first considered that the intercellular vesicles likely form
in response to the maturation of macropinosomes, and the
lysosome-mediated pathway contributes to vesicle expansion
and exerts potential effects on skin blistering. However, the
intracytoplasmic accumulation of lysosomes/autophagosomes
are not observed in ultrastructural images in vivo (65-
67). In addition, histopathology rarely reveals degenerated
keratinocytes in patients with early-stage BP. We considered
that the pattern of ColXVII expression differs between
keratinocytes in vivo (hemidesmosome ColXVII) and in
vitro (nonhemidesmosome ColXVII) (15, 16, 21); future
studies should provide insights into the different changes in
keratinocytes in vitro and in vivo during the BP IgG-induced
blistering process.

We also describe the role of ColXVII in regulating cell
adhesion and motility (Figures 3, 8, 10, 12). The formation
of the BP IgG-ColXVII complex has been shown to tear
the weakened lamina lucida, leading to a specific split at
the lamina lucida and induction of BMZ blistering (37).
According to another report, ColXVII mediates the anchorage
of basal keratinocytes by regulating cell motility (68). Thus,
we speculate that the changes in the adhesion and motility
of keratinocytes are involved in the pathogenesis of blistering
in patients with BP. As shown in reports (69, 70), IgGs
targeting proteins other than ColXVII-NCl6a do not detach
cells from culture dishes. Interestingly, an IgG targeting the
C-terminus of ColXVII neither induced obvious IgG-ColXVII
internalization nor had any significant effect on cell detachment.
Together with the results of the in vivo study showing that
IgGs targeting the ColXVII ectodomain fail to reproduce
blistering in an animal model (71), the findings from previous
studies and our data confirm the pathogenicity of the anti-
ColXVII-NCl16a antibodies in subjects with BP. Based on
the existing literature, the reduction in the cell adhesion

observed upon BP IgG stimulation can be accounted for by
ColXVII internalization (43, 72). However, researchers have
not clearly determined how ColXVII internalization might
influence cell adhesion. In the present study, the BP IgG-induced
cell detachment was not directly induced by macropinosome
formation, because alterations in actin, the well-known and
necessary molecule for macropinosome formation (73), did not
completely prevent NHEK detachment. NHEKs disassembled
their contacts with neighboring cells and detached from the
culture dish following an incubation with BP IgG. Furthermore,
epithelial cell “destabilization” has also been shown to require
a step mediated by the proteasome (74). For this reason,
we speculated and confirmed that the BP IgG-induced cell
detachment was associated with proteasome activation, and the
internalization of the IgG-ColXVII complex probably requires
the initial event of proteasome activation. Another interesting
aspect of this study was that the BP IgG treatment increased
NHEK motility. Based on the BP IgG-induced cell detachment,
we speculate that the BP IgG-induced alterations in cell motility
are likely due to a decrease in the cell density. On the
other hand, ColXVII has been shown to regulate keratinocyte
motility, while changes in cell motility following the loss of
ColXVII remain controversial (26). Studies using ColXVII-
knockdown keratinocytes have reported that the loss of ColXVII
reduces lamellipodial stability (75) and induces cell migration
mediated by Racl (76, 77). Cell migration is associated with
the remodeling of the actin cytoskeleton. However, cytochalasin
D did not affect cell motility following the BP IgG treatment.
This discrepancy might be explained by the binding of ColXVII
to two different cytoskeleton systems in keratinocytes: actin-
associated focal contacts and keratin-associated hemidesmosome
compounds (15, 78, 79).

Our findings provide a better understanding of the
direct effects of BP IgG on keratinocytes by increasing the
fragility of the cell membrane, resulting in keratinocyte

dysfunction, probably through oncosis. In addition,
the BP IgG-induced cellular dysfunction was reversed
by Racl/proteasome inhibition. We believe that our
identification of the Racl/proteasome-mediated signaling

pathway provides valuable new insights that have improved
our understanding of the direct effects of BP IgG
on keratinocytes.
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