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Bullous pemphigoid (BP) is an autoimmune disease charactized by the formation of

blisters, in which autoantibodies mainly target type XVllotlagen (ColXVIl) expressed
in basal keratinocytes. BP IgG is known to induce the interdeation of ColXVII from
the plasma membrane of keratinocytes through macropinocyisis. However, the cellular
dynamics following ColXVII internalization have not beenompletely elucidated. BP

IgG exerts a precise effect on cultured keratinocytes, andne morphological/functional

changes in BP IgG-stimulated cells lead to the subepidermdilistering associated with

BP pathogenesis. Based on the electron microscopy examinan, BP IgG-stimulated

cells exhibit alterations in the cell membrane structure ah the accumulation of

intracellular vesicles. These morphological changes in ¢hBP IgG-stimulated cells are
accompanied by dysfunctional mitochondria, increased prduction of reactive oxygen

species, increased motility, and detachment. BP IgG triggs the cascade leading to

metabolic impairments and stimulates cell migration in th&eated keratinocytes. These
cellular alterations are reversed by pharmacological irhitors of Racl or the proteasome

pathway, suggesting that Racl and proteasome activation a involved in the effects of
BP IgG on cultured keratinocytes. Our study highlights theote of keratinocyte kinetics
in the direct functions of 1gG in patients with BP.

Keywords: bullous pemphigoid, keratinocyte, 1gG, cell adhe sion, cell migration

INTRODUCTION

Bullous pemphigoid (BP) is a skin-speci ¢ autoimmune diseasaratterized by subepidermal
blisters (—4). Systemic glucocorticoids and immunosuppressive agemeactive treatment
options for BP §, 6), but they increase the risk of lethal infections, particlylan elderly patients
(7, 8). The autoimmune mechanisms involved in BP have been wstudised based on clinical
and experiential evidenc#,(10). IgG is the principal antibody involved, which recognizes th
non-collagenous 16a domain (NC16a) of type XVII collagen ¥4I, also known as BP180 or
BPAg2) 0, 11-14).
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ColXVIl, a transmembrane protein, is located either at Although our understanding of the mechanism by which BP
the core of the hemidesmosome in the skif) (or in the 1gG induces blistering at the single-cell-level has improved
hemidesmosome protein complexes of cultured keratinocytdsnowledge regarding macropinosome formation in the
(15, 16). ColXVII contains a long extracellular collagenous tail,pathogenesis of BP is still lacking. A macropinosome is a
which traverses the basement membrane zone (BMZ), @nd large endocytic vacuole formed during macropinocytosig).(
serves as a signaling connector and/or a “mucilage” betwedacropinosome formation acts as an entry site for intracalul
the epidermis and the dermisl§-21). A genetic de ciency in pathogens (e.g., bacteria) that helps cells recognize the
ColXVII leads to junctional epidermolysis bullosa, resudtin  antigens/microbe-associated moleculé§ ¢6) and accumulate
the separation of the epidermis from the dermi2(23). Binding  the metabolites required for proliferation (e.g., cancelis§e
of the specic IgG to ColXVIl is considered to contribute to (47). However, hyperstimulation of macropinosomes leads to
intra-lamina lucida blistering in subjects with BP4-26). cell death 48, 49). Thus far, the changes in the morphology

ColXVII-NC16a is a juxtamembrane region that plays aof keratinocytes during BP IgG-induced macropinosome
central role in the formation of the collagen-like-triple hel formation are incompletely understood. We hypothesized that
(27, 28). Moreover, 1gG binding to ColXVII-NC16a is the BP IgG contributes to the pathogenesis of BP by inducing
most essential initial event in BP, and detection of thekeratinocyte dysfunction. The aim of this study was to clatiife
ColXVII-NC16a-speci ¢ 1gG is important for diagnosing BP morphological and functional changes in human keratinosyte
(10, 29, 30). The pathological progress of blistering after BPincubated with BP IgG and the subsequent e ects of inhibitors
IgG binding to ColXVII-NC16a remains a debatable issueof macropinosome formation on these morphological and
Previously, complement activation was considered a majdunctional events.
cause of blistering, because immuno uorescence studies of
skin biopsies from patients with BP have shown that MOSpIATERIALS AND METHODS
patients with BP exhibit C3 deposition. Moreover, according to
laboratory investigations, the binding of IgG to murine CsoiX  Cell Culture
triggers complement activation, mast cell degranulationd a Normal human epidermal keratinocytes (NHEKs) were
neutrophil in Itration, suggesting that the formation of istering  obtained from the American Type Culture Collection (ATCC,
lesions require both IgG and the recruitment and activatmin Manassas, VA, USA) and cultured in serum-free media (with
complement 81-35). Recently, another BP pathomechanism hagalcium chloride at a nal concentration of 0.09 mM, De ned
been advocated in which 1gG exerts a direct e ect on inducinKeratinocyte SFM supplemented with growth factors, Gibco,
blistering in patients with BP36, 37). Evidence supporting these Invitrogen Corporation, Carlsbad, CA, USA), 1% penicillin-
direct e ects of BP 1gG has been reported. Immuno uorescencatreptomycin (Wako Pure Chemical Industries, Japan), and
studies have revealed tiratl0% BP cases are positive for BP Ig&5 ng/ml amphotericin B (Wako Pure Chemical Industries) at
but negative for C3 depositior3(, 35. Based on the ndings 37 Cinahumidi ed atmosphere containing 5% GOCells were
from some case reports, IgG staining shows an intercellulassed after two to six passages in all experiments.
pattern in basal cells rather than a linear deposition along th
BMZ (39). Clinical observations identi ed a non-in ammatory Antibody Puri cation
BP variant that is often associated with dipeptidyl peptidase-Plasma samples were obtained from three patients with BP
inhibitors application 89). BP 1gG has been reported to directly (BP-1, BP-2, and BP-3), and eluents were obtained by a
induce blisters between the epidermis and the dermis withoutlouble Itration plasmapheresis treatment. BP IgGs fractions
complement activation40, 41), in uence cell morphology42), were isolated from plasma using a HiTrap Protein G HP
and “deplete” ColXVIl in cell culture system34). The binding of column (GE Healthcare, Marlborough, MA, USA) with a fast
BP IgG to ColX VIl has also been reported to cause internatimat  protein liquid chromatography system (Amersham Biosciences
of the immune complex by forming macropinosomes, resultingMarlborough, MA, USA), according to the manufacturer's
in decreased cell adhesion at the single cell le\@] ( protocol. The functions of BP IgGs were con rmed using indirec

immuno uorescence staining of the salt-spilt human skin and

a ColXVII-NC16a chemiluminescent enzyme immunoassay test
Abbreviations: BP, bullous pemphigoid; BMZ, basement membrane zone; BSA(,CLElA' SRL Inc., Hachioji, Japan). Immunoblotting using the
bovine serum albumin; CLEIA, chemiluminescent enzyme immunoassayjormal human epidermal extracts con rmed that the BP 1gGs
ColXVIl, type XVII collagen; DAPI, & 6-diamidino-2-phenylindole; used in this study only reacted with ColXVIl (180 kDa) (data
DCFHDA, 2 72dichloro uorescein diacetate; DMSO, dimethyl sulfoxide; not shown) and not with other antigens. The puri ed BP 1gGs

DPBS, dulbeccos phosphate-buered saline; FCCP, carbonyl id%an oo concentrated through extensive washed with 0.9% NaCl
4-(tri uoromethoxy)phenylhydrazone; GTPases, guanosine trijpiase

phosphohydrolases: h, hour; IgG, immunoglobulin G: MG132, carbobanz  @Nd 50K ultra Itration (Millipore, Lexington, MA), and then
Leu-Leu-leucinal; min, minutes; NC16a, noncollagenous 16a dantitEKs,  lter-sterilized (pore size 0.28m; Millipore). The pooled 1gGs
normal human epidermal keratinocytes; NSC23766, n6-[2-(4-dlethino-1-  from healthy people (normal IgG, Kenketsu Glovenin I, Nihon
mgthyl—butylgmino)—6—methy|—pyrimidin—4—y|]l—2—meth)./l—quinoIine—,@—diaming Pharmaceutical Co. Ltd., Tokyo, Japan) were dissolved i#6 0.9
trinydrochloride; Rac1l, ras-related C3 botulinum toxin substratB@S, reactive . . .
oxygen species; RT, room temperature; SEM, scanning electron mipmsco N_aCI to 50 mg/ml'. Normal rabplt IgGslwere puri ed usmg.a
TBHP, tert-butyl hydroperoxide; TEM, transmission electron microscape-1, ~ PIEICe classic IP kit (Thermo Fisher Scienti c, MA, USA) with

n-butyl glycidyl etherd m, mitochondria membrane potential. normal rabbit serum (ab7487, Abcam, Cambridge, UK). All IgGs
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protein concentrations were measured spectrophotometyieall viewed under a confocal scanning laser microscope (FV-100V,
280 nm and samples were stored &0 C. Olympus, Tokyo, Japan).

This study was approved by the Ethics Committee of Shimane For the 3D reconstruction assay, a series of z-planes captured
University and the Dean of the Faculty of Medicine (approvalat 0.38mm intervals were imaged with an Olympus FV-100V

nos. 1746 and 2679). confocal microscope after staining. The 2D z-stack images
from each channel were projected onto one 3D plane using
Reagents the Olympus FV-100V software 3D view function. A red
Carbobenzoxy-Leu-Leu-leucinal ~ (MG132),  cytochalasiff©X indicated projected z-stack images, a yellow boxed megio
D, and  n6-[2-(4-diethylamino-1-methyl-butylamino)-6- indicated one frame of a z-stack image, and a cut-o XZ or XY-
methyl-pyrimidin-4-yl]-2-methyl-quinoline-4,6-diamia section was shown in a yellow slice to better display the stginin

trihydrochloride (NSC23766) were purchased from Sigma (St. Quanti cation of the uorescence intensity was performed

Louis, MO, USA). MG132 and cytochalasin D were dissolved itSing ICY software (icy.bioimageanalysis.org).

DMSO to generate 10 and 2mM stock solutions, respectively.

NSC23766 was dissolved in distilled water to generate a 10 m@ell Counting Assay

stock solution. All inhibitor stock solutions were frozet a NHEKs were cultured in 96-well culture plates to 40-60%
20 C. For the application of inhibitors to cell cultures, all con uence in the presence or absence of cytochalasin D,

reagents were diluted in warm culture medium at the indichte NSC23766, or MG132. Cells were labeled with Hoechst 33342

concentrations. NHEKs were pretreated with cytochalasimiD f (Thermo Fisher Scienti c) and treated with BP 1gGs (2 mg/ml)

30min, NSC23766 for 1 h, or MG132 for O h, and then IgGs wer@ormal 1gG (2 mg/ml), ColXVIl 1gG (12ng/ml), or normal

added prior to the analysis. rabbit IgG (2 mg/ml). Live cell imaging was performed with an
In Cell analyzer 2000 (GE Biosciences, Piscataway, NJ, USA)
Flow Cytometry Analyses equipped with a 20 objective. After a 6 h incubation with IgGs,

Upon reaching 60% con uence, NHEKs were treated with the numbers of adherent cells in a20 area (0.57 m#) were

2 mg/ml 1gGs obtained from patients with BP (BP IgGs) orautomatically counted every hour with the In Cell Analyzer
normal IgG. After 0, 0.25, 0.5, 1, 2, and 6h incubations, thd000 Workstation software (GE Biosciences) using the cefitcou
cells were washed with Dulbecco's phosphate-bu ered salim@alysis module.

(DPBS). Non-trypsin detached cells were immediately xedhwit

4% paraformaldehyde and resuspended in DPBS. Cells were rfransmission Electron Microscopy (TEM)

incubated with a monoclonal rabbit IgG specic for human and Scanning Electron Microscopy (SEM)
.COlXV”'COQH (C_oIXVI! IgG, ab184996, Abcam) and then NHEKs were incubated with BP IgGs (2 mg/ml) or normal
incubated with anti-rabbit IgG-Alexa488 (ab150077, Abyam IgG (2 mg/ml). Cells grown on four-well culture slides to 60%
gnalyze the qell surface ColXVII expression. Cells werettirec ., ,once were observed with TEM and the cells grown on
incubated with anti-human I19G-FITC (Dako, Copenhagen,lsmm round cover-slips to 60% con uence were observed
Denmark) and examined using ow cytometry to determine thewith SEM. For TEM, after the incubation with the indicated

amount of IgG bound to the cell surface. lgGs, cells were washed and immediately xed with 2.5% (v/v)
o glutaraldehyde (Sigma) in 0.1 M cacodylate bu er (pH 7.4, Wako
Immunostaining Assay Pure Chemical Industries) for 2 h. Cells were then washed and
NHEKs were seeded on sterile glass coverslips at a denggyst xed with 1% (v/v) osmium tetroxide for 1h and 1% (v/v)
of 0.2 10 cells/ml, and after a 16h incubation, NHEKs uranyl acetate for 1h at € in the dark. Dehydration was
were pretreated with or without cytochalasin D, NSC23766, oachieved in a graded series of ethanol solutions. Dehydrate
MG132, and incubated with BP IgGs (2 mg/ml), normal IgG (2cells were cleared in n-butyl glycidyl ether (QY-1), embetide
mg/ml), or ColXVII IgG (12mg/ml) for 0, 0.5, or 2 h. Afterwards, in Epon (TAAB Epon 812 Resin, Berkshire, England), and
the cells were washed with DPBS, xed with cold 4% (w/vcut into ultrathin sections at a thickness of 80 nm using an
paraformaldehyde for 10 min, permeabilized and then blockedltramicrotome. Sections were collected on a 300-mesh copper
with 0.3 M (w/v) glycine/1% (w/v) BSA/10% (v/v) normal rabbi grid, and ultrathin sections were double stained with urany
serum/0.1% (v/v) Tween-20 in DPBS for 1 h at room temperatur@cetate and lead citrate. For SEM, after the incubation with t
(RT). NHEKSs that had been treated with IgGs for Oh wereindicated IgGs, the debris were removed from the culture by
further incubated with BP IgGs (2 mg/ml) or normal 1gG (2 gentle washes with sterile DPBS. Cells were xed with 2.5%
mg/ml) for 1 h at RT or incubated with ColXVII IgG (1&g/ml)  (v/v) glutaraldehyde for 2h at € and washed with a 0.1 M
overnight at 4C. Cells were then washed three times with DPBScacodylate bu er (pH 7.2) solution. Cells were post xed with 1%
All cells treated with IgGs were subsequently incubated witlv/v) osmium tetroxide for 1 h at 4C, stained with 1% (w/v)
Alexa488- or FITC-conjugated secondary antibodies anditab tannic acid for 1 h at 4C in the dark, and then xed with 1%
or human IgG for 1h at RT. The nuclei were stained Wit?’,l 4 (v/iv) osmium tetroxide for 1 h at 4C. Cells were subsequently
6-diamidino-2-phenylindole (DAPI, Thermo Fisher Scierd).  dehydrated in an increasing gradient of ethanol solutianiical
Cells on the coverslips were washed, mounted in mountingoint dried in liquid COp, mounted on aluminum stubs with
medium (Vector Laboratories, Burlingame, CA, USA), andthe cell layer facing up, and then coated with gold. Cells were
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observed with a JSM-6510 scanning electron microscope (JE@bcam) according to the manufacturer's instructions. Cells

Co., Ltd., Tokyo, Japan) at a 10 kV accelerating voltage. cultured in a 96-well plate to 60% con uence were incubated
o with DCFHDA for 45 min at 37C in the dark, and fresh medium

LysoTracker ® Green DND-26 Staining containing BP IgGs (2 mg/ml) or normal IgG (2 mg/ml) were

Assay added and cultured for 6 h at 3€. The uorescence intensity

NHEKs seeded on a 35mm dish (Ibidi GmbH, Martinsried, was determined using a uorescence microplate reader (DX88
Germany) at 40% con uence were treated with BP IgGs (2Beckman Coulter, Brea, CA, USA). The relative ROS uorescence
mg/ml) or normal IgG (2 mg/ml) for 2 h. Cells were stained with intensity was calculated as followsgfT{ uorescence intensity

50 nM Lysotrackef Green DND-26 (Thermo Fisher Scienti c) at 6 h)-Ton ( uorescence intensity at 0 h)]/numbers of adherent
for 15min in the dark and the uorescence of lysosomes wasells measured by cell counting.

immediately detected using confocal microscopy (Olympus FV-

1000). Images were quanti ed using CellPro ler image anialys Mitochondrial Membrane Potential Assay

software (cellpro ler.org) with the spot detection pipeline. The mitochondrial membrane potential was measured using a
. JC-1 mitochondrial membrane potential assay kit (Mitosces)c
Analysis of Cell Morphology Abcam) according to the manufacturer's instructions. NHEKs

NHEKs cultured in 96-well plate to 60% conuence werecyitured in a 96-well culture plate to 60% con uence werergté
stained with 100nM MitoTracket Red CMXRos (Thermo with the JC-1 dye and incubated with BP IgGs (2 mg/ml) or
Fisher Scientic) and Sng/ml Hoechst 33342. BP 19Gs (2 normal IgG (2 mg/ml) for 20 h. The uorescence intensity was

mg/ml) or normal IgG (2 mg/ml) were then added to the gnalyzed using a uorescence microplate reader (DTX880).
culture, which was immediately imaged. Nuclear masks were

generated from images of Hoechst 33342 staining at 0 and Zﬂnalysis of C 1,-Resazurin/SYTOX Green
and the found edge and overlay functions of ImageJ softwar,

were employed to identify enlarged cell nuclei. The cytoplasn‘%tgmmg in/SYTO K lecul b
was visualized by overlaying the images of MitoTraékdted A Cizresazurin/SYTOX green kit (Molecular Probes, Eugene,

CMXRos staining with nuclear staining. The whole-cell areaOR’ USA) was ”,S‘?d to V|_sual|ze _the cell viability according to
and the area of typical macropinosomes was determined iH1e manufacturer's instructions. Brie y, NHEKs cultured 6%

phase-contrast images, and the numbers of total observési cefon uence in T-25 gsks in the presence or absence of inhitsito
ere incubated with BP IgGs (2 mg/ml) or normal IgG (2

and the cells that formed macropinosomes were counted usm\r@.g/ml) for 16h. Cells were harvested with the TrypLE Express

ImageJ software (imagej.nih.gov/ij/). For the cell sidewdation, . . ; =
nuclear staining was used to mark each individual cell, draht Enzyme (Gibco) and resuspended in 100 ,DPBS contammg
SYTOX green and 50 nM {3-resazurin. After a 15min

hase-contrast images matched to nuclear channel images
P 'mag . 'mag Wmcubation in the dark, 400nL of DPBS were added. The cell

employed to calculate the size of each cell using In Cell Aralyz X . . - .
1000 Workstation software with the multitarget analysis mied suspension was mixed gently and then immediately subjected t
QLW cytometry analysis.

The cell size was calculated from the sum of pixel areas fdr ea

cell based on the pixel sizes of the images (2.73 pirels/ -
NHEKs were treated with BP-1 1gG (2 mg/ml) or normal C€ll Motility Assay

|gG (2 mg/m|) and imaged to |dent|fy the rupture of the p|asmaNHEKS were incubated in 96-well culture plates (Falcon) to

membrane. Bright eld images of cells were obtained at 10 min 60% con uence. Cells cultured in the presence or absence of

intervals up to 16 h. The found edge and Over|ay functions Oi’nhibitors were labeled with Hoechst 33342, and then treéate

ImageJ software were employed to analyze the images. with BP 1gGs (2 mg/ml) or normal IgG (2 mg/ml). Images of the
cells were captured at 10 min intervals up to 6 h using an In Cell

MitoTracker ® Red CMXRos Staining Assay analyzer 2000 equipped with a20 objective (GE Biosciences).
NHEKs cultured in 96-well plates to 60% con uence werelhe motility of 2,000 cells was analyzed using ImageJ software
labeled with MitoTrackeR Red CMXRos and Hoechst 33342 with WrMtrack plugins (www.phage.dk/plugins/wrmtrck.html).
and treated with BP IgGs (2 mg/ml) or normal IgG (2 mg/ml) The Euclidean distance and velocity were calculated usiag th
for 16 h to calculate the relative signal intensities and bens Chemotaxis and Migration Tool (Ibidi GmbH) and the mean
of MitoTracker® Red CMXRos uorescent dots per cell. Cellssquare displacements were obtained using Motility Lab (www.
were xed with cold 4% (w/v) paraformaldehyde for 10 min, and motilitylab.net/).

images of the cells were captured using an In Cell analyzer 2000

equipped with a 20 objective (GE Biosciences). Images wer&tatistical Analysis

quanti ed using CellPro ler image analysis software withet The results are presented either as the mean valustandard

spot detection pipeline. errors of the means or mean values standard deviations

. . (SD from at least triplicate experiments. One-way or two-way
Cellular Reactive Oxygen Species (ROS) ANOVA or Studentst-test was used to compare the means, and
Assay di erences were deemed signi cant when the calculapedalue

Intracellular ROS production in NHEKs was measured using theavas< 0.05. All statistical analyses were performed with the R
uorescent dye 27%dichloro uorescein diacetate (DCFHDA, language (www.r-project.org).
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FIGURE 1 | Kinetics of the cell surface 1gG binding and ColXVII expressio(A) Immuno uorescence staining for IgG bound to xed NHEKs. NHEKs wee xed with
paraformaldehyde and permeabilized. Cells were incubatedith BP IgGs (BP-1, BP-2, or BP-3, 2 mg/ml), normal IgG (2 mg/ml), orabbit anti-human
(Continued)
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FIGURE 1 | ColXVII COOH IgG (ColXVII IgG, ¥y/ml) and then subsequently stained with FITC- or Alexa Fluord8-conjugated secondary antibodies (green). The
nucleus was stained with DAPI (blue). Scale bar 1fm. (B) Quanti cation of the uorescence intensity of IgG bound to xed NHEKs. Data were analyzed using ICY
software. (C) Evaluation of the cell surface IgG binding using ow cytometryNHEKs were cocultured with 2 mg/ml IgGs for the indicated time and then immediately
xed without permeabilization. The cells were directly incbated with anti-human IgG-FITC and were examined using ow cytmetry. (D) Evaluation of the cell surface
ColXVII expression using ow cytometry. NHEKs were cocultueéwith 2 mg/ml IgGs for the indicated times, and then immediatel xed without permeabilization.
Then, cells were rst incubated with an IgG speci ¢ for human CakVII-COOH, and then incubated with Alexa Fluor 488-conjugatkanti-lgG. Cells were examined
using ow cytometry. (E) Fluorescence microscopy images of the binding of the indidad 1gGs to NHEKs. NHEKSs were incubated with BP 1gGs (BP-1, BP;2r BP-3,
2 mg/ml), normal IgG (2 mg/ml), or ColXVII IgG (Ifg/ml) for the indicated times. Then, the cells were xed, permabilized, subsequently stained with FITC- or Alexa
Fluor 488-conjugated secondary antibodies (green). The mleus was stained with DAPI (blue). Scale bar 1®m. (F) Quanti cation of the uorescence intensity of IgG

bound to NHEKSs. Data were analyzed using ICY software.
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FIGURE 2 | Phase-contrast images of macropinosome formation in NHEK#&eated with BP 1gG.(A) Phase-contrast images were captured every 10 min after the
addition of IgGs obtained from three patients with BP (BP-1, B-2, and BP-3) or normal IgG to NHEKs and culture for up to 6 h. Té gure shows images captured
every 1h. Cells with macropinosomes were indicated with aows. Scale bar 10mm. (B) The numbers of cells present during BP IgGs stimulation. Bl&c Total cell
numbers observed at 0 h. Red: Numbers of cells containing mampinosomes at the indicated time points. Two-way ANOVA wasised to analyze the signi cance of
differences induced by BP IgGs. p-value < 0.05.

Time

RESULTS

Kinetics of the Cell Surface IgG Binding,
ColXVII Expression, and the Numbers of

Adherent NHEKs Treated With BP IgG
We performed immunostaining and analyzed the results witHgG (Figures 1A,B. In the ow cytometry analysis, the cell
a confocal laser-scanning microscope and ow cytometry tcsurface 1gG binding and ColXVIl expression on the surface

obtain spatial and kinetic information about BP 1gG binding
and ColXVII expression in NHEKSs treated with BP 1gGs. BP
IgGs binding to the NHEK surface were veri ed by positive
immunostaining for FITC-labeled anti-human IgG, and ColKV

expression on the surface of NHEKs was veri ed using ColXVII
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IgG-stimulated cells exhibited alterations in the cell meari®

B L ) .

&BP-11gG (n=16

- lgg §2=1 7; < Normal rabbit 1¢G (n=18) structure (indicated with arrows ifrigure 4). . o
©BP-3 IgG (n=19) ©ColXVII IgG (n=18) The TEM examination revealed larger vesicles with villi-

200/ ®*Normal IgG (n=16) 200 ® Untreated (n=18)

e Untreated (n=18) like structures inside the cytoplasmic space in BP IgG-tabate

NHEKs. BP IgG-treated NHEKSs displayed vacuolar structures

< <
g«g * E“E containing myelin-like structures. BP IgG-gtimuIated cells
E ; . E é accumulated Iysosomes and/or aqtophagosorﬁn:.m(es 5A,B, _
°s °s whereas cell nuclei showed neither damage nor chromatin
é 2 é 2 condensationigure 5A). Since lysosomes have been suggested
ER £S5 to play important roles in cell death50), we further
§ ?;3 characterized the involvement of lysosomes in the BP IgG-
& S induced cell death using a LysoTracRerGreen DND-26
o 2 4 s o 2 4 8 uptake assay. The live cell imaging revealed the accumuilatio
Incubation time (h) Incubation time (h)

of lysosomes 2h after BP IgGs were added to the culture
(Figure 5B), and the intracellular distribution of lysosomes

FIGURE 3 | Kinetics of the numbers of adherent NHEKSs stimulated with BP . . .
| was consistent with the TEM observations. Moreover, BP

1gG. Total numbers of adherent cells after stimulation witfA) BP IgGs, normal

IgG, or (B) ColXVII IgG or normal rabbit IgG. The cell numbers were counted IgG-stimulated cells contained a greater number intracatiul
hourly ina 20 area (0.57 mn?) for up to 6 h. Two-way ANOVA was used to LysoTrackeF Green DND-26-labeled dots with high uorescent
determine the signi cance of differences induced by BP IgGs.p-value< 0.05. intensity (Figures 5C D

of BP IgG-stimulated NHEKs decreased over time, Wherealglorph()loglcal _and Functional Changes Ilf]
ColXVII expression and the binding of 1gG to normal IgG- the Mitochondria of NHEKSs Incubated With

stimulated cells was not obviously alterédgures 1C,0). Based BP 1gG
on the confocal laser-scanning microscope observations, thWe used time-lapse microscopy to analyze cell morphology and
cell surface localization of BP IgGs were visualized after @alculated the sizes of individual cells to determine whethe
0.5 h incubation, and most of the punctate 1gGs staining weréhe increased number of intracellular vesicles increasesl th
mainly localized in the cytoplasmic area at 2ffigures 1E,fr.  sizes of individual cells. The sizes of NHEKs increased 1h
No signi cant IgG staining was observed when NHEKs wereafter adding BP IgGs to the culture, followed by the rupture
cocultured with normal 1gG Figures 1A-B. Immunostaining  of the cell membraneSupplementary Figure S1A The larger
with ColXVIl 1gG did not show obvious internalization cell sizes reverted to the average size of normal cells after 3
(Figures 1A,B,E,F. Phase-contrast images of NHEKs cocultured Supplementary Figure S1B Following nuclear staining and
with BP 1gGs displayed the BP IgG-induced formation ofthe capture of phase-contrastimages, the sizes of NHEKs&uiat h
typical macropinosomes in NHEKs$-{gure 2A), and compared been incubated with BP IgGs for 2 h increas&ig(res 6A,B.
to normal 19gG- or untreated cells, BP IgG-stimulated cellsThe TEM observations of mitochondria revealed numerous
exhibited a signi cant increase in the number of cells comtag ~ swollen mitochondria and a loss of cristae in cells stimaate
macropinosomesKigure 2B). with BP IgGs Figure 60). The mitochondrial functions were
BP 1gG is known to cause the detachment of keratinocytefurther analyzed with MitoTracket Red CMXRos staining to
in 40% con uent cultures, although the adhesive function ofobserve the e ect of BP IgGs, and the mitochondrial numbers
ColXVIl remains unclear §7). We performed a cell counting and staining intensity were quanti ed in each individualllce
assay with living cells to determine the eect of BP IgGsAfter 16 h, the number of stained mitochondria per cell did
on Kkeratinocyte adhesion. BP IgGs signi cantly decreadedl t not dier between BP IgG-treated cells and normal 1gG-
number of attached cells (reduced by40%) compared to treated or untreated cells (data not shown), whereas the
the cells treated with normal IgG or untreated cells, andstaining intensity of mitochondria in BP IgG-treated cells
the eects were evident beginning 2h after the incubationdecreasedHigure 7A).
(Figure 3A). We also assessed the e ect of IgG on detaching the ROS were generated 6h after BP 1gGs were added to the
COOH-termini of ColXVII (ColXVIl IgG) and found that the culture, whereas normal IgG did not increase ROS levels
addition of ColXVII IgG to the NHEKSs did not obviously a ect compared to untreated cellFigure 7B). By performing JC-

adhesion Figure 3B). 1 staining to analyze the mitochondrial membrane potential
(3 m), JC-1 aggregates, a sign of intact mitochondria, were

BP IgG Treatment Alters the Morphology of more abundant in the normal IgG-stimulated cells, and untreate

NHEKSs cells. On the other hand, dysfunctional mitochondria with a

We hypothesized that internalization of BP IgG-ColXVIl dissipation ofl m, as evidenced by the increased number of
complexes alters the properties and morphology of NHEKSs. Firs§C-1 monomers, were pronounced in BP IgG-treated NHEKS at
we used SEM to characterize the status of the plasma membrad@h (Figure 7C).

after BP 1gGs were added to the culture. Compared to the cells The two-color uorescence assay that distinguishes
incubated with normal IgG and/or the untreated cells, the BPmetabolically active cells was performed using SYTOX
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BP-11gG (2 h) BP-2IgG (2 h) BP-3IgG (2 h) Normal IgG (2 h) Untreated (2 h)

FIGURE 4 | SEM images of NHEKSs stimulated with BP IgG. SEM images of NHEKeeated with BP 1gGs (BP-1, BP-2, and BP-3) or normal 1gG for 2 hThe lower
magni cation pictures show the connections of cells and lopadia. The higher magni cation pictures show the cell surface ad microvilli of individual cells. The
alterations in the cell membrane structure are indicated Wi arrows.

green and @p-resazurin dye. SYTOX green labels cells\otably, boththe migration distanc&igures 8A,Q and velocity
with  compromised plasma membranes, andj>@sazurin (Figure 8B) increased.
is used to assess mitochondrial metabolic activity. After a

2h incubation with BP-1 IgG or normal IgG, the pattern Effects of cytochalasin D, NSC237766, and

of SYTOX green and f3-resorun staining did not dier ) .
between BP-1 IgG-, normal IgG-stimulated, or untreatedMGl32 on the BP IgG Induced Alterations

NHEKs (data not shown). Therefore, we postulated that BB Keratinocytes

IgG-induced ColXVIl internalization does not immediately The ndings of BP IgG-induced cell dysfunction led us
induce a loss of metabolic activity in NHEKs. Since thd© investigate the pathway involved in the BP IgG-induced
dissipation ofl m is usually regarded as a sign of decreasedlterations. Three inhibitors that have been established a
cell viability 1) and 1 m was not signi cantly decreased involved in the ColX VIl internalization process were employed
in NHEKs incubated with BP 1gGs for up to 6h (data not to furtherinvestigate the direct e ect of BP IgGs on cell adbes
shown), we harvested the NHEKs that had been incubatefp€tabolic activity, and motility.

with BP IgGs for 16h and performed SYTOX green/C Consistent with previous reports 48), application of
resazurin staining. A greater percentage of BP IgG-stimdlatecytochalasin D (inhibitor of the actin-colin interaction
cells was stained with SYTOX green and a relatively lowdphibited the internalization of the BP 1gG-ColXVIlI immune
percentage was stained with£resazurin than normal IgG- complex in BP IgG-stimulated NHEKd={gures 9A-Q. In the
stimulated or untreated cell§igure 7D), suggesting a decreasecell counting assay, the application of cytochalasin D did not
in the metabolic ability of BP IgG-treated cells. As DNAEXert a protective e ect but instead increased the adhesion of
fragments were not found (data not shown) and chromatinNHEKs treated with BP IgGsHgure 10. The cytochalasin D
condensation was not observed in our TEM images of Bireatmentdid not completely relieve the BP IgG-induced ldss o

IgG-stimulated cellsRigure 5A), we concluded that BP IgG did Metabolic activity in NHEKsRigure 11). In the motility assay,
not induce apoptosis. cytochalasin D signi cantly decreased the migration speed a

distance of untreated NHEK$-{gure 12A), although it did not

consistently exert the inhibitory e ect on the NHEKS stimugat

with BP IgGs Figures 12A,B.
BP 1gG Increased NHEK Motility MG132 (inhibitor for proteasome) suppresses ColXVII
Next, we extended our observations to evaluate cell mytilit depletion in both mouse and human keratinocytes stimulated
According to the results of the electron microscopy analyg#s, with BP IgG @¢1). Thus, we hypothesized that the reduction
1 1gG-stimulated cells displayed longer lamellipodtgg(re 4), in the adhesion of NHEKs treated with BP IgG is related
and the extension of lamellipodia is closely related to celio the depletion of ColXVIl. MG132 did not prevent BP
migration (52). Throughout the 6 h observation of live cells, IgG-induced internalization Kigures 9A-Q or delay the BP
BP IgG-treated cells showed increased cell motility congbarelgG-induced decrease in cell numbeFigure 10. However,
with normal IgG-stimulated and untreated cell§igure 8. MG132 protected NHEKs from the BP IgG-induced loss of
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FIGURE 5 | Changes in the morphology of NHEKSs stimulated with BP IgqA) TEM images of NHEKSs stimulated with BP 1gGs (BP-1, BP-2, and BB) or normal IgG
for 2 h. Zoomed-out images labeled with the # symbol shows vagolar structures containing myelin-like structures. Vaalar structures are indicated with arrows.
(Continued)
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FIGURE 5 | (B) The intracellular distribution of lysosomes in NHEKSs stintated with BP 1gGs (BP-1, BP-2, and BP-3) or normal IgG. After a R incubation with 1gGs,
cells were incubated with 50 nM LysoTracke@ Green DND-26 for 15 min in dark, and live cells were imaged usj confocal microscopy. Arrows indicate vesicles
surrounded by lysosomes. Scale bar 1Grm. Y-axis in the left panel: uorescence intensity(C) Quanti cation of the uorescently stained dots in cells. The
LysoTrackefE’ Green DND-26-stained dots in the cytoplasmic region of indidual cells were counted using the CellPro ler image analys software. One-way ANOVA
was used for the statistical analysis.-value < 0.05. (D) Measurement of the uorescence intensity per cell. The uoresence intensity of LysoTracke@ Green
DND-26-stained cells was measured using CellPro ler image ralysis software. One-way ANOVA was used for the statistitanalysis. p-value < 0.05.

FIGURE 6 | Changes in the mitochondrial morphology in NHEKSs treated wh BP 1gG. NHEKSs were stained with Hoechst 33342 and then stimlated with BP IgGs
(BP-1, BP-2, and BP-3) or normal IgG (A) Nuclei were labeled at 0 h (red circle) and 2 h (green circléjie whole-cell area is shown with a phase-contrast image.
Arrows indicate enlarged cells. Scale bar 2@mm. (B) Average cell sizes at 0 and 2 h were calculated from at least 300 individual cells per group. Two-way ANOVA
was used for the statistical analysis.p-value < 0.05. (C) TEM images of mitochondrial morphology in NHEKSs that had beeincubated with the indicated 1gGs for 2 h.
Damaged mitochondria are indicated with arrows. Scale bar frm.

metabolic activity Figure 11). These data support our hypothesis IgG-ColXVII immune complexes54). In the immunostaining
that the metabolic activity was associated with proteasomassay, we also con rmed that the inhibition of Racl activity
activation in NHEKs stimulated with BP 1gGs. Additionally, prevented BP IgG-ColXVII internalization F{gures 9A-Q.
MG132 slightly decreased the migration of BP IgG-treatecsurprisingly, the application of NSC23766 to the NHEKs
cells Figures 12A,B. treated with BP IgGs did not exert a protective e ect on

The formation of macropinosomes in epithelial cells asadhesion Figure 10. As shown inFigure 11, the application
an early response to combat intracellular pathogens requiresf NSC23766 to the BP IgG-treated NHEKs prevented the
the activation of a Rho-GTPase such as Radf, (63). loss of metabolic activity, but did not reduce the cell
NSC23766 (a Racl inhibitor) suppresses the internalizafi&o motility (Figure 12).
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FIGURE 7 | Effects of BP IgG on mitochondrial function in NHEKS(A) Mitochondrial staining intensities (MitoTrackét Red CMXRos) were evaluated in NHEKs
incubated with a pool of BP 1gGs (from BP-1, BP-2, and BP-3) or armal 1gG for 16 h. One-way ANOVA was used for the statisticalralysis. p-value< 0.05. (B) ROS
were detected in NHEKSs stimulated with BP 1gGs or normal IgG fd h. TBHP was used as a positive control. One-way ANOVA was uskfor the statistical analysis.
*p-value < 0.05. (C) The mitochondrial membrane potential was assayed in NHEKsedated with BP IgGs or normal IgG for 20 h. FCCP was used as a posie control.
One-way ANOVA was used for the statistical analysisp*value < 0.05. (D) NHEKSs were collected after a 16 h incubation with the indicad IgGs, then stained with
SYTOX green (stains dead cells) and {3 -resazurin (stains living cells), and subjected to ow cytomtry.

FIGURE 8 | Results of the cell motility assay using NHEKs stimulated thi BP 1gG. Hoechst 33342-labeled NHEKs were incubated with Ig&obtained from 3 patients
with BP (BP-1, BP-2, and BP-3) or normal IgG, and imaged usingrme-lapse microscopy. Images were captured at 10 min interva for up to 6 h. (A) Migration
displacement maps were generated by centering the cell migtion paths at a common starting point. Axes of vector diagrens D 500 nm. (B) Cell velocity of NHEKs
treated with 1gGs. One-way ANOVA was employed to determine thsigni cance of differences induced by BP IgGs. pj-value < 0.05. (C) Mean square displacement
of the NHEKS treated with 1gGs.
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FIGURE 9 | Effects of cytochalasin D, NSC237766, and MG132 on the BP IgGaduced internalization.(A) Overview of the 3D reconstruction assay. The 3D
reconstruction was performed as described in the methods. Tie boxed region indicates XYZ boxed area, XY slice indicatedbe horizontal slice and used to measure
(Continued)
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FIGURE 9 | the uorescence intensity, and XZ slice indicates the longiidinal slice.(B) Fluorescence microscopy images of the binding of the indidad IgGs to the
NHEKSs at 2 h. NHEKSs were pretreated with cytochalasin D (@M) for 30 min, NSC23766 (200mM) for 1 h, or MG132 (6.25mM) for O h, and then 2 mg/ml BP IgGs
(BP-1, BP-2, BP-3) or normal IgG were added to the cultured céd. The 3D reconstruction assay was applied to observe the cnges. Scale bar 5mm. (C)

Quanti cation of the 1gG-stained dots in cells. The anti-lgG-H C-stained dots in the cytoplasmic region of individual ck were counted using the CellPro ler image
analysis software. One-way ANOVA was used for the statistit analysis. p-value < 0.05.

FIGURE 10 | Effects of cytochalasin D, NSC237766, and MG132 on the BP IgGaduced decrease in the number of adherent cells. NHEKs werpretreated with
cytochalasin D (20mM) for 30 min, NSC23766 (500mM) for 1 h, or MG132 (12.5mM) for 0 h, and then 2 mg/ml BP IgGs (BP-1, BP-2, and BP-3) or normagG were
added to the cultured cells. Total numbers of adherent cellgfter the incubation with BP 1gGs or normal IgG were counted evg hour ina 20 area (0.57 mn'?) for up
to 6 h. One-way ANOVA was used for the statistical analysisp*value < 0.05.

FIGURE 11 | Effects of cytochalasin D, NSC237766, and MG132 on the BP IgGaduced decrease in cellular metabolic activity. NHEKs werpretreated with
cytochalasin D (2mM) for 30 min, NSC23766 (200mM) for 1 h, or MG132 (6.25mM) for O h, and then 2 mg/ml BP 1gGs (BP-1, BP-2, and BP-3) or normldgG were
added to the cultured cells for 16 h. Then, NHEKSs were colleeid, stained with SYTOX green (stains dead cells) and;G-resazurin (stains living cells), and analyzed
using ow cytometry.

DISCUSSION We considered two possible explanations for BP IgG-
induced cell dysfunction: methuosis or oncosis. The wellwno
As shown in the present study, BP IgG directly inducesesponse of NHEKs to BP IgG stimulation is macropinosome
NHEK dysfunction, as BP IgG stimulation increases SYTOXormation (43, 54). In mammalian cells, hyperstimulation
green staining, revealing structural disintegration of fllasma of macropinosomes is known to lead to methuosis, which
membrane, intercellular vesicle formation, and mitochdatl is de ned as the maturation of macropinosomegg( 49).
dysfunction, but not chromatin condensation. In addition, We rst tested whether the BP IgG-induced accumulation
BP 1gG induced cell dysfunction by activating Racl and thef uid-lled endocytic vesicles was catastrophic and
proteasome. Our ndings support the hypothesis proposed byltimately merged with the lysosomes, as previously
Ujiie et al. that BP IgG directly causes subepidermal bullaeported 65, to distinguish between these mechanisms.
formation in patients with BP41). However, refuting our methuosis hypothesis, BP 1gG-induced
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FIGURE 12 | Effects of cytochalasin D, NSC237766, and MG132 on the BP IgGnduced increase in cell motility. NHEKs were pretreated i cytochalasin D (2mM)
for 30 min, NSC23766 (200mM) for 1 h, or MG132 (6.25mM) for O h, and then 2 mg/ml BP 1gGs (BP-1, BP-2, BP-3) or normal Ig®ere incubated with the cultured

cells for 6 h. (A) Velocity of the NHEKs stimulated with IgGs. One-way ANOVA wassed for the statistical analysis. *p-value < 0.05. (B) Mean square displacement
of the NHEKSs stimulated with 1gGs.

macropinosomes did not merge with lysosomes, excludingide range of proteins 60). LysotrackeF Green DND-26,
the possibility of methuosis. The alternative explanation i marker of the lysosome membrane potenti&l)( helped
oncosis, a type of cell dysfunction caused by cell membraridentify BP IgG-treated cells with a higher lysosome membrane
damage characterized by cellular and/or organelle swgellinpotential. Conceivably, the proteolytic enzymes releasenh fr
(56). Our ultrastructural and morphological observations lysosomes trigger a forward loop promoting lysosome rupture
were consistent with these changegigres4 5 and after a 2h treatment with BP IgG. Moreover, the proteasome
Supplementary Figure SiL inhibitor MG132 e ciently blocks lysosome rupture 6()
Importantly, our data provided evidence supportingand has attracted considerable attention as an anti-BP tagen
the relationship between BP IgG-induced cell dysfunction(41). Therefore, MG132 likely exerted its protective e ects
and lysosome accumulation and mitochondria dysfunctionon BP IgG-induced cell dysfunction in our study through
(Figures 5-7). Cell membrane injury directly results in acute its antilysosome/proteasome e ects. Not surprisingly, sdvera
cell dysfunction, and the dying cells release endogenarsnal skin diseases are reported to be associated with alterations
signals, which trigger the innate immune system and modulatenr mitochondria-related metabolic pathway$9. Consistent
in ammation through the lysosome-induced increase in thewith the results of our ROS assay, the BP disease process was
levels and excessive formation of ROH) (57). In contrast, recently reported to be characterized by ROS productig?). (
the lysosomes mediate plasma membrane repair and contrWe provided direct evidence that cell membrane fragility
cellular dysfunction %0, 58). Mitochondrial dysfunction follows ROS production induced by BP IgG stimulation,
usually leads to mammalian cell death and inuences thevhich ultimately signicantly increases cell membrane
immune system to perceive/react to the dying celi§, (9). fragility, although we have not identied the molecular
Lysosome-mediated cellular dysfunction is characteribyd events underlying ROS production. The cell membrane is the
simultaneous membrane damage and the proteolysis of site of activation of numerous signaling cascades that ¢dedu
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mitochondrial dysfunction. Interestingly, Racl is reparteo  observed upon BP IgG stimulation can be accounted for by
be located both at the plasma membrane and mitochondriaColXVII internalization @3, 72). However, researchers have
membrane §¢3). The administration of NSC23766 decreasesiot clearly determined how ColXVII internalization might
ROS production and promotes cell survival). Racl activation in uence cell adhesion. In the present study, the BP |gG-iceit
might serve as the initial step to “destroy” both the cell andcell detachment was not directly induced by macropinosome
mitochondrial membranes, and the pathways downstream diormation, because alterations in actin, the well-known and
Racl also contribute to increasing ROS production to promot@ecessary molecule for macropinosome formati@f),( did not
cellular dysfunction. completely prevent NHEK detachment. NHEKs disassembled
We conclude that the persistent stimulation with BP IgGtheir contacts with neighboring cells and detached from the
induced the formation of macropinosomes in keratinocytesculture dish following an incubation with BP 1gG. Furtherngr
resulting in a fragile plasma membrane, intercellular vesiclepithelial cell “destabilization” has also been shown to iequ
formation, lysosome accumulation, and ROS productiona step mediated by the proteasom@4)( For this reason,
which ultimately contribute to mitochondrial dysfunction we speculated and conrmed that the BP IgG-induced cell
The BP IgG-induced alterations in keratinocytes triggerdetachment was associated with proteasome activation, flend t
the immune system to digest the basal keratinocytesnternalization of the IgG-ColXVII complex probably requee
causing the formation of blisters on the skin alongthe initial event of proteasome activation. Another inteieg
with BMZ. aspect of this study was that the BP IgG treatment increased
Our study has limitations. For example, we had limitedNHEK motility. Based on the BP IgG-induced cell detachment,
explanations for the association of BP IgG-induced keratyte we speculate that the BP IgG-induced alterations in cell ritytil
alterations with blister formation. Similar to the resultom are likely due to a decrease in the cell density. On the
a previous study of basal keratinocyté@s Yivo) from patients other hand, ColXVII has been shown to regulate keratinocyte
with BP (65), intercellular vesicles lled with villi and swelled motility, while changes in cell motility following the loss o
mitochondria were also observed in our TEM experiment.ColXVIl remain controversial 6). Studies using ColXVII-
We rst considered that the intercellular vesicles likelyrfo  knockdown keratinocytes have reported that the loss of CHIXV
in response to the maturation of macropinosomes, and theeduces lamellipodial stability7f) and induces cell migration
lysosome-mediated pathway contributes to vesicle expansionediated by Racl7¢, 77). Cell migration is associated with
and exerts potential e ects on skin blistering. However, thehe remodeling of the actin cytoskeleton. However, cyttesia
intracytoplasmic accumulation of lysosomes/autophagosoméd did not a ect cell motility following the BP 1gG treatment.
are not observed in ultrastructural images vivo (65~  This discrepancy might be explained by the binding of ColXVII
67). In addition, histopathology rarely reveals degeneratedo two dierent cytoskeleton systems in keratinocytes: mcti
keratinocytes in patients with early-stage BP. We consdlereassociated focal contacts and keratin-associated hemaesne
that the pattern of ColXVII expression diers between compounds {5, 78 79).
keratinocytes in vivo (hemidesmosome ColXVIl) andin Our ndings provide a better understanding of the
vitro (nonhemidesmosome ColXVII) 16, 16, 21); future direct e ects of BP IgG on keratinocytes by increasing the
studies should provide insights into the di erent changes infragility of the cell membrane, resulting in keratinocyte
keratinocytesin vitro and in vivo during the BP IgG-induced dysfunction, probably through oncosis. In addition,
blistering process. the BP IgG-induced cellular dysfunction was reversed
We also describe the role of ColXVII in regulating cellby Racl/proteasome inhibition. We believe that our
adhesion and motility Figures 3 8, 10, 12). The formation identi cation of the Racl/proteasome-mediated signaling
of the BP 1gG-ColXVIl complex has been shown to tearpathway provides valuable new insights that have improved
the weakened lamina lucida, leading to a specic split abur understanding of the direct eects of BP IgG
the lamina lucida and induction of BMZ blistering3{). on keratinocytes.
According to another report, ColXVIlI mediates the anchorage
of basal keratinocytes by regulating cell motilit§8(. Thus,
we speculate that the changes in the adhesion and motiitAUTHOR CONTRIBUTIONS
of keratinocytes are involved in the pathogenesis of biisger
in patients with BP. As shown in reports6g 70), lgGs DT designed the study and wrote the initial draft of
targeting proteins other than ColXVII-NC16a do not detachthe manuscript. XD contributed to data collection and
cells from culture dishes. Interestingly, an IgG targetihg interpretation, and critically reviewed the manuscript. KN
C-terminus of ColXVII neither induced obvious 1gG-ColXVIl contributed to data interpretation and critically reviewed
internalization nor had any signi cant e ect on cell detaclemt. the manuscript. NY and OY contributed to the electron
Together with the results of thé vivo study showing that microscopy experiments and data interpretation, and
IgGs targeting the ColXVII ectodomain fail to reproduce OY critically reviewed the manuscript. EM supervised
blistering in an animal modelq1), the ndings from previous the entire study, provided critical intellectual input,
studies and our data conrm the pathogenicity of the anti-and approved the nal version of the manuscript. All
ColXVII-NC16a antibodies in subjects with BP. Based orauthors approved the nal version of the manuscript and
the existing literature, the reduction in the cell adhesionagree to be accountable for all aspects of the work and

Frontiers in Immunology | www.frontiersin.org 15 February 2019 | Volume 10 | Article 200



Tie etal. Pemphigoid 1gG Induces Keratinocytes Dysfunction

ensuring that questions related to the accuracy or intggrit SUPPLEMENTARY MATERIAL
of any part of the work are appropriately investigated

and resolved. The Supplementary Material for this article can be found

online at: https://www.frontiersin.org/articles/10.Z88nmu.

2019.00200/full#supplementary-material
ACKNOWLEDGMENTS

Supplementary Figure S1 | Morphometric features and cell sizes(A) NHEKs

We thank the sta of the Department of Dermatology, Facultyyvelje cocu!tured vylth BP-119G or normalllg(IB. Outlines of singleells at the
indicated time points are shown. Arrows indicate the ruptw of the plasma

of Medicine, Shimane University for the support they providedmembrane. Scale bar 20mm. (B) Analysis of the sizes of NHEKSs incubated with
during daily experiments. We would like to acknowledge thegG obtained from three patients with BP (BP-1, BP-2, and BP-Bor normal IgG.

technical expertise of the Interdisciplinary Center for &cee

Images of nuclear staining were used to clearly segment the dig, and
phase-contrast images were used to calculate cell sizes. Yw dots indicate the

Research, Organization for Research and Academic Infor""'»atioaverage cell size. Approximately 1,500 cells from each grquwere analyzed.

Shimane University.

REFERENCES

. Giudice GJ, Emery DJ, Diaz LA. Cloning and primary structural arabfshe

bullous pemphigoid autoantigen BP180nvest Dermato(1992) 99:243-50.
doi: 10.1111/1523-1747.ep12616580

. Liu Z. Immunopathology of bullous pemphigoid, an autoimmune and

in ammatory skin blistering diseaseKeio J Med. (2003) 52:128-33.
doi: 10.2302/kjm.52.128

. lwata H, Ujiie H. Complement-independent blistering mechanisms iitolis

pemphigoid Exp Dermatol(2017) 26:1235-9. doi: 10.1111/exd.13367

16.

17.

18.

Student's t-test was used for the statistical analysis. p-value < 0.05.

Ozawa T, Tsuruta D, Jones JCR, Ishii M, Ikeda K, Harada T, Byaamic
relationship of focal contacts and hemidesmosome protein complexegein
cells.J Invest Dermato(2010) 130:1624-35. doi: 10.1038/jid.2009.439
Nonaka S, Ishiko A, Masunaga T, Nishikawa T, Akiyama M, eaK,

et al. The extracellular domain of BPAG2 has a loop structure in the
carboxy terminal exible tailin vivo. J Invest Dermato(2000) 115:889-92.
doi: 10.1046/j.1523-1747.2000.00136.x

Hagg P, Vaisénen T, Tuomisto A, Rehn M, Tu H, Huhtala P, et al. Hffe
collagen: a novel cell adhesion component present in a range of cellxmatri
adhesions and in the intercalated discs between cardiac musltdeMatrix

4. Ludwig RJ, Vanhoorelbeke K, Leypoldt F, Kaya Z, Bieber K, Nitaac Biol.(2001) 19:727-42. doi: 10.1016/S0945-053X(00)00119-0
SM, et al. Mechanisms of Autoantibody-Induced Patholdgynt Immunol. ~ 19. Nievers MG, Schaapveld RQJ, Sonnenberg A. Biology and
(2017) 8:603. doi: 10.3389/ mmu.2017.00603 function of hemidesmosomes. Matrix  Biol. (1999) 18:5-17.

10.

11.

12.

13.

14.

15.

. Kubin ME, Hellberg L, Palatsi
in bullous pemphigoid. Exp Dermatol. (2017) 26:1253-60. 21.

. Joly P, Roujeau J-C, Benichou J, Delaporte E, D'Incan M, Dreeb &, A

comparison of two regimens of topical corticosteroids in the treatmant
patients with bullous pemphigoid: a multicenter randomized studiynvest
Dermatol.(2009) 129:1681~7. doi: 10.1038/jid.2008.412

R. Glucocorticoids: the mode of
action

doi: 10.1111/exd.13408

. Moghadam-Kia S, Werth VP. Prevention and treatment of systemic
22.

glucocorticoid side eects. Int J 49:239-48.

doi: 10.1111/j.1365-4632.2009.04322.x

Dermatol. (2010)

. Wojnarowska F, Kirtschig G, Highet AS, Venning VA, Khumalo NP.

Guidelines for the management of bullous pemphigoit. J Dermatol.
147:214-21. doi: 10.1046/j.1365-2133.2002.04835.x

. Liu Y, Li L, Xia Y. BP180 is critical in the autoimmunity of bullous

pemphigoid.Front Immunol.(2017) 8:1752. doi: 10.3389/ mmu.2017.01752

Schmidt E, Zillikens D. Pemphigoid diseaseancet(2013) 381:320-32. 24.

doi: 10.1016/S0140-6736(12)61140-4

Iwasaki T, Olivry T, Lapiere JC, Chan LS, Peavey C, Liu YY, et a5.

Canine bullous pemphigoid (BP): identi cation of the 180-kd cami
BP antigen by circulating autoantibodie¥et Pathol.(1995) 32:387-93.
doi: 10.1177/030098589503200407

Kobayashi M, Amagai M, Kuroda-Kinoshita K, Hashimoto T,r&kata Y,
Hashimoto K, et al. BP180 ELISA using bacterial recombinant N@i&&in
as a diagnostic and monitoring tool for bullous pemphigaidDermatol Sci.
(2002) 30:224-32. doi: 10.1016/S0923-1811(02)00109-3

Haeberle S, Wei X, Bieber K, Goletz S, Ludwig RJ, Schmidt E, et a@B.

Regulatory T-cell deciency leads to pathogenic bullous pemphigoid
antigen 230 autoantibody and autoimmune bullous diseakeAllergy
Clin  Immunol. (2018) 142:1831-42.e7. doi:
04.006

Muramatsu K, Ujiie H, Kobayashi I, Nishie W, Izumi K, Ito T, &tRegulatory
T-cell dysfunction induces autoantibodies to bullous pemphigmitigens in
mice and human subjects. Allergy Clin Immunol(2018) 142:1818-30.e6.
doi: 10.1016/j.jaci.2018.03.014

Hiroyasu S, Colburn ZT, Jones JCR. A hemidesmosomal protein regulate
actin dynamics and traction forces in motile keratinocyteASEB J(2016)
30:2298-310. doi: 10.1096/f].201500160R

20.

23.

26.

27.

10.1016/j.jaci.201829.

30.

doi: 10.1016/S0945-053X(98)00003-1

Nishimura M, Nishie W, Shirafuji Y, Shinkuma S, Natsuga K, atakra

H, et al. Extracellular cleavage of collagen XVII is essential for dorrec
cutaneous basement membrane formatibtum Mol Genet(2016) 25:328—
39. doi: 10.1093/hmg/ddv478

Watanabe M, Natsuga K, Nishie W, Kobayashi Y, Donati GuELS, et al.
Type XVII collagen coordinates proliferation in the interfollicular épimis.
eLife(2017) 6:26635. doi: 10.7554/eLife.26635

Jonkman MF, de Jong MC, Heeres K, Pas HH, van der Meer JB, Owaribe K
et al. 180-kD bullous pemphigoid antigen (BP180) is de cient ingyatized
atrophic benign epidermolysis bullosd. Clin Invest.(1995) 95:1345-52.
doi: 10.1172/JCI117785

Walko G, Castafion MJ, Wiche G. Molecular architecture and
function of the hemidesmosomeCell Tissue Reg2015) 360:529-44.
doi: 10.1007/s00441-015-2216-6

Yancey KB. The pathophysiology of autoimmune blistering désed<lin.
Invest(2005) 115:825-8. doi: 10.1172/JCI1200524855

Ujiie H, Shibaki A, Nishie W, Shimizu H. What's new in bullous perigoid.

J Dermatol(2010) 37:194-204. doi: 10.1111/j.1346-8138.2009.80792
Natsuga K, Watanabe M, Nishie W, Shimizu H. Life before angbie
blistering: the role of collagen XVII in epidermal physiologgxp Dermatol.
doi: 10.1111/exd.13550. [Epub ahead of print].

Franzke C-W, Bruckner P, Bruckner-Tuderman L. Collagenous
transmembrane proteins: recent insights into biology and patholaby.
Biol Chem(2005) 280:4005-8. doi: 10.1074/jbc.R400034200

Nishie W, Jackow J, Hofmann SC, Franzke C-W, Bruckner-Tuderinan
Coiled coils ensure the physiological ectodomain shedding of @silxyIl. J

Biol Chem(2012) 287:29940-8. doi: 10.1074/jbc.M112.345454

Yasukochi A, Teye K, Ishii N, Hashimoto T. Clinical and immlogical
study of 332 Japanese patients tentatively diagnosed withB&it80-
type mucous membrane pemphigoid: a novel BP180 C-terminal domain
enzyme-linked immunoassaycta Dermatol Venereol2014) 96:762—7.
doi: 10.2340/00015555-2407

van Beek N, Littmann N, Huebner F, Recke A, Karl |, Schulze FS,
et al. Correlation of serum levels of IgE autoantibodies against8gP1
with bullous pemphigoid disease activit§JAMA Dermatol.(2017) 153:30.
doi: 10.1001/jamadermatol.2016.3357

Frontiers in Immunology | www.frontiersin.org

16

February 2019 | Volume 10 | Article 200



Tie etal.

Pemphigoid 1gG Induces Keratinocytes Dysfunction

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

Arbache ST, Nogueira TG, Delgado L, Miyamoto D, Aoki
Immuno uorescence testing in the diagnosis of autoimmune blistgri
diseases: overview of 10-year experieAceBras Dermatol(2014) 89:885-9.
doi: 10.1590/abd1806-4841.20143221

Giang J, Seelen MAJ, van Doorn MBA, Rissmann R, Prens EP, Dammarbd.

Complement activation in in ammatory skin diseas€sont Immunol.(2018)
9:639. doi: 10.3389/ mmu.2018.00639

de Graauw E, Sitaru C, Horn M, Borradori L, Youse S, Simon H-U, et al.
Evidence for a role of eosinophils in blister formation in bullous pempldg
Allergy(2017) 72:1105-13. doi: 10.1111/all.13131

Riani M, Le Jan S, Plée J, Durlach A, Le Naour R, Haegeman G,

et al. Bullous pemphigoid outcome is associated with CXCL10-irdluce 56.

matrix metalloproteinase 9 secretion from monocytes and neutrophils

but not lymphocytes.J Allergy Clin Immunol.(2017) 139:863-72.e3. 57.

doi: 10.1016/j.jaci.2016.08.012

Vassileva S. Immuno uorescence in dermatoloigy. J Dermatol.(2007)
32:153-61. doi: 10.1111/j.1365-4362.1993.tb02785.x

Dainichi T, Chow Z, Kabashima K. IgG4, complement, and the meshs
of blister formation in pemphigus and bullous pemphigoiDermatol Sci.
(2017) 88:265—70. doi: 10.1016/j.jdermsci.2017.07.012

Iwata H, Kamio N, Aoyama Y, Yamamoto Y, Hirako Y, Owaribe K, et al. IgG
from patients with bullous pemphigoid depletes cultured keratinocyfébe
180-kDa bullous pemphigoid antigen (Type XVII Collagen) and weaketfis
attachmentJ Invest Dermato{(2009) 129:919-26. doi: 10.1038/jid.2008.305

Imanishi A, Imanishi H, Hiroyasu S, Ozawa T, Koga H, Ishii N, et al.60.

Anti-BP180-type mucous membrane
G shows heterogeneity of
into keratinocyte cytoplasm.Med Mol
doi: 10.1007/s00795-015-0128-x

Chijiwa C, Takeoka S, Kamata M, Tateishi M, Fukaya S, Hajaset al.
Decrease in eosinophils in Itrating into the skin of patients witlipeptidyl
peptidase-4 inhibitor-related bullous pemphigoitiDermatol(2018) 45:596—
9.doi: 10.1111/1346-8138.14245

Natsuga K, Nishie W, Shinkuma S, Ujiie H, Nishimura M, Sawamyet BI.
Antibodies to pathogenic epitopes on type XVII collagen cause fsagility

in a complement-dependent and -independent mannkimmunol.(2012)
188:5792-9. doi: 10.4049/jimmunol.1003402

Ujiile H, Sasaoka T, Izumi K, Nishie W, Shinkuma S, Natsugatkal.e
Bullous pemphigoid autoantibodies directly induce blister formation

pemphigoid immunoglobulin
internalization of BP180/collagen XVII
Morphol. (2016) 49:89-97.

without complement activation. J Immunol. (2014) 193:4415-28.
doi: 10.4049/jimmunol.1400095
Diaz LA, Marcelo CL. Pemphigoid and pemphigus antigens

in cultured epidermal cells. Br J
doi: 10.1111/j.1365-2133.1978.tb03581.x
Hiroyasu S, Ozawa T, Kobayashi H, Ishii M, Aoyama Y, Kitajimat¥l.
Bullous pemphigoid 1gG induces BP180 internalization via a macropitioc
pathway Am J Pathol(2013) 182:828-40. doi: 10.1016/j.ajpath.2012.11.029
Ha KD, Bidlingmaier SM,
by cancers and cancer therapeuticEront Physiol. (2016) 7:381.
doi: 10.3389/fphys.2016.00381

Norbury CC. Drinking a lot is good for dendritic cellsnmunology(2006)
117:443-51. doi: 10.1111/j.1365-2567.2006.02335.x

Weiner A, Mellouk N, Lopez-Montero N, Chang Y-Y, Souque C,n8tth

Dermatol. (1978) 98:631-7.

C, et al. Macropinosomes are key players in early shigella invasion an@d.

vacuolar escape in epithelial cellBLOS Pathog(2016) 12:e1005602.
doi: 10.1371/journal.ppat.1005602

Kerr MC, Teasdale RD. De ning macropinocytodisa ¢ (2009) 10:364-71.
doi: 10.1111/j.1600-0854.2009.00878.x

Maltese WA, Overmeyer JH. Methuossn J Pathol(2014) 184:1630-42.
doi: 10.1016/j.ajpath.2014.02.028

Sun L, Li B, Su X, Chen G, Li Y, Yu L, et al. An ursolic
acid derived small molecule triggers cancer cell death
hyperstimulation of macropinocytosis] Med Chem(2017) 60:6638-48.
doi: 10.1021/acs.jmedchem.7b00592

Kroemer G, Jaattela M. Lysosomes and autophagy in cell dedatiolcdiat
Rev Cance(2005) 5:886—-97. doi: 10.1038/nrc1738

Tait SWG, Green DR. Mitochondrial regulation of cell de@bld Spring Harb
Perspect Bio{2013) 5:8706. doi: 10.1101/cshperspect.a008706

V.52.
53.

55.

58.

59.

61.

62.

63.

64.

65.

66.

Liu B. Macropinocytosis exploitation 67.

68.

70.

throughv1.

72.

Ridley AJ. Rho GTPases and cell migratib@ell Sci2001) 15:2713-22.

Egami Y. Molecular imaging analysis of Rab GTPases in the regulat
of phagocytosis and macropinocytossnatom Sci Int.(2016) 91:35-42.
doi: 10.1007/s12565-015-0313-y

lwata H, Kamaguchi M, Ujiie H, Nishimura M, Izumi K, Natsuga K,abt
Macropinocytosis of type XVII collagen induced by bullous pemphigoid
IgG is regulated via protein kinase @ab Invest.(2016) 96:1301-10.
doi: 10.1038/labinvest.2016.108

Dolat L, Spiliotis ET. Septins promote macropinosome maturation and tra
to the lysosome by facilitating membrane fusidrCell Biol(2016) 214:517—
27.doi: 10.1083/jcb.201603030

Weerasinghe P, Buja LM. Oncosis: an important non-apoptoticeraictell
death.Exp Mol Pathol(2012) 93:302-8. doi: 10.1016/j.yexmp.2012.09.018
Mayer D, Armstrong D, Schultz G, Percival S, Malone M, RomanelitMdl.
Cell salvage in acute and chronic wounds: a potential treatmentestya
Experimental data and early clinical result&¥ound Car¢2018) 27:594—605.
doi: 10.12968/jowc.2018.27.9.594

Michelet X, Tuli A, Gan H, Geadas C, Sharma M, Remold HG, et al. Lysesome
mediated plasma membrane repair is dependent on the small GTPase Arl8b
and determines cell death type in mycobacterium tuberculosis ftiofecJ
Immunol.(2018) 200:3160-9. doi: 10.4049/jimmunol.1700829

Feichtinger RG, Sperl W, Bauer JW, Ko er B. Mitochondriasfdpction:

a neglected component of skin diseadesp Dermatol(2014) 23:607-14.
doi: 10.1111/exd.12484

Jacobson LS, Lima H, Goldberg MF, Gocheva V, Tsiperson \ér&ata FS,

et al. Cathepsin-mediated necrosis controls the adaptive immune resgmn
Th2 (T helper type 2)-associated Adjuvant8iol Chem(2013) 288:7481-91.
doi: 10.1074/jbc.M112.400655

Brojatsch J, Lima H, Kar AK, Jacobson LS, Muehlbauer SM, Charid

et al. A proteolytic cascade controls lysosome rupture and necrotic et de
mediated by lysosome-destabilizing adjuvafsoS ONE2014) 9:e95032.
doi: 10.1371/journal.pone.0095032

de Graauw E, Sitaru C, Horn MP, Borradori L, Youse S, Simon D, et al.
Monocytes enhance neutrophil-induced blister formation inenvivomodel

of bullous pemphigoidAllergy(2018) 73:1119-30. doi: 10.1111/all.13376
Payapilly A, Malliri A. Compartmentalisation of RAC1 signalli@grr Opin

Cell Biol.(2018) 54:50-6. doi: 10.1016/j.ceb.2018.04.009

Kowluru RA, Kowluru A, Veluthakal R, Mohammad G, Syed |, Santos
JM, et al. TIAM1-RAC1 signalling axis-mediated activation of D&?H
oxidase-2 initiates mitochondrial damage in the development abeiic
retinopathy. Diabetologia (2014) 57:1047-56. doi: 10.1007/s00125-014-
3194-z

Schaumburg-Lever G, Orfanos CE, Lever WP. Electron micrassaly of
bullous pemphigoidArch Dermatol(1972) 106:662—7.

Hashimoto K. Electron microscopy and histochemistry of pemphigus
and pemphigoid.Oral Surg Oral Med Oral Pathol(1972) 33:206-19.
doi: 10.1016/0030-4220(72)90390-8

Rodrigo FG. Ultrastructural aspects of pemphigdd.J Dermatol(2006)
88:143-9. doi: 10.1111/j.1365-2133.1973.tb07519.x

Tasanen K, Tunggal L, Chometon G, Bruckner-Tuderman L,
Aumailley M. Keratinocytes from patients lacking collagen XVII
display a migratory phenotypeAm J Pathol. (2004) 164:2027-38.
doi: 10.1016/S0002-9440(10)63762-5

Wada M, Nishie W, Ujiie H, Izumi K, Iwata H, Natsuga K, et al. Bp#-
dependent pathogenicity of antibodies targeting a major bullpersiphigoid
autoantigen collagen XVII/BP18Q. Invest Dermatol(2016) 136:938-46.
doi: 10.1016/}.jid.2015.11.030

Imafuku K, lwata H, Kamaguchi M, Izumi K, Natsuga K, Ujiie H, &t a
Autoantibodies of non-in ammatory bullous pemphigoid hardly deplete
type XVII collagen of keratinocytesExp Dermatol.(2017) 26:1171-4.
doi: 10.1111/exd.13331

Nishie W, Natsuga K, lwata H, Izumi K, Ujiie H, Toyonaga E,|le€Cantext-
dependent regulation of collagen XVII ectodomain shedding in skim J
Pathol.(2015) 185:1361—71. doi: 10.1016/j.ajpath.2015.01.012

Kitajima Y, Nojiri M, Yamada T, Hirako Y, Owaribe K. Internalizati of

the 180 kDa bullous pemphigoid antigen as immune complexes in basal
keratinocytes: an important early event in blister formation in bullous
pemphigoid Br J Dermatol(1998) 138:71-6.

Frontiers in Immunology | www.frontiersin.org

17

February 2019 | Volume 10 | Article 200



Tie etal. Pemphigoid 1gG Induces Keratinocytes Dysfunction

73.

74.

75.

76.

7.

Swanson JA. Shaping cups into phagosomes and macropinodgatd®ev ~ 78. Kitajima Y. Cross-talk between hemidesmosomes and focal atenta
Mol Cell Biol (2008) 9:639—49. doi: 10.1038/nrm2447 understanding subepidermal blistering diseasks$nvest Dermatol(2010)
Tsukamoto T, Nigam SK. Cell-cell dissociation upon epithe@ililstattering 130:1493-6. doi: 10.1038/jid.2010.77

requires a step mediated by the proteasonde.Biol Chem.(1999) 79. Seltmann K, Roth W, Kroger C, Loschke F, Lederer M, Hiittelmaiet &,
274:24579-84. Keratins mediate localization of hemidesmosomes and repress cell gdtilit
Hamill KJ, Hopkinson SB, Jonkman MF, Jones JCR. Type XVII  Invest Dermatol2013) 133:181-90. doi: 10.1038/jid.2012.256

collagen regulates lamellipod stability, cell motility, and signaling

to Racl by targeting bullous pemphigoid antigen 1le #&6b4 Conict of Interest Statement: The authors declare that the research was
integrin. J Biol Chem.(2011) 286:26768-80. doi: 10.1074/jbc.M110.conducted in the absence of any commercial or nancial relatigps that could
203646 be construed as a potential con ict of interest.

Pullar CE, Baier BS, Kariya Y, Russell AJ, Horst BAJ, Marirtkovic

MP, et al. b4 integrin and epidermal growth factor coordinately Copyright © 2019 Tie, Da, Natsuga, Yamada, Yamamoto and Motiia.i§ an
regulate electric  eld-mediated directional migration via Racl. open-access article distributed under the terms of thév@r€ammons Attribution
Mol  Biol  Cell (2006) 17:4925-35. doi:  10.1091/mbc.E06-License (CC BY). The use, distribution or reproductiorhierdorums is permitted,
05-0433 provided the original author(s) and the copyright ownerésyeedited and that the

Maurer M, Altrichter S, Schmetzer O, Sche el J, Church MK, Mt. original publication in this journal is cited, in accordarwith accepted academic
Immunoglobulin E-mediated autoimmunityront Immunol.(2018) 9:689. practice. No use, distribution or reproduction is peruhittéich does not comply
doi: 10.3389/ mmu.2018.00689 with these terms.

Frontiers in Immunology | www.frontiersin.org 18 February 2019 | Volume 10 | Article 200



