The American Journal of Pathology, Vol. 176, No. 2, February 2010
Copyright © American Sociely for Investigative Pathology
DOI: 10.2353/ajpath.2010.090744

Stem Cells, Tissue Engineering and Hematopoietic Elements

Blockade of Autoantibody-Initiated Tissue Damage
by Using Recombinant Fab Antibody Fragments
against Pathogenic Autoantigen

Gang Wang,*T Hideyuki Ujiie,* Akihiko Shibaki,*
Wataru Nishie,* Yasuki Tateishi,*

Kazuhiro Kikuchi,* Qiang Li,* James R. McMillan,*t
Hiroshi Morioka,* Daisuke Sawamura,*

Hideki Nakamura,* and Hiroshi Shimizu*

From the Department of Dermatology,* Hokkaido Univeisity
Graduate School of Medicine, the Creative Research Initiative
Souseit and the Faculty of Pharmaceutical Sciences Hokkaido
University, Sapporo, Japan

Activation of the complement cascade via the classical
pathway is required for the development of tissue
injury in many autoantibody-mediated diseases. It
therefore makes sense to block the pathological ac-
tion of autoantibodies by preventing complement ac-
tivation through inhibition of autoantibody binding
to the corresponding pathogenic autoantigen using
targeted Fab antibody fragments. To achieve this, we
use bullous pemphigoid (BP) as an example of a typ-
ical autoimmune disease. Recombinant Fabs against
the non-collagenous 16th-A domain of type XVII
collagen, the main pathogenic epitope for autoan-
tibodies in BP, were generated from antibody rep-
ertoires of BP patients by phage display. Two Fabs,
Fab-B4 and Fab-19, showed marked ability to in-
hibit the binding of BP autoantibodies and subse-
quent complement activation in vitro. In the in vivo
experiments using type XVII collagen humanized
BP model mice, these Fabs protected mice against
BP autoantibody-induced blistering disease. Thus,
the blocking of pathogenic epitopes using engi-
neered Fabs appears to demonstrate efficacy and
may lead to disease-specific treatments for anti-
body-mediated autoimmune diseases. (4m J Pathol
2010, 176:914-925; DOL: 10.2353/ajpath.2010.090744)

Autoimmune diseases are a major cause of morbidity and
mortality in humans, affecting approximately 5% of the
general population.” In recent years, significant ad-
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vances have been made in our understanding of autoim-
mune disease pathomechanisms, especially the roles of
autoantibodies, complement system, and autoresponsive
T cells. For many autoimmune diseases such as systemic
lupus erythematosus, rheumatoid arthritis, anti-phospho-
lipid syndrome (APS), and bullous pemphigoid (BP),
complement activation is increasingly recognized as crit-
ical to tissue injury.?=® Studies of APS and BP, for exam-
ple, showed that the classical pathway of complement
activation is required for the development of tissue injury,
although alternative pathways may also be involved.*”~®
BP is the most common autoimmune blistering skin
disease. Autoantibodies against collagen XVII (COL17)
bind to dermal-epidermal junction (DEJ) components
and activate the complement system that mediates a
series of inflammatory events including dermal mast cell
degranulation and generation of eosinophil-rich infil-
trates, resulting in skin blister formation.'="2 APS is a
condition characterized by recurrent miscarriage and
thrombosis formation in the presence of anti-phospho-
lipid autoantibodies, and a therapy has been proven
effective to prevent the fetal loss by using heparin to
inhibit anti-phospholipid antibody-induced complement
activation.”'®* In both BP and APS, F(ab'), fragments
from the pathogenic autoantibodies, which lack the Fc por-
tion necessary to activate the complement pathway, fail to
initiate the disease.*’ This suggests that preventing com-
plement activation by blocking the binding of autoantibod-
ies to the corresponding antigens can be a viable novel
therapeutic strategy for treating these diseases.
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Table 1. PCR Primers for the Amplification of Human Antibody Gene Repertoires

Primers for «

HK5 5'-GAMATYGAGCTCACSCAGTCTCCA~3' (Sac |)

HK3 5'-GCGCCGTCTAGAACTAACACTCTCCCCTGTTGAAGCTCTTTGTGACGGGCAAG-3' (Xba 1)
Primers for A

HL5 5'-CASTYTGAGCTCACKCARCCGCCCTC-3' (Sac 1)

HL3 5'-GAGGGATCTAGAATTATGAACATTCTGTAGG-3' (Xba I}
Primers for Fd

H1356 5'-CAGGTGCAGCTGGTGSAGTCTGG-3'

H2 5'~CAGGTCAACTTGAAGGAGTCTGG-3'

H4 5'-CAGGTGCAGCTGCAGGAGTCGGG-3’

VH5 5'-CAGGTGCAGCTCGAGSAGTCTGG-3' (Xho 1)

HG3 5'-GCATGTACTAGTTTTGTCACAAGA-3' (Spe 1)

To allow for sequence variability, representative choices of wobble nuclectides were included in the primers (M = A/IC, K = G/T,R = AIG, S = C/G, Y =
C/T). Fd fragments of human IgG were amplified in a two-step procedure. First, antisense primers H135, H2, and H4 were combined with HG3 for the
amplification of heavy chain genes from human VH1-VH5 families and the Spe | site was introduced. in the second step, antisense primer VH5 was combined
with HG3 to reamplify the heavy chain genes and introduce the Xho | site. Underlined sequences are restriction sites for the enzymes indicated in parenthesis.

The purpose of this study is to provide a proof of
concept for this new strategy of treating antibody-medi-
ated autoimmune disorders by using recombinant Fabs
to block complement activation induced by pathogenic
autoantibodies. Toward this end, we use BP as an exam-
ple of a typical autoimmune disease. Our group has
recently established a BP mouse model using a newly
constructed COL17 humanized mouse.® Here we report
our success in developing Fabs against the noncollag-
enous 16th-A domain (NC16A) of COL17, the main
pathogenic epitope of BP autoantibodies, '® for the block-
ade of autoantibody-initiated BP disease.

Materials and Methods

Construction of Phage Antibody Libraries

We constructed two individual Fab phage libraries from
mononuclear cells isolated from two patients with active
BP. The diagnosis of BP was made by the typical clinical
and histological manifestations as well as by laboratory
data including anti-COL17 ELISA and indirect immuno-
fluorescence (IIF). Phagemid expression vector p3MH, a
gift from Dr. Yan Wang (Central Lab of Navy General
Hospital, Beijing, China), was derived from pCOMB3H
(Scripps Research Institute, La Jolla, CA) by adding
9E10/c-myc epitope for detection and a hexahistidine tag
for column purification at the 3’ end of Fd.'® Using pre-
viously described methods and a set of PCR primers
(Table 1),"'® antibody genes were amplified by RT-PCR
from approximately 1 x 10® mononuclear cells isolated
from 50 ml of peripheral blood from each patient. The
phage antibody libraries were constructed by randomly
combining the genes coding Fd fragments of IgG heavy
chains with IgG light chain genes of either lambda or
kappa DNA in equal amounts (see Supplemental Figure
S1 at http://ajp.amjpathol.org.). The phagemid libraries
were electroporated into E. coli XL1-Blue strain (Strata-
gene, La Jolla, CA), and the phage display of the libraries
was performed as described elsewhere.'”?° Before am-
plification, the resulting libraries were examined for the
coexpression of heavy and light chains by enzyme diges-
tion and for the diversity by fingerprinting of antibody genes
(Fd and light chain) of 24 randomly selected single colo-

nies.?%2" The amplified recombinant phages were purified
from culture supernatants by polyethylene glycol precipita-
tion and resuspended in PBS, pH 7.4, containing 1% bovine
serum albumin (BSA) and 10% glycerol.

Isolation of Phage Antibodies against NC16A
Domain of Human COL17

Recombinant fusion peptide of the human COL17 NC16A
domain (rhNC16A) with glutathione S-transferase (GST)
was synthesized as reported previously.® Library pan-
ning was performed routinely.2°22 Briefly, a freshly am-
plified phage library (approximately 1 x 10'? phages)
was incubated for 2 hours at 37°C in immuno-tubes
(Nunc, Roskilde, Denmark) coated with 50 ug/ml
rhNC16A in 50 mmol/L NaHCO,4 pH 9.6. After washing of
the tube with 0.05% (v/v) Tween-20 in PBS, adherent
phages were eluted with 0.1 mol/L triethylamine (Sigma-
Aldrich, Inc., St. Louis, MQ). After neutralization with 1
mol/L Tris, pH 7.4, eluted phages were used to infect a
fresh culture of XL1-Blue E. coli, which was amplified
overnight as previously described.?® Phages were har-
vested from culture supernatants and then repanned
against thNC16A for three subsequent rounds as de-
scribed for the original library. Individual single ampicillin-
resistant colonies resulting from infection of E. coli XL1-Blue
with the eluted phage from the fourth panning round were
isolated, and the binding to rhNC16A was confirmed by
ELISA using HRP-conjugated anti-M13 mAb (Amersham
Biosciences UK Ltd., Little Chalfont, Buckinghamshire, UK)
as the developing reagent. The specific binders were
screened by gene fingerprinting and sequencing to identify
different clones. The variable region sequences of the sep-
arate selected clones were analyzed for homology to known
human V, D, and J genes using the V BASE database
(http://vbase.mrc-cpe.cam.ac.uk/).

Production, Furification, and Characterization of
Soluble Fab

Fab Production and Purification

Plasmid DNA of the distinct selected clones was
prepared, digested by Nhel (New England Biolabs,
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Ipswich, MA) to remove the gene lil fragment, self li-
gated, and transformed into £. coli XL1-Blue. Clones were
grown in LB containing 100 ug/ml ampicillin, and Fab
expression was induced using 1 mmol/L isopropyl B-D-
thiogalactopyranoside (IPTG, Sigma) in culture grown at
30°C overnight. Cells were pelleted by centrifugation,
and the supernatant containing soluble Fab was taken
for analysis.

large-scale production of Fabs was achieved by
growing Fab-express clones in E. coli XL1-Blue in 1 L of
LB (plus 100 pg/ml ampicillin). Protein production was
then induced with 1 mmol/L IPTG by culturing overnight
at 30°C at 240 rpm. The culture supernatant was har-
vested by centrifugation. Fab purification was performed
using HisTrap FF crude column (GE Healthcare Bio-Sci-
ences AB, Uppsala, Sweden) according to the manufac-
turer's instructions. The purified Fabs were dialyzed
against PBS and concentrated by Amicon ultrafiltration
(Millipore, Lexington, MA) and were then characterized
by SDS-PAGE and Western blotting. For animal experi-
ments, the concentration of endotoxin in the purified Fabs
was detected with the limulus amoebocyte lysate test
using the QCL-1000 kit (Cambrex Bio Science Walkers-
ville, Inc., Walkersville, MD), and endotoxin removal was
performed by using Detoxi-Gel AffinityPak column
(Pierce, Rockford, IL), where necessary.

ELISA

The binding activity and specificity of Fabs was con-
firmed by ELISA assay. ELISA plate wells were coated
with 5 pg/ml rthNC16A in 50 mmol/L NaHCO, pH 9.6.
Recombinant mouse NC16A (rmNC16A), GST, and BSA
were used as negative control antigens at similar con-
centrations. Supernatant containing Fabs or appropri-
ately diluted purified Fabs was incubated on ELISA
plates. After washing, plates were developed with HRP-
conjugated mAbs to human lambda light chain (Kirkeg-
aard & Perry Laboratories, Gaithersburg, MD) or kappa
light chain (Bethyl Laboratories, Inc., Montgomery, TX)
and o-phenylenediamine substrate (Wako, Osaka, Japan).
Absorbance was read at 492 nm.

Western Blotting

Western blotting was performed as previously de-
scribed. Briefly, recombinant proteins were electropho-
resed on SDS-PAGE and electrotransferred onto nitrocel-
lulose membrane. The blots were blocked with 5% milk in
TBS/T and incubated for 1 hour with the diluted Fabs at
room temperature. After washing, the blots were incu-
bated with HRP-conjugated mAbs to human lambda light
chain or kappa light chain. The bound antibodies were
detected by the Phototope Western Detection Systems
(Cell Signaling Technology, Inc., Danvers, MA).

Epitope Mapping

Epitope mapping studies were performed using the
standard Western blotting protocol described above. The

NC16A domain of human COL17 was divided into sub-
regions as described by Giudice et al.’®#3 The expres-
sion vectors NC16A1, NC16A2, NC16A2.5, and NC16A3,
which respectively correspond to amino acid segments
490 to 506, 507 to 520, 514 to 532, and 521 to 534, were
gifts from Dr. George J Giudice (Medical College of
Wisconsin, Milwaukee). Affinity purified products of recom-
binant human NC16A and its subregions were electropho-
resed and electrotransferred to nitrocellulose membrane.
The membranes were then probed with Fabs and allowed
to react with HRP-conjugated secondary mAbs to human
lambda light chain or kappa light chain.

Immunogold Electron Microscopy

Normal human skin samples were processed for
postembedding immunoelectron microscopy as previ-
ously described.?*2® Briefly, cryofixed cryosubstituted
samples were embedded in Lowicryl K11M resin and
polymerized at —60°C under UV light. Selected blocks
were used to produce ultrathin sections that were incu-
bated with Fabs (80 ng/ml), diluted in PBS-based buffer,
and washed four times (five minutes each). Further incu-
bations were performed using rabbit anti-c-myc tag an-
tibody (Santa Cruz Biotechnology, Santa Cruz, CA) fol-
lowed by four washes and further incubation with 5-nm
gold-conjugated antibody for immunogold labeling (Bio-
cell, Cardiff, UK) diluted 1 in 200 in TBS buffer. Other
primary anti-COL17 antibodies included for comparison
were HD4 233, 1D1, and 1A8C, each of which recognizes
different domains of human COL17 (extracellular domain
close to the C-terminal, mid portion, and cytoplasmic
domains, respectively).?® Sections were viewed under a
Hitachi H-7100 transmission electron microscope (Hitachi,
Tokyo, Japan) at 80 KV.

Immunofluorescence

Five-um cryosections of OCT-embedded skin were cut
and placed onto microscope slides and subjected to IF
studies. IIF using Fabs was performed on the skin sam-
ples from human or COL17 humanized mice using a
standard protocol. FITC conjugated secondary antibod-
ies against human lambda light chain (DakoCytomation,
Glostrup, Denmark), kappa light chain (Invitrogen Corp.,
Carlsbad, CA), or c-myc tag (Santa Cruz Biotechnology)
were used as detection reagents.

Surface Plasmon Resonance Analysis

Affinity of the generated Fabs was determined by
BlAcore assay. The on and off rate constants (k,,, and k)
for binding of the Fabs to rhNC16A were determined by a
BlAcore 2000 instrument (Biacore AB, Uppsala, Swe-
den). For analysis of the interaction kinetics, Fabs in
various concentrations (100, 80, 60, 50, and 40 nmol/L)
were injected over the immobilized antigen at a flow rate
of 20 wl/min using HBS-EP buffer (Biacore AB). The as-
sociation and dissociation phase data were fitted simul-
taneously to a 1:1 Langmuir global model by using the

—178—



BlAevaluation software. The affinities (dissociation con-
stant, K) were calculated from the ratio of the rate con-
stants of association and disassociation (k,./K)-

Functional Analysis of Fabs in Vitro
Preparation of BP Autoantibodies

BP autoantibodies were purified from either pooled
sera from 20 patients or were included as separate serum
samples from three patients with active BP. Briefly, the
total IgG fraction from BP sera was prepared by affinity
chromatography using HiTrap Protein G HP column (Am-
ersham Biosciences UK Limited). Then, BP autantibodies
against the COL17 NC16A peptide were affinity purified
from the IgG fraction using HiTrap NHS-activated HP
column (Amersham Biosciences UK Ltd.) precoated with
rhNC16A according to the manufacturer’s instructions.®
The NC16A affinity purified BP autoantibodies were dia-
lyzed against PBS and concentrated by Amicon ultrafil-
tration (Millipore). These NC16A affinity purified BP auto-
antibodies were designated as BP antibodies (BPAbs),
and used for in vitro inhibition experiments.

For the in vivo experiments using whole BP-IgG frac-
tions as the pathogenic autoantibodies, serum samples
were collected from another 10 BP patients and total IgG
fraction was prepared using HiTrap NHS-activated HP
column. This was designated as BP-IgG. Binding activity
with different autoantigens was tested by ELISA and
Western blotting. The BP-IgG from all ten of the serum
samples bound to human COL 17, and the BP-IgG from
seven of the ten serum samples also reacted with BP230.
The binding of the BP-IgG with the subdomains of NC16A
(NC16A-1, -2, -2.5, -3, as described by Giudice et al'®)
was further studied. All ten of the serum samples bound
to NC16A-2 and NC16A-2.5. In addition, two of the ten
serum samples alsc bound to NC16A-1 or -3. When the
pooled IgG from these ten patients was first incubated
with the NC16A domain of COL17 overnight at 4°C, the
reaction with the NC16A domain was markedly reduced,
whereas binding to the full length COL17 was unchanged
by Western blotting. This indicates that the BP-IgG rec-
ognize numerous epitopes on both COL17 and BP230
antigens, and that there exist autoantibodies recognizing
different epitopes both within and outside of the COL17
NC16A domain.

Inhibition ELISA

To check the competition effect of Fabs on the binding
of BPAbs to rhNC16A, an inhibition ELISA was performed
by incubating purified BPAbs (8 wg/ml) with 0 to 32 pg/ml
Fabs on rhNC16A ELISA plates. To detect the IgG auto-
antibodies, the plates were developed with HRP-conju-
gated polyclonal antibody to human 1gG (DakoCytoma-
tion) and o-phenylenediamine substrate. Absorbance
was read at 492 nm. The reduced reaction of BPAbs with
rhNC16A was expressed as an inhibition rate, which was
calculated according to the following formula: inhibition
rate % = (A492b — A492f)/A492b X 100, where A492b is
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the reaction with BPAbs only and A492f is the reaction
competed with Fab at a given concentration.

Inhibition ELISA between phage antibodies (Phabs)
and Fabs from the isolated clones was performed to
determine whether the Fabs against different epitopes
mutually cross-inhibit binding by steric hindrance. Indi-
vidual Phabs were incubated with rhNC16A on ELISA
plates. The reaction was challenged with Fabs from dif-
ferent clones at various concentrations. After washing,
the remaining binding of the Phabs to rhNC16A was
developed with the HRP-conjugated anti-M13 antibody
and o-phenylenediamine substrate.

Inhibition IF

Inhibition IF was assessed to check the competition of
Fabs to the binding of BPAbs by incubating purified
BPADbs (10 pg/mi) with 0 to 40 wg/ml Fabs on human skin
sections. FITC-conjugated anti-human IgG (DakoCyto-
mation) was the detection reagent. The inhibition IF was
also performed by sequential incubation with BPAbs on
human skin sections, which was followed by Fabs with a
30-minute interval. The effects of Fab inhibition on the
binding of autoantibodies from patients with linear 1gA
bullous dermatosis and anti-p200 pemphigoid were also
observed.

In Vitro Inhibition of BPAb-Induced Complement
Activation

BPAb-induced complement activation in human skin
samples and the inhibitory effects of anti-COL17 NC16A
Fabs were observed by IF as described by Nelson et al
with minor modifications.® Cryosections of normal human
skin were incubated with BPAbs (10 pg/ml), anti-COL17
NC16A Fabs (10 to 40 png/ml), or BPAbs plus anti-COL17
NC16A Fabs for one hour at 37°C. Freshly prepared
normal human serum was then added as a complete
complement source. One hour after incubation, in situ
deposition of human C1g and C3 at the DEJ was de-
tected with FITC-conjugated mAbs to human C1qg and
human C3 (DakoCytomation), respectively.

Effects of Fabs on BP Mouse Mode! in Vivo

All mouse procedures were approved by the Institutional
Animal Care and Use Committee of Hokkaido University,
and the experimental mice were housed in a specific
pathogen-free animal facility. The BP model mice were
produced by injecting BP autoantibodies, either NC16A
affinity purified BPAbs (50 pg/g body weight) or whole
BP-IgG (1 mg/g body weight) prepared from BP patients,
into the COL17 humanized neonatal mice, as previously
reported.® At 48 hours after the injection, the mice devel-
oped human BP-like clinical and histological character-
istics with serum autoantibody titers ranging from 1:80 to
1:640 in lIF and a mean BP180 antibody index value of
55.7 = 21.1 by ELISA measurement, which is similar to
the autoantibody level usually found in the sera of active
BP patients. To observe the effects of the generated
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anti-COL17 NC16A Fabs on the COL17 humanized mice
and on the BPAb-induced disease, we divided the neo-
natal mice into different groups. We first injected Fabs
from the three individual clones to test whether the re-
combinant Fabs themselves are pathogenic in COL17
humanized mice. The Fab doses were 30 to 90 ung/g
body weight (30 ng/g body weight is roughly an equimo-
lar dose compared with 50 pug/g body weight of IgG-
BPAbs). To sequentially monitor the serum Fab levels
after injection, 60 ug/g body weight of Fab-B4 was in-
jected into the neonatal mice and blood samples were
collected by sacrificing mice at 6, 24, 48, and 72 hours.
The Fab concentration was guantified using a sandwich
ELISA technique with two mAbs. To capture Fabs in the
samples, rabbit anti~c-myc mAb (Santa Cruz Biotechnol-
ogy) was coated onto ELISA plates (20 pg/ml in PBS
overnight at 4°C). After blocking with 3% BSA for one
hour at 37°C, individual serum samples were diluted with
1% BSA in PBS buffer (1:10) and incubated for 1 hour at
37°C. Purified Fab was used as a standard at concentra-
tions ranging between 0.1 pg/ml and 50 pug/mi. The plate
was then incubated with HRP-conjugated mouse anti-
human lambda light-chain mAb to detect the reaction.
The concentrations of Fabs in the samples were calcu-
lated from the standard curve for each plate.

The effects of Fabs on the BP autoantibody-induced
mouse model were observed by injecting Fabs either
from individual clones or from various combinations of the
clones. The injection of antibodies into mice was per-
formed as described previously, with minor modifica-
tions.® Briefly, each mouse received a single intraperito-
neal injection of different antibodies according to group.
At 48 hours after injection, the extent of skin disease was
judged, including distinct Nikolsky sign. The animals
were then sacrificed, and skin samples were studied by
light microscopy and direct immunofluorescence micros-
copy using FITC conjugated antibodies against human
lambda light chain (DakoCytomation), c-myc tag (Santa
Cruz Biotechnology), human IgG (Jackson, West Grove,
PA), and mouse complement C3 (Cappel, ICN-Pharma-
ceuticals, Inc., Aurora, OH). The quantification of mast
cells (MCs) and MC degranulation was performed as
described by Nelson et al, and the results were ex-
pressed as a percentage of degranulated MCs (number
of degranulated MCs per total number of MCs in 5 ran-
dom fields X 100%).°

Blood was collected, and the serum sample was pre-
pared and used for ELISA to determine the titers of cir-
culating BPAbs or Fabs. The level of BPAbs in the serum
samples of experimental mice was tested using an anti-
COL17 ELISA kit according to the manufacturer's instruc-
tions (MBL, Nagoya, Japan). Absorbance was read at
450 nm. The index value was defined by the following
formula: index = (A450 of tested serum — A450 of neg-
ative control)/(A450 of positive control — A450 of nega-
tive control) X 100. The concentration of the recombinant
Fabs in serum samples obtained from the experimental
mice was quantified using the sandwich ELISA technique
described above.

Statistical Analysis and Ethical Considerations

Differences in the ELISA inhibition results among various
groups were examined for statistical significance using
the analysis of variance with Fisher PLSD test. For the
analysis of MC degranulation among various groups of
Fab treatments, we determined statistical significance
using muttiple tests including the Student { test and cne
way analysis of variance. P values less than 0.05 were
considered significant.

This study was approved by the Institutional Review
Board of Hokkaido University, and fully informed consent
from all patients was obtained for use of human material.

Results

Isolation of Anti-COL17 NC16A Antibodies from
Phage Antibody Libraries

Two individual Fab phage libraries containing 8 X 107
clones and 4 X 107 clones, respectively, were success-
fully constructed by combining light chain genes and
heavy chain genes amplified from antibody repertoires of
two BP patients (library 1 from patient 1; library 2 from
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Figure 1. Isolation of specific binders against the NC16A domain of human
type XVII collagen from phage antibody library. A: Randomly selected single
colonies from the fourth panning round of the libraries show positive reac-
tion with recombinant human NC16A (tfhNC16A) but no reaction with re-
combinant mouse NCI16A (rmNC16A), GST, or BSA in ELISA. B: Western
blotting of soluble Fabs shows staining of only the thNC16A domain and
full-length human COL17, whereas rmNCI16A and GST are negative. The
representative results using Fab-B4 are shown. C: Epitope mapping of the
generated Fabs with thNC16A and its subdomains are shown. Fab-B4 binds
to thNC16A, NC16A2, and NC16A2.5 but does not react with NC16A1 and
NC16A3, indicating that the binding epitope is located within an overlapping
region within subdomain 2 and 2.5 (amino acids 514 to 520). The Fab-106
and Fab-19 epitopes are located in subdomain 1 (NC16A1, amino acids 490
1o 506) and subdomain 2 (NC16A2, amino acids 507 to 520), respectively.
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Table 2. Heavy and Light Chain Genes of Isolated Fabs

Fab VH Amino acid sequences of VH VL Amino acid sequences of VL
clone family CDR1 CDR2 CDR3 family CDR1 CDR2 CDR3

B4 VH1 NYAFSW  GIIPMSGEGHKAQKFQG PSRSNYAGGMDV VAl SGSSSNIGRHYVY TNYRRPS  ASWDDSL
Bi2 VH3 SYSMN SISSSSSYIYYADSVKG IDSSSWYEGWFDP VA1 SGSTSNIGSNTVN SNNQRLS GTWDDSLN
B21 VH3 SYVLS LLVVMLEADTTQTPEG GNNWYGQTFDF VAt GAAPTSGQVMMYTW  GNSNRPS QSYDSSLS
F32 VH3 SYAMH VISYDGSNKYYADSVKG ALRGYSYGT Vii RASQSISSYLN AASSLQS QOSYSLF
19 VH3 NYGMH VISYDGSKKYYADSVKG GFYYDWGTYYDY Vat TGSSSNIGAGYDVH  ANSNRPS QSYDSSLT
106 VH3 DSAIH RVRSKTNNYATDYAVSVKGR ~ HGESRSWYVGSGYWFDP VA1 SGSSSNIGNNYVS DNNKRPS GTWDSSLS

Six unique antibody clones against the NC16A domain of human COL17 were identified by sequencing the heavy and light chain variable regions.
Of these, clones B4, B12, B21, and F32 were isolated from library 1, whereas clones 19 and 106 were isolated from library 2. The deduced amino
acids sequences of the complementary determining regions (CDRs) are shown.

patient 2). Phabs were selected by panning against By epitope mapping, the binding site of the Fabs with
rhNC16A immobilized on immune tubes. ELISA of the rhNC16A and its subdomains was obtained. All four of the
Phabs revealed specific positive reactions with rhNC16A Fabs from library 1 showed the same reactive pattern. They

in 40 of 96 and 32 of 80 colonies isolated from the two bound to rhNC16A and subdomains 2 and 2.5 but failed to
libraries, respectively (Figure 1A). By BstN | fingerprinting react with subdomains 1 and 3, indicating that their binding

and sequencing of variable regions of heavy chain (VH) epitope was within the overlapping region (amino acids 514
and light chain (VL) genes, nine unique antibody clones to 520) of subdomains 2 and 2.5. The two Fabs from library
against rhNC16A were identified and were allowed to 2 bound to different subdomains: Fab-106 reacted only with
express the soluble Fab fragments. subdomain 1 (amino acids 490 to 506) and Fab-19 reacted

only with subdomain 2 (amino acids 507 to 520). This indi-
cates that they bound to different epitopes on COL17

Expression and Characterization of Fabs NC16A. The representative blot results are shown in Figure

Soluble Fab fragments of the nine antibody clones were 1C. These data demonstrate the successful isolation of
successfully expressed by removing the gene il frag- anti-COL17 NC16A Fabs from patients with BP.
ment of the phagemid vector. Four of the soluble Fabs We chose Fabs (Fab-B4, Fab-19, and Fab-106) that had

from library 1 (Fab-B4, Fab-B12, Fab-B21, Fab-F32) and been raised against different epitopes of COL17 NC16A for
two from library 2 (Fab-19, Fab-106) were highly specific further experiments. All of the light chains of these three

to rhNC16A in ELISA (data not shown) and Western blot clones are from human lambda light chain family. Large-
analysis (Figure 1B, representative Western blot result). scale production was performed, and a vield of approxi-
The other three clones, however, could not be detected mately 1 to 3 mg of Fab product was obtained from each 1
as soluble fragments, probably because of their low af- L culture after column purification. Figure 2A shows the
finity. The VH and VL genes of the six positive Fab clones SDS-PAGE identification of the purified Fab in reduced and
are summarized in Table 2. nonreduced form.

C Skin sample from
Normal human skin NaCl split human skin  COL17 humanized mouse

Fab-106 |}

Figure 2. Production and characterization of Fabs. A: A purified soluble Fab in both reduced and nonreduced states is shown by Coomassie blue staining after
SDS-PAGE. B: Immunogold fabeling of normal human skin by Fabs shows 5-nm immunogold deposits restricted to immediately beneath hemidesmosomes, close
to the keratinocyte plasma membrane (arrows, bar = 100 nm). The representative results using Fab-B4 are shown. (K: keratinocyte; D: dermis; KIF: keratin
intermediate filaments; DEJ: dermal-epidermal junction). C: Immunofluorescence studies on normal human skin and skin sections from COL17 humanized mice
show positive staining of the selected Fabs at the DEJ, and positive staining is also noted on the roof of NaCl split skin samples.
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Table 3.  Affinity of Anti-COL17 NC16A Fabs Measured by
BlAcore System
Fab Kon (1/Ms) Ko (1/8) Ko (M)
Fab-B4 2.83 x 10° 1,10 x 1073 3.89 x 107°
Fab-19 1.14 x 10° 6.26 X 1073 5.48 x 1078
Fab-106 552 X 10° 8.08 X 1072 146 X 1077

Kinetic parameters k., and k,; were measured by BiAcore system,
and Kp was calculated as kg, /koy. From the three Fabs, Fab-B4 has the
highest affinity.

Immunogold electron microscopy showed that 5-nm
immunogold particles were restricted to immediately be-
neath hemidesmosomes, below the keratinocyte plasma
membrane (Figure 2B). Mean measurements of immuno-
gold deposits demonstrated that their epitopes were
about 1to 2 nm {(mean 1.77 nm £ SD, n > 200) beneath
the plasma membrane and located between the epitopes
of 1A8C, a cytoplasmic plaque associated COL17 anti-
body) and 233 (an extracellular COL17 antibody), as
described by Nonaka et al.2® No difference in distribu-
tion of the immunogold deposits was found between
the three Fabs.

In the lIF experiments, as we expected, all three Fabs
showed linear deposition at the DEJ and positive staining
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Figure 3. Inhibition ELISA assay. A: The effects of competition with Fab-B4,
Fab-19, and various combinations inhibit the binding of autoantibodies
(BPAbs, 8 pg/ml) from pooled sera of patients with bullous pemphigoid (BP)
to thNC16A in a dose-dependent manner (0 to 32 ug/ml), whereas Fab-106
inhibits BPAb binding only moderately. *P < 0.01, *P <C 0.05, versus the
original binding of BPAbs. B: Fabs (32 pg/ml) inhibit the binding of BPAbs
from three BP patients. *P < 0.01, **P < 0.05, versus the original binding of
BPAbs.

was noted along the roof of the NaCl split skin samples,
consistent with COL17 staining (Figure 2C).

Kinetic analysis using the BlAcore system demon-
strated affinity levels of Fab-B4, Fab-19, and Fab-1086, as
summarized in Table 3. Among these Fabs, Fab-B4
showed the highest affinity value and Fab-106 showed
the lowest.

Functional Analysis of Fabs in Vitro

To determine whether the Fabs generated against
COL17 NC16A were able to function in competitive bind-
ing to inhibit the emergence of an autoantibody-mediated
BP phenotype, we initially performed a series of in vitro
experiments to evaluate their ability to block BP autoan-
tibody binding to COL17. Figure 3A shows that the
rhNC16A binding activities of BPAbs, which were affinity
purified using recombinant COL17 NC16A peptide from
the pooled sera from 20 BP patients, were reduced mark-
edly and significantly by Fab-B4 and Fab-19, but only
marginally by Fab-106, in a dose-dependent manner (O
to 32 ug/mi). Fab-B4 and 19 suppressed the binding of
BPAbs most efficiently at a concentration of 32 pg/ml,
with the highest inhibition rates of 52.4% and 50.8%,
respectively. Combinations of two or three Fabs failed to
increase this inhibition efficacy. When tested with BPAbs
isolated from individual BP patients, Fabs showed similar
competitive effects (Figure 3B).

IIF studies show competitive blocking of Fabs with
BPAbs on skin sections. Figure 4 shows positive IgG

Figure 4. Inhibition immunofluorescence. A and B: Positive IgG staining of
the NC16A affinity purified BPAbs (10 pg/mD at the DEJ in human skin. C
and E: IgG BPAbs staining is blocked by coincubation with either Fab-B4 or
Fab-19 at a concentration of 20 pg/ml. G: Fab-106 (20 pg/mb fails to
significantly inhibit the binding of BPAbs. When BPAbs are allowed to bind
to skin sections first and Fabs are added 30 minutes later, the IF staining of
BPAD binding is also markedly reduced by Fab-B4 (D) or Fab-19 (F) but not
by Fab-106 (H).
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Figure 5. BPAb-induced complement activation and the inhibitory effects of
Fabs. NC16A affinity purified BPAbs (10 pg/mi) induced activation of human
C1q and C3 is shown at the DEJ in cryosections of human skin (A and B).
When Fabs are coadministered with BPAbs at the same concentration,
Fab-B4 completely blocks Clq and C3 activation (C and D), whereas Fab-19
effectively blocks the activation of Clq (BE) and markedly reduces the acti-
vation of C3 (F). Fab-106 shows no inhibition of either C1q or C3 activation
(G and H).

BPAbs staining (10 wg/mi) at the DEJ in human skin
(Figure 4A), which was blocked by coincubation with
either Fab-B4 or Fab-19 at a concentration of 20 pg/mi
(Figure 4, C and E). Fab-106 failed to significantly inhibit
the binding of BPAbs (Figure 4G). When BPAbs were
allowed to bind to skin sections first and Fabs were
added 30 minutes later, the IF staining of BPAb binding
was also markedly reduced although not completely in-
hibited (Figure 4, B, D, F, and H). Competitive IF using
Fabs and individual patient BPAbs showed that Fab-B4
and Fab-19 were able to block the binding of autoanti-
bodies from three individual BP patients, whereas none of
the Fabs inhibited the binding of IgA autoantibodies from
patients with linear IgA bullous dermatosis or IgG auto-
antibodies from patients with anti-p200 pemphigoid (data
not shown).

In vitro inhibition of complement activation by recombi-
nant Fabs was studied by immunofluorescence. In situ
deposition of BPAb-activated C1q (Figure 5A) and C3
(Figure 5B) was found at the DEJ in human skin. Com-
plement deposition was reduced or completely blocked
by Fab-B4 (Figure 5, C and D) or Fab-19 (Figure 5, E and
F), whereas it was unchanged by Fab-106 treatment
(Figure 5, G and H). Fabs against COL17 NC16A did not
activate complement at concentrations up to 100 pg/ml.

We also tested the effect of competition between re-
combinant anti-COL17 NC16A Fabs. Using an inhibition
ELISA, Fabs from the three clones inhibited the binding of
Phabs from their own clone as we might have expected.
Interestingly, Fab-B4 and Fab-19 cross-inhibited each
other while Fab-106 failed to inhibit the other two (Figure
6, A-C). These data indicate that Fab-B4 and Fab-19
specifically recognize distinct but close or overlapping

Blocking Autoimmunity With Fab Fragments 921
AJP February 2010, Vol. 176, No. 2

BFab0 ugm ©Fab10 ugl
2r DOFab 20 & giml TFab 40 & giml

Binding of phage antibody (B4) 3>
with thNC16A (A492)

Fab-B4 Fab-19 Fab-106

@Fab0 pgm ©Fab10 ngml
(3Fab 20 1 g/mi OFab40 ugmi

Binding of phage antibody (19) [
with thNC16A (A492)

Fab-B4 Fab-19 Fab-106
1.6 r BFab0 ug/ml BFab10 1gml
1.4 L [1Fab 20 » g/ml 0 Fab 40 » g/mi

Binding of phage antibody (106) 3
with ThNC16A (A492)

Fab-B4 Fab-19

Fab-106

Figure 6. Inhibition ELISA for the three recombinant antibody clones using
Fabs and phage antibodies (Phabs). Fab-B4 and Fab-19 inhibited the binding
of both Phab-B4 and Phab-19 (A and B), whereas Fab-106 inhibited Phab-106
only (O). This indicates that the antibody clones B4 and 19 are mutually
cross-inhibiting. *P < 0.01, **P < 0.05, versus the original binding of respec-
tive Phabs.

epitopes and are able to block the binding of BP anti-
bodies in nearby epitopes, most likely by direct steric
hindrance.

In Vivo Blockade of Autoantibody-Induced BP
Disease

We first proved that recombinant Fabs were not patho-
genic to COL17 humanized mice after injection with 30 to
90 ng/g body weight of Fab-B4, -19, or -106 into neonatal
mice. Neither clinical signs, including erythema and
Nikolsky sign, nor any histopathological manifestations
of BP were found in the treated mice. Direct immuno-
fluorescence studies demonstrated clear deposition of
the recombinant Fab fragments at the DEJ. Subse-
quent deposition of mouse C3 was not detected (Fig-
ure 7A).
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Figure 7. Therapeutic effects of Fabs on BP model mice. A: Results of the injection of Fabs into neonatal COL17 humanized mice show that this treatment alone
does not cause BP disease or other detectable adverse effects. Histological examination (right, upper panel) supports this result. Indirect immunofluorescence
show DEJ staining for the recombinant Fabs (Ieft of lower panel) but no staining for mouse C3 (right, lower panel). B: Mice injected with NC16A affinity
purified BPADbs develop the clinical and histological skin detachment associated with MC degranulation (white arrows) and the deposition of human IgG and
mouse C3 at the DEJ. In contrast, mice injected with BPAbs and Fab-B4 fail to show these clinical and histological characteristics, and the intensity of 1gG
deposition at the DEJ is markedly reduced. The staining of mouse C3 is absent, whereas recombinant Fab fragment staining is weak but detectable. Fab-106 fails
to show any beneficial therapeutic effect in the animal model. C: Percentage of dermal MC degranulation is assessed in BP model mice and in those treated with
30 pg/g body weight of Fabs. It is significantly reduced in the mice treated with Fab-B4, Fab-19, and the Fab combination. *P < 0.01 versus control group (BP
model mice treated with PBS). D: BP model mice were produced by injection of BP-IgG (total IgG fraction prepared from BP patients) and were treated with
Fab-B4 24 hours later. BP-like clinical and histological characteristics fail to develop in most (four of five) of Fab-B4 treated mice (lower panel).

For further in vivo experiments, we again used the
humanized BP mouse model and induced disease by
injecting BP autoantibodies, either BPAbs (50 ug/g body
weight) or whole BP-1gG (1 mg/g body weight), into neo-
natal COL17 humanized mice. We sequentially analyzed
the serum concentration of BP autoantibodies in the in-
jected mice. Their autoantibody titers ranged from 1:80 to
1:640 in lIF, and the mean BP180 antibody index value
reached the highest level of 72.8 + 21.7 at 6 hours and
then gradually decreased to 68.5 = 9.1 at 12 hours,
64.1 = 14.9 at 24 hours, 55.7 = 21.1 at 48 hours, 33.4 =
4.8 at 72 hours, and 33.7 * 2.6 at 96 hours after injection.
After i.p. injection of BPAbs or whole BP-IgG, the mice
were i.p. treated either immediately or 24 hours later with
Fabs from each of the three individual clones. The results
were evaluated 48 hours later (Table 4). As shown in
Figure 7B, the BP mode! mice untreated with Fabs dem-
onstrated a BP-like clinical phenotype with extensive er-
ythema and Nikolsky sign together with histological char-
acteristics, including dermal-epidermal separation and
the infiltration of inflammatory cells. These clinical and
histological signs failed to develop in any of the Fab-B4
groups, including the immediately treated and the 24
hour-treated mice. Treatment with Fab-19 demonstrated

a similar effect. Fab-108, however, failed to show any
therapeutic efficacy. Histologically, no subepidermal blis-
ter formation was found in skin samples from mice treated
with Fab-B4 or -19 at a dosage of 30 ug/g body weight or
higher, whereas distinctive BP-like blister formation was
observed in skin sections from the majority of the Fab-106
treated mice (4/5 mice with the 30 wug/g body weight
treatment and 4/4 mice with the 60 wg/g body weight
treatment) or control mice. Fab combination therapy at
the same total dose showed a similar result as treatment
with Fab-B4 or -19 alone. Direct immunofluorescence
studies revealed that deposition of human IgG and
mouse C3 at the DEJ was significantly reduced in the
Fab-B4 or -19 treated groups compared with that of
controls. Extensive MC degranulation took place in the
dermis of the BP model mice. In contrast, the percentage
of degranulated MCs was significantly decreased in the
Fab-B4- and -19-treated mice (Figure 7C). Figure 7D
shows the BP disease phenotype induced by injection of
whole BP-IgG (upper panel) and the therapeutic results
of Fab (lower panel). Fab-B4 treatment inhibited the BP-
IgG-induced phenotypic changes in all immediately
treated mice, as well as the majority of the mice (4/5)
treated 24 hours after the initial BP-IgG injection. To-
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Table 4. Effects of Anti-COL17 NCI16A Fabs on BP Autoantibody-Induced Mouse Model
Abs used for reproducing Total dose of Fab Skin
mouse model Treatment (ng/g body weight) detachment

COL17 NC16A- affinity purified BP Fab-B4 15 2/8
autoantibodies (BPAbs) 30 0/10
30 (24 hours later) 0/4

60 0/9

Fab-19 15 2/6

30 0/6

60 0/6

Fab-106 15 5/5

30 4/5

60 4/4

Fab combination (Fab-B4 + 19 + 106) 15 2/5

30 0/6

60 0/5
Control PBS 14/14

Whole IgG fractions (BP-1gG) Fab-B4 30 0/4
30 (24 hours later) 1/5

Control PBS 4/4

Neonatal COL.17 humanized BP model mice were injected with either COL17 NC16A-affinity purified BP autoantibodies (BPAbs: 50 pg/g body
weight) or whole IgG fractions (BP-IgG: 1 mg/g body weight) from patients with bullous pemphigoid. The mice were then treated immediately or 24
hours later (underlined) with Fabs by intraperitoneal injection. For Fab combination therapy, the total dose comprised one third of each Fab clone.

gether with the in vitro inhibition IF data, these results
demonstrate that Fabs can at least partially displace the
bound BP autoantibodies within the DEJ and block BP
disease after initial binding not only by NC16A-purified
BPAbs but also by combined whole IgG sera fractions
from BP patients. When the mice were sacrificed at 48
hours, serum samples were collected to detect BP anti-
body index values and the recombinant Fab level. The
BP180 antibody index value in the control mice sera was
170.83 = 26.2, and no significant increase or decrease
was found in any of the treatment groups (P > 0.05). The
concentrations of Fabs ranged from 1.34 = 0.11 ug/ml! to
10.22 + 0.35 ug/ml, increasing with increasing injected
dose; however, there was no significant difference be-
tween the mice injected with Fabs only and the BP model
mice treated with Fabs at the same given doses (P >
0.05). No adverse reactions to the Fab treatments were
observed..

Discussion

In the present study, we successfully generated Fabs
against the human COL17 NC16A domain from phage
display antibody repertoires derived from two BP pa-
tients. These Fabs specifically recognize different epitopes
located in NC16A subdomains and competitively inhibit
the binding of human BP autoantibodies to COL17. Our
novel anti-COL17 NC16A Fabs were observed to inhibit
the changes in the BP mouse model! that would other-
wise have been induced by the injection of human BP
autoantibodies into recently engineered COL17-hu-
manized mice.

BP is the most common autoimmune blistering skin
disease. The mortality rate of BP in various reports ranges
from 20% to 40%, and death is more commonly related to
other underlying illness, debilitation associated with se-
vere BP condition, or adverse effects of treatment.®” Auto-
antibodies against two hemidesmosomal antigens,

BPAG1 (BP230) and BPAG2 (COL17 or BP180), have
been identified in BP. COL17 autoantibodies are gener-
ally thought to play a critical role in the initial pathogen-
esis of the disease. COL17, a type Il transmembrane
protein, is the main pathogenic target for BP autoantibod-
ies and the NC16A domain was subsequently confirmed
as the main binding epitope. 52830 COL17 autoantibod-
ies have been widely studied and have been shown to
induce activation of complement via a classical pathway
that is essential for disease development. This allowed us
to devise a new approach toward treating BP and a
therapeutic strategy for such treatment. Using molecular
and recombinant protein techniques, we identified three
Fabs, Fab-B4, Fab-19, and Fab-106, which recognize
mutltiple epitopes within the COL17 NC16A domain with
different affinity levels. Of these, Fab-B4 and Fab-19 rec-
ognized distinct epitopes located within subdomain 2 of
NC16A, whereas Fab-106 recognized an epitope in sub-
domain 1. Interestingly, Fab-B4 and Fab-19 inhibited
each other in competition ELISA assays using reciprocal
Phabs and soluble Fabs, indicating that they bind spe-
cifically to their corresponding epitopes and may involve
mutual steric hindrance. Fab-106 showed no inhibitory
effects on the other two Fabs, confirming its unique bind-
ing domain.

Fab-B4 and Fab-19, but not Fab-106, showed thera-
peutic potential for BP in both in vitro and in vivo studies.
Both fragments competitively inhibit the binding of BP
autoantibodies to the main COL17 NC16A epitope, and
both of them block BPAb-mediated activation of comple-
ment C1g and C3. In our BP animal model using the
COL17 humanized mouse, marked inhibition of the BP
phenotype, including deposition of BPAbs and comple-
ment, degranulation of MCs, and subcutaneous blister
formation, was observed in Fab-B4- or Fab-19-treated
mice. It appears from these data that complete blocking
of BP autoantibodies by Fabs is not required to signifi-
cantly inhibit disease severity. We know this because
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successful treatment of the BP model mouse was
achieved even with partial blocking of BP autoantibody
binding. This is consistent with the clinical observation
that BP symptoms can markedly improve as the autoan-
tibody levels gradually decrease, although autoantibod-
ies are still detectable.®'®2 This suggests that there may
be a threshold for BP autoantibodies to initiate and main-
tain complement activation and complement-mediated
tissue injury. Partially reducing autoantibody deposition
using blocking Fabs might be beneficial in alleviating BP.
Furthermore, our Fab was demonstrated to be able to
displace the bound BP autoantibodies both in vitro and in
vivo. These results strongly support our approach of us-
ing inhibitory anti-COL17 NC16A Fabs for BP therapy.
When comparing the in vitro and in vivo activities of all
these Fabs together, the Fab-B4 clone appears to be
most efficient. We assessed the effects of combining
these three Fabs, but we failed to improve on the results.
The inhibitory effect of Fab clones in combination was not
as good as that of the Fab-B4 clone alone, even at
equivalent dosages. The administration of Fabs themselves
or in combination failed to elicit any adverse pathological
manifestation in the COL17 humanized mice.

It has been shown that the majority of anti-COL17
autoantibody pathogenic epitopes are mainly distributed
in subdomains 1 to 3 of NC16A.22 Fairley et al®® further
defined subdomain 2 as the major epitope recognized by
both IgG and IgE autoantibodies from BP patients. We
tested the reactivity of BP autoantibodies and found that
the binding amount and affinity against subdomain 2 was
higher than the binding amount and affinity for subdo-
mains 1 and 3 (data not shown). Taken together with the
fact that anti-subdomain 2 Fabs show excellent therapeu-
tic effects in BP model mice, even after the disease was
induced not only by the COL17 NC16A affinity purified
BPADbs, but also by whole BP-1gG fractions, we speculate
that the BP autoantibodies that recognize the non-NC16A
epitopes may be less pathogenic than those that recog-
nize the NC16A epitopes. The BP autoantibodies that
recognize NC16A, especially the subdomain 2 region,
are the main pathogenic autoantibodies in BP. Previously
reported in vitro studies using cryosections®* and in vivo
animal models'™ both suggested that anti NC16A auto-
antibodies are major pathogenic antibodies in BP, which
further supports our speculation.

Thus far, the complement system has been an attrac-
tive therapeutic target for a wide range of autoimmune
and inflammatory diseases.®'® There are different strat-
egies of inhibiting complement activation. In a previous
study, we tried using a recombinant peptide containing
BP pathogenic epitopes as a decoy to block both the
binding of BP autoantibodies and the activation of com-
plement.® Although it proved effective, a potential pitfall
exists. The peptide may act as an antigen and trigger a
more severe immune response, and hence, result in fur-
ther production of pathogenic autoantibodies. Fab ther-
apy eliminates such concerns. Furthermore, it is highly
disease-specific and does not involve systemic immune
suppression; therefore, it may be used either as an indi-
vidual therapy or in combination with other currently avail-
able treatments to promote efficacy and reduce adverse

reactions. Our success in generating these Fabs with
therapeutic potential makes it possible to create not only
a more specific therapy for BP but also further potential
strategies for the treatment of many other antibody-initi-
ated complement-mediated autoimmune disorders.
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A Novel Active Mouse Model for Bullous Pemphigoid
Targeting Humanized Pathogenic Antigen

Hideyuki Ujiie, Akihiko Shibaki, Wataru Nishie, Daisuke Sawamura, Gang Wang,
Yasuki Tateishi, Qiang Li, Reine Moriuchi, Hongjiang Qiao, Hideki Nakamura,
Masashi Akiyama, and Hiroshi Shimizu

Bullous pemphigoid (BP), the most common autoimmune blistering disease, is caused by autoantibodies against type XVII collagen
(COL17). To establish an active stable BP animal model that demonstrates the persistent inflammatory skin lesions initiated by the
anti-human COL17 Abs, we used COL17-humanized (COL17™/~"*) mice that we recently produced. First, we generated immu-
nodeficient Rag-2~'~/COL17-humanized mice by crossing Rag-2"'~ mice with COL17-humanized mice. Then, splenocytes from
wild-type mice that had been immunized by grafting of human COL17-transgenic mouse skin were transferred into Rag-2"'~
/COL17-humanized mice. The recipient mice continuously produced anti-human COL17 IgG Abs in vivo and developed blisters
and erosions corresponding to clinical, histological, and immunopathological features of BP, although eosinophil infiltration, one of
the characteristic histological findings observed in BP patients, was not detected in the recipients. Although the depletion of CD8*
T cells from the immunized splenocytes was found to produce no effects in the recipients, the depletion of CD4* T cells as well as
CD45R* B cells was found to inhibit the production of anti-human COL17 IgG Abs in the recipients, resulting in no apparent clinical
phenotype. Furthermore, we demonstrated that cyclosporin A significantly suppressed the production of anti-human COL17 IgG
Abs and prevented the development of the BP phenotype in the treated recipients. Although this model in an immunodeficient mouse
does not exactly reproduce the induction mechanism of BP in human patients, this unique experimental system targeting humanized

pathogenic Ag allows us to investigate ongoing autoimmune responses to human molecules in experimental animal models. The

Journal of Immunology, 2010, 184: 2166-2174.

diseases, the development of animal modelsisessential (1,2).

However, interspecies molecular differences in autoantigens
make it difficult to develop autoimmune animal disease models in
some cases. We recently overcame this issue by using the unique
technique of humanization of autoantigens to generate an animal
model for bullous pemphigoid (BP) (1).

BP is the most common autoimmune blistering disorder that is
induced by autoantibodies against type XVII collagen (COL17,
also called BP180 or BPAG2), a hemidesmosomal type II trans-
membrane protein that spans the lamina lucida and projects into the
lamina densa of the epidermal basement membrane zone (3-7).
The noncollagenous 16A domain located at the membrane-prox-
imal region of COL17 is known as the major pathogenic epitope
for BP (8, 9). Our group recently generated COL17-humanized

T o investigate the pathogenic mechanisms of autoimmune
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mice (COLI7™ "'h+) that lack mouse COL17 but express human
COL17 (hCOL17) (1). Autoantibodies from BP patients fail to
recognize mouse COL17 due to differences in the amino acid
sequence between human and mouse. In contrast, BP autoanti-
bodies react to hCOL17 molecules expressed in COL17-human-
ized mice and induce BP-like skin lesions in the neonates. Thus,
this passive-transfer BP mouse model directly demonstrated the
pathogenicity of human BP autoantibodies (1). Our systemn makes
it possible to investigate immune reactions mediated by Abs
specific to human molecules even in animal models.

However, passive-transfer animal models demonstrate only
transient disease activity. In this study, we have developed an active,
stable BP model to further advance our knowledge of the BP path-
ogenic mechanisms for the dynamic process of developing chronic
inflammatory skin lesions observed in BP patients. To develop such
amodel, we adoptively transferred the splenocytes immunized with
hCOL17 into immunodeficient COL17-humanized recipients (10).
This active, stable antoimmune disease model targeting humanized
pathogenic Ag enables us to investigate ongoing autoimmune re-
sponses to human molecules in experimental animals.

Materials and Methods
Mice

C57BL/6] mice were purchased from Japan Clea (Hamamatsu, Japan).
C57BL/6-background Rag-2"'" mice were received as a gift from the
Central Institute for Experimental Animals (Kawasaki, Japan). We crossed
COL7™ b+ (COL.17-humanized) mice that we had recently generated (1)
with Rag-2~"" mice. Mice that carried the heterozygous null mutations of
both the Rag-2 and mouse Col]7 genes and the transgene of human COL!7
(Rag-2"""/COLI7™'~**) were bred to produce Rag-2~'"/COL17™~/~"t*
(Rag-2"""/COL17-humanized) mice. All of the animal procedures were
conducted according to guidelines provided by the Hokkaido University
Institutional Animal Care and Use Committee under an approved protocol.
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Immunization of mice by hCOL17-transgenic skin grafting

Immunization of the mice by hCOLI7-transgenic (Tg) skin graft was per-
formed according to the method reported by Olasz et al. (11). Briefly, full-
thickness 1-cm® pieces of dorsal skin were removed from sacrificed
hCOL17-Tg mice (COL17™**) and grafted onto the backs of gender-
matched 6-wk-old C57BL/6 wild-type (WT) mice. After topical application
of antibiotic ointment, the grafted site was covered with gauze and an elastic
bandage for 14 d. In selected experiments, WT mouse skin was grafted onto
the backs of WT mice. Ab production was confirmed at 5 wk after skin
grafting by indirect immunofluorescence (IF) analysis, as described below.

IF analysis

Indirect IF using mice sera was performed on the skin samples from human,
COL17-humanized mice, or WT mice using standard protocols (1). In selected
experiments, indirect IF was performed on 1 M NaCl-split normal human skin.
We used FITC-conjugated Abs against mouse 1gG (Jackson ImmunoResearch
Laboratories, West Grove, PA), mouse IgG1, 1gG2a, 1gG2b, and 1gG3 (BD
Pharmingen, San Diego, CA), and mouse IgG2c¢c (Bethyl Laboratories,
Montgomery, TX) as the secondary Abs.

ELISA

To determine the Ab titer against hCOL 17 noncollagenous 16A domain
(hNCI16A) in the serum samples from the experimental mice, 96-well
microtiter plates coated with recombinant hNC16A protein purchased from
Medical & Biological Laboratories (Nagoya, Japan) were incubated with
diluted mouse sera for 1 h at room temperature. After being washed, bound
Abs were developed with a 40,000-fold-diluted, HRP-labeled Ab specific to
mouse IgG (Jackson ImmunoResearch Laboratories), and the OD was read
at 450 nm using an ELISA plate reader (Mithras; Berthold Technologies,
Bad Wildbad, Germany). The ELISA index value was defined by the fol-
lowing formula: index = (ODysg of tested serum ~ OD,sq of negative con-
trol)/(ODysq of positive control — ODysg of negative control) X 100 (10).

Immunoblotting

Immunoblotting was performed as described previously (1). Recombinant
proteins were subjected to SDS-PAGE and electrotransferred onto nitro-
cellulose membrane (Trans-Blot; Bio-Rad, Hercules, CA). The membranes
were blocked and incubated at room temperature for 1 h with diluted sera
obtained from experimental mice. After being washed, the membranes
were incubated with alkaline phosphatase-conjugated anti-mouse IgG
(Zymed Laboratories, South San Francisco, CA). The bound Abs were
detected by the Western Blue Stabilized Substrate for Alkaline Phospha-
tase (Promega, Madison, WI).

Complement fixation study

Complementactivationinduced by Abs obtained from the immunized WT mice
against the COL.17 in human skin samples was investigated by IF microscopy
as previously described, with minor modifications (12). Cryosections of human
skin were incubated with IgG (10 pg/ml) from immunized WT mice for 1 hat
37°C. Freshly prepared mouse serum was then added as a complement source.
One hour after incubation, in situ deposition of mouse complement C3 was
detected with FITC-conjugated Abs specific to mouse C3 (Cappel; Valeant
Pharmaceuticals, Costa Mesa, CA).

Adoptive transfer of splenocytes

Splenocytes were isolated and pooled from several immunized WT mice at
35 d after the skin grafting and administered to Rag-2 '~ /COL.1 7-humanized
or Rag-2"'" mice by i.v. injection into the tail vein with 2.0 X 10® spleno-
cytes in 500 pl PBS per mouse (10).

ELISPOT assay

ELISPOT assay was performed as previously described (10, 13) with some
minor modifications. Polyvinylidene difluoride-bottomed 96-well multi-
screen plates (Millipore, Bedford, MA) were coated with 30 pg/ml re-
combinant hNC16A protein. In some experiments, 30 pg/ml recombinant
mouse noncollagenous 14A domain protein was coated as negative con-
trols. Mononuclear cells isolated from the spleen, bone marrow, and lymph
nodes of the Rag-2~'~/COL17-humanized recipients were incubated on
the plate at 37°C in a 5% CO, incubator for 4 h. IgG bound to the
membrane was visualized as spots with alkaline phosphatase-conjugated
anti-mouse IgG Abs. The number of spots was counted under a dissecting
microscope (SMZ1500; Nikon, Tokyo, Japan), and the frequency of anti-
hNC16A IgG-producing B cells was defined as the number of spots in 10°
mononuclear cells.

2167

Evaluation of recipient mice

Weekly, the recipient mice were examined for their general condition and
cutaneous lesions (i.e., erythema, hair loss, blisters, erosions, and crusts).
Extent of skin disease was scored as follows: 0, no lesions; 1, lesions on
<10% of the skin surface; 2, lesions on 10-20% of the skin surface; 3,
lesions on 20-40% of the skin surface; 4, lesions on 40—-60% of the skin
surface; 5, lesions on >60% of the skin surface, as previously described
(14) with minor modifications. Serum samples were also obtained from
recipient mice weekly and assayed by indirect IF microscopy and hNC16A
ELISA. Biopsies of lesional and perilesional skin were obtained between 2
and 5 wk after adoptive transfer for light microscopy (H&E), for toluidine
blue staining to evaluate mast cell infiltration and degranulation, and for
direct IF using FITC-conjugated Abs against mouse IgG, IgGl, 1gG2a,
1gG2b, 1gG2¢, 1gG3, and C3.

Immunoelectron microscopy

Postembedding immunoelectron microscopy of cryofixed and cryosub-
stituted skin samples taken from the Rag-2~"~/COL17-humanized mice at
5 wk after the adoptive transfer of immunized splenocytes was performed
as previously described (15, 16) with minor modifications. Small pieces of
fresh skin were cryofixed by plunging them into liquid propane at —190°C
using a freeze—plunge apparatus (Leica Microsystems, Cambridge, U.K.).
Skin samples were then cryosubstituted with methanol at —80°C using an
automated freeze substitution system (Leica Microsystems) and embedded
in Lowicryl K11M (Ladd Research Industries, Williston, VT) at —60°C.
Ultrathin sections were incubated with 5-nm gold-labeled goat anti-mouse
1gG (Biocell Laboratories, Rancho Dominguez, CA) and observed with
a transmission electron microscope (H-7100; Hitachi High-Technologies,
Tokyo, Japan).

Preparation of 1gG fractions from mice and passive-transfer
studies

Sera were obtained from Rag-2~'~/COL17-humanized mice at 8 d after
the adoptive transfer of immunized splenocytes. Total IgG was prepared
from the sera by affinity chromatography using a HiTrap Protein G HP (GE
Healthcare Biosciences, Uppsala, Sweden). We performed passive transfer
of IgG into mice as previously described (1). A 60-p1 dose of sterile IgG in
PBS was administered to neonatal COL17-humanized mice by i.p. in-
jection (0.1, 0.5, or 1.0 mg/g body weight). As a control, we prepared the
total IgG fractions from WT mice and i.p. injected them into neonatal
COL17-humanized mice (1.0 mg/g body weight). We judged skin phe-
notype at 48 h after the injection. The animals were then sacrificed, and
skin sections were taken for histological examination.

Depletion of CD4* or CD8" T cells or CD45R* B cells from
immunized splenocytes

For adoptive transfer of immunized splenocytes without CD4* or CD8* T
cells or CD45R* B cells, we depleted each fraction from splenocytes of the
immunized WT mice by using microbeads conjugated to monoclonal anti-
mouse CD4 (L3T4), anti-mouse CD8a (Ly-2), or anti-mouse CD45R (B220)
Abs (Miltenyi Biotec, Auburn, CA). The depletions of CD4* or CD8*
T cells or CD45R" B cells were confirmed by flow cytometric analysis on
a FACSAria (BD Pharmingen) as described below. Approximately 1.0 to 2.0
% 10® splenocytes depleted with CD4* or CD8* T cells or CD45R™ B cells
were adoptively transferred to Rag-2~"~/COL17-humanized mice.

Administration of cyclosporin A to the BP model mice

Cyclosporin A (CsA) (Novartis Pharma, Basel, Switzerland) dissolved in
olive oil was given i.p. at the dose of 35 mg/kg (100 pl) from 2 d after the
adoptive transfer and continued daily for 14 d. The dose was chosen based on
a previous study (17) and our preliminary data. As a control, the same
volume of olive oil was injected into the BP model mice. The treated BP
model mice were observed for 5 wk to evaluate the efficacy of the treatments.

Flow cytometry

The following mAbs were purchased from BD Pharmingen: 145-2C11-
FITC (anti-CD3¢), H129.19-FITC (anti-CD4), 53-6.7-PE (anti-CD8), and
RA3-6B2-PE (anti-CD45R/B220). One million cells were stained and
subjected to analysis using a FACSAria.

Statistical analysis

To compare ELISA index values of Abs, the weights of mice, and the numbers
of splenocytes, Student ¢ tests were applied. We determined the statistical
differences between groups of indirect IF titer and disease severity using the
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Mann-Whitney U test or ANOVA with the Scheffe F test. Data were ex-
pressed as mean * SE. We considered p values of <0.05 as significant.

Results
High titer of anti-hCOL17 IgG is induced in WT mice by
hCOL17-Tg skin graft immunization

To induce anti-hCOL17 IgG Abs, WT mice were immunized by
skin grafting from hCOL17-Tg mice, which express hCOL17 in
the epidermis under the control of the human keratin 14 promoter
(1, 11, 18). As reported by Olasz et al. (11), a high titer of IgG Abs
specific to hNC16A was produced within 5 wk after the skin
grafting. Levels of IgG Abs specific to hNC16A were measured by
ELISA. The ELISA index values of sera from WT mice immu-
nized by #COLI7-Tg skin grafting showed significantly higher
reactivity than those values of sera from control WT skin-grafted
WT mice (74.9 = 13.5 versus 1.5 = 1.0, p < 0.01) (Fig. 14).
Immune serum was analyzed by indirect IF, which revealed the
deposition of IgG Abs at the dermal-epidermal junction (DEJ) of
COL17-humanized mouse skin (Fig. 1B). There was no reactivity
against WT mouse skin (Fig. 1C). We prepared the IgG fractions of
sera from WT mice immunized by COL17-Tg skin grafting by
affinity chromatography and determined the complement-fixing
activity of purified IgG by indirect IF analysis. We found that
10 g purified IgG could fix mouse C3 contained in freshly pre-
pared mouse serum to the DEJ of normal human skin, whereas
mouse C3 without purified IgG could not bind to the DEJ (Fig. 1D,
1E). The IgG subclass of anti-hCOL17 Abs present in the serum of
each WT mouse immunized by hCOL17-Tg skin grafting was
assessed by indirect IF analysis (n = 10). The deposition of IgGl,
1gG2a, IgG2b, IgG2c, or IgG3 at the DEJ of normal human skin
was observed in 100, 20, 10, 70, or 0% of the analyzed sera, re-
spectively. Thus, immunized WT mice produce high titers of IgG1
and IgG2c anti-hCOL17 Abs that have complement-fixing activity.

Splenocytes transferred from the immunized mice produce a high
titer of pathogenic anti-hCOL17 IgG Abs in the Rag-2~""/
COLI17-humanized recipients

To develop an active disease model for BP targeting humanized
pathogenic Ag, we generated immunodeficient Rag-2~'~/COL17~
humanized (Rag-2~'~/CcOLI7™~' ~PYy mice. First, we crossed
COL17-humanized (COLI7™~'~") mice with immunodeficient
Rag-2"'~ mice to generate Rag-2*'"/COL17™'~"* mice. Next,
those Rag-2*~/COLI7™"~" mice were crossed with each other,
and the genotypes of the offspring were carefully screened. After
four to five repeated crossings, we finally obtained the Rag-2~""/
COL17-humanized mice. As a next step, splenocytes from some
of the immunized WT mice were pooled after isolation and then
adoptively transferred into the Rag-2"""/COL17-humanized mice
that expressed hCOL17 protein in vivo (n = 10). Because these
Rag-2~'"/COL17-humanized mice had no mature T or B cells,
they were able to accept the transferred splenocytes. All of the
Rag-2~"~/COL17-humanized recipients that were given immu-
nized splenocytes produced IgG Abs against hCOL17 (Fig. 2C,
2D, Table I). Indirect IF examination revealed that IgG Abs pro-
duced in the recipients bound to the DEJ of normal human skin
and COL17-humanized mouse skin but not to WT mouse skin. IF
analysis using 1 M NaCl-split normal human skin as a substrate
showed linear deposition of IgG on the epidermal side (Fig. 24).
Immunoblot analysis revealed that the recipients’ sera reacted
with both recombinant hCOL17 and hNC16A (Fig. 2B). Time-
course analysis revealed that anti-DEJ IgG, which reflects the
presence of anti-hCOL17 IgG, became detectable in recipients’
sera within 1 wk after the transfer and that the titer peaked around

AN ACTIVE HUMANIZED MOUSE MODEL FOR BULLOUS PEMPHIGOID

>

EL

Human NC16A ELISA index
8

FIGURE 1. Circulating IgG Abs in the WT mice immunized by
hCOL17-Tg skin grafting (immunized WT mice) recognize recombinant
hNC16A and the DEJ of COLI17-humanized mouse skin and activate
mouse complement C3 in vitro. A, Anti-hNC16A IgG Abs are measured by
ELISA. The index values of sera from immunized WT mice (Tg — WT)
demonstrate significantly higher reactivities than those of sera from WT
mice grafted with WT skin (WT — WT). B and C, The sera from im-
munized WT mice show positive reaction at the DEJ of COL17-humanized
mouse skin (arrows) (B) but no specific reaction in WT mouse skin (arrow
heads) (C) by indirect IF microscopy (original magnification X200). D and
E, Purified IgG from the immunized WT mice is able to fix mouse C3 to
the DEIJ (arrows) (D); no significant complement fixation is observed
without the purified IgG from the immunized WT mice (arrow heads) (E).
FITC-conjugated anti-mouse C3 Ab is used for the analysis (original
magnification X200). #xp < 0.01

day 9 after the transfer. Although the titer gradually decreased
after the peak, it remained high (>5120X) for >10 wk without
boosting (Fig. 2C). ELISA analysis revealed that anti-hNC16A
IgG Abs appeared in the recipients’ sera as early as 1 wk after the
transfer. The Ab level rapidly increased, peaking around day 9
after the transfer. Although the titer gradually decreased, falling to
a stable level at 6 wk after the transfer, anti-hNC16A IgG Abs
were detectable for >10 wk without boosting (Fig. 2D). These
results demonstrate that splenocytes from immunized WT mice
can survive in the Rag-2~/~/COL17-humanized recipients and
produce a high titer of anti-hCOL17 Abs containing IgG against
hNCI16A. ELISPOT assay revealed that anti-hNCI6A IgG-
producing B cells in the Rag-2~'~/COL17-humanized recipients
existed mainly in the spleen and lymph nodes but not in bone
marrow at days 9 and 10. Although the number of anti-hNC16A
IgG-producing B cells decreased at day 52, it still remained de-
tectable (Table II).

As a control, immunized splenocytes were also transferred into
Rag-2~"" mice (n = 6). Interestingly, neither anti-DEJ nor anti-
hNCI16A IgG Abs were detected in control Rag-2™"" recipients
(Fig. 2C, 2D, Table I). To exclude the possibility that transferred
splenocytes cannot survive in the Rag-2~'~ recipients, we grafted
hCOLI17-Tg skin onto the Rag-2~'~ recipients 5 wk after the
adoptive transfer of immunized splenocytes (n = 3). A high titer of
anti-hCOL17 IgG Abs was detected within 14 d after the skin
grafting in the Rag-2~"~ recipients (data not shown). These results
demonstrate that splenocytes transferred from the immunized WT
mice can produce a high titer of anti-hCOL17 IgG Abs in the Rag-
27/~/COL17-humanized recipients but not in the Rag-2~'" re-
cipients.

Rag-2"""/COLI7-humanized mice given immunized
splenocytes develop the BP phenotype

The phenotypes observed in the recipient mice are summarized in
Table I. Around day 7 after the adoptive transfer, the Rag-2~""/
5COL17-humanized recipients began to scratch their snouts,
muzzles, ears, and chests. Patchy hair loss associated with ery-
thema began to develop on the chest between 9 and 14 d after the
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FIGURE 2. Rag-2"/"/COL17-humanized mice given immunized splenocytes produce anti-hCOL17 Abs in vivo. A, Sera from:the Rag-27'~ICOL17-
humanized recipients react to the‘epidermal side of:1-M:NaCl-split normal human skin in indirect IF microscopy (original magnification X200). B, IgG
purified from a Rag-2~'"/COL17-huianized recipient serum binds to*180-kDa recombinant hCOL17 (lane 1) and 35-kDa recombinant hNC16A proteins
(lane 2) but fails to bind to recombinant. mouse noncollagenous 14A:domain, corresponding to hNC16A (lane 3) or GST proteins (lane 4). C, Persistent
production of anti-DEJ IgG Abs in the Rag-2~'~/COL17-humanized recipients is detected by indirect IF analysis. The titers rapidly increase and peak
around day 9 after the transfer, and then they gradually decrease. In contrast, no anti-DEJ IgG Abs are detected in control Rag-27"" recipients (n = 10;
controls; n = 6). D; The IgG titets of séra from the Rag-2™'~/COL17-humanized recipients and control Rag:2""" recipients were measured by recombinant
hNC16A ELISA. The titers rapidly increased afteér the transfer, peak around 1 wk, and then graduaily decrease, stabilizing at a low level 6 wk after the
transfer. No anti-hNC16A IgG Abs are observed in control Rag-27/~ recipients (n = 10; controls, n = 6).

adoptive transfer in most of the recipients. Then, blisters and
erosions spontaneously developed in the dehaired areas on the
trunk (Fig. 3A). Genital erosions and ears swelling with crusts
were also observed (Fig. 3B, 3C). The dehaired patches gradually
enlarged and spread to other regions on the trunk over the next 2-4
wk, resulting in large areas of alopecia (Fig. 3D, 3E). The epi-
dermis on the trunk and tail easily detached from the dermis by
gentle friction (Fig. 3F, 3G). Disease severity, scoted by the per-
centage of skin surface with the BP. phenotype (14), plateaued 5 wk
after the transfer (Fig. 4). Conversely, none.of the control Rag-Z'/ =
recipients developed any skin:lesions (Fig: 4). Also, splenocytes

Table . Summary of phenotypes observed in recipient mice

from untreated WT mice produced very low levels of anti-hCOL17
and anti-hNCI6A IgG Abs and failed to induce any phenotypic
changes in the Rag-2~'~ /COL17-humanized recipients (data not
shown). In addition, 3 out of 10 Rag-2 ' /COL17-humanized
recipients showed changes on <20% of the skin surface (Table I).
In one of those three recipients, the index value of the hNCI6A
ELISA at day 9 was far lower than the average (85.3 versus 907.8),
whereas the anti-hCOL17 IgG titer at day 9 checked by indirect IF
analysis was similar to the average. The other two recipients with
changes of <20% of the surface showed no obvious difference in
the IgG titers compared with the average. Long-term follow-up of

Skin
Serum Abs Mast Cell Immunopathology®
Subepidermal Degranulation B
Separation in in Toluidine Skin
Donor Recipient n 130 ELISA?.  H&E Staining  Blue Staining 1gG 3 Changes”
C57BL/6 immunized Rag—Z_/—/ 10 10/10 10/10 8/10 10/10 10/10 10/10 /10
by Tg® skin grafting COLI7™ 't

C57BL/6 immunized Rag-Z”/ - 6 0/6 0/6 0/6 0/6 0/6 0/6 0/6

by Tg® skin grafting

“Linear deposition of IgG at the DEJ of the skin was detected by indirect IF microscopy on normal human skin cryosections using 40-fold-diluted recipient mouse serum

obtained 2 wk after the adoptive transfer of splenocytes.

bCirculating IgG was tested with ELISA against recombinant hNC16A: protein using 300-fold-diluted mouse serum obtained 2 wk after the adoptive transfer. The cutoff

index value was set at 20.

“In vivo 1gG and complement C3 deposition at the DEJ of the skin was determined by direct IF of perilesional skin biopsies. Medium or intense staining was regarded as

positive.

9Skin changes including erythema, hair loss, bullae, and erosions exceeding 20% of the skin surface were considered significant.
“Tg: hCOLI7-transgenic. The recipients in this table are those shown in Figs. 2C, 2D, and 4.
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Table . ELISPOT assay of the anti-hNC16A IgG-producing B cells
Mouse Day” Spleen Lymph Node Bone Marrow
#4388 9 135 = 16.2 435 = 4.0 208
#109 10 70.5 £ 5.4 84.0 = 10.5 3.8 = 0.6
#805 52 17.0 £ 2.7 105 =23 1702

Rag-ZV/'/COLI 777178 mice were transferred with splenocytes of the immu-
nized WT mice. The number of the anti-hNC16A IgG-producing B cells is displayed
per 10° cells in spleen, lymph nodes, and bone marrow.

“Number of days after the transfer of immunized splenocytes.

BP model mice demonstrated a trend in which the disease severity
started to decrease around 12 wk after the transfer; however, there
was variation among the individual mice.

Histopathologic analysis of the lesional skin demonstrated the
dermal—epidermal separation associated with mild inflammatory
cell infiltration (Fig. 3H). Mast cell degranulation was observed in
the dermis in toluidine blue staining (Fig. 3/). In the control Rag-
27"~ recipients, no significant histopathologic changes were de-
tected (Table I). Direct IF analysis of perilesional skin biopsies
revealed linear deposition of IgG (Fig. 3J) and C3 (Fig. 3K) at the
DEJ in all of the Rag-2~'7/COL17-humanized recipients,
whereas no IgG deposition was detected in the control Rag-2~"~
recipients (Table I). Time-course analysis of the in situ deposition
of IgG Abs in the Rag-2~'~/COL17-humanized recipients (n = 3)
by direct IF at days 4, 9, 14, and 21 demonstrated intense de-
position of anti-hCOL17 IgG Abs at the DEJ as early as day 9
after the adoptive transfer, and the same levels of deposition were
observed at days 14 and 21.

The subclasses of IgG produced in the Rag-2~'"ICOL17-
humanized recipients were also analyzed by direct IF (n = 10). All
of the Rag-2~'~/COL17-humanized recipients showed a positive
reaction with IgGl, IgG2a, IgG2b, and IgG2c Abs at the DEJ.

AN ACTIVE HUMANIZED MOUSE MODEL FOR BULLOUS PEMPHIGOID

Immunogold electron microscopy of the perilesional skin in the
Rag-2"""/COL17-humanized recipients showed that anti-mouse
IgG Abs were located on and around the plasma membrane of the
basal cells (Fig. 3L), suggesting that Abs produced in the recipi-
ents bind to hCOL17.

To further confirm the pathogenicity of IgG Abs produced in the
Rag-2"'~/COL17-humanized recipients, we purified IgG from the
sera obtained from the Rag-2~/~/COL17-humanized recipients at 8
d after the adoptive transfer and passively transferred them into
COL17-humanized neonatal mice by i.p. injection. Transferred
neonatal mice developed erythema around the injection site and
epidermal detachment by gentle friction at 48 h after the injection
(0.1, 0.5, or 1.0 mg/g body weight, n = 5, respectively) (Fig. 5A).
Histopathologic examination of the lesional skin revealed separation
between the epidermis and the dermis, with infiltration of in-
flammatory cells (Fig. 5B). Mast cell degranulation in the dermis was
also observed in toluidine blue staining (Fig. 5C). Direct IF exami-
nations revealed linear deposition of mouse IgG and C3 at the DEJ
(Fig. 5D, 5E). In contrast, the recipient mice that received 1.0 mg/g
body weight of IgG purified from WT mice showed no skin de-
tachment, nor any histologic or immunopathologic changes (n = 5)
(Fig. 5F-J). These findings show that IgG Abs purified from the Rag-
27/7/COL17-humanized recipients are capable of inducing sub-
epidermal blistering in COL17-humanized neonatal mice, which is
associated with the binding of IgG Abs to the DEJ, followed by in
situ activation of mouse complement and mast cell degranulation.

CD4* T cells as well as CD45R™ B cells are essential for the
stable production of anti-hCOLI17 IgG Abs in the Rag-2™""/
COLI17~humanized recipients

To determine the pathogenic roles of T cells and B cells in the Rag-
27/7/COL17-humanized recipients, we depleted CD4* or CD8*
T cells or CD45R* B cells from splenocytes of the immunized WT

FIGURE 3. Rag-2"/"/COL17-humanized mice given immunized splenocytes demonstrate the BP phenotype associated with histologic and immuno-
pathologic changes similar to BP. A, Spontaneously developing blisters are observed in the Rag-2"'"/COL17-humanized recipients 3 wk after the transfer
(arrow). B and C, Genital erosions and ear swelling with crusts are seen in the recipients. D and E, Large, diffuse patches of hair loss associated with erythema,
erosions, and crusts on the trunk and the paws. F and G, Epidermal detachment by gentle friction on the trunk and tail is characteristically observed. H,
Histologic examination of diseased mice reveals separation between dermis and epidermis with mild inflammatory cell infiltration in H&E staining (original
magnification X200). 7, Mast cell degranulation in the dermis is observed in toluidine blue staining (original magnificationX400). J and K, Direct IF analysis
of lesional skin biopsy reveals linear deposition of mouse IgG (arrows) (J) and mouse C3 (arrows) (K) along the DEJ (original magnification X200). L,
Immunoelectron microscopy demonstrates that mouse IgG Abs deposit at the DEJ close to the plasma membranes of basal cells in the skin of the Rag-2"'~

/COL17-humanized recipient (arrows). LD, lamina densa.
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=5~ Rag-24/COLI7?™D recipient mice (n=10)
-8B~ Rag-2* recipient mice (n=56)
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FIGURE 4. Rag-2"'"/COL17-humanized mice given immunized sple-
nocytes develop the BP disease phenotype. Disease severities of the Rag-
27'7/COL17-humanized recipients gradually increase, plateauing 5 wk
after the transfer. None of the control Rag-2~'" recipients develop any skin
lesions (n = 10; controls, n = 6). Disease severity is scored as described in
Materials and Methods.

Disease severity
LS

mice and adoptively transferred them into the Rag-2~'"ICOL17-
humanized mice. All of the recipient mice given immunized
splenocytes after the depletion of CD8* T cells produced a high
titer of anti-hCOL17 IgG Abs and developed severe BP lesions
associated with histopathologic and immunopathologic changes
indistinguishable from those of the Rag-2~'"/COL17-humanized
mice given whole immunized splenocytes (n = 4) (Fig. 6). In
contrast, the depletion of CD4* T cells or CD45R* B cells in-
hibited the production of anti-hCOL17 IgG Abs and the de-
velopment of the BP phenotype (n = 4, respectively) (Fig. 6).
These findings indicate that CD4", but not CD8*, T cells and
CD45R* B cells are crucial for the production of anti-hCOL17
IgG Abs and for the development of the BP phenotype.

To further investigate the pathogenic role of CD4" T cells in the
Rag-2"/"/COL17-humanized recipients, we examined the effi-
cacy of CsA (19-22). Approximately 35 mg/kg of CsA dissolved
in olive oil (n = 5) or a control vehicle (n = 5) was i.p. injected into
the Rag-2~'~/COL17-humanized recipients from 2 d after the
adoptive transfer of whole immunized splenocytes, once daily for
14 d. When the numbers of splenocytes at day 9 after the transfer
were compared, the mean number of splenocytes in both groups
was not significantly different (8.3 X 10 cells in the CsA-treated
mice versus 11.0 X 107 cells in the control mice, p > 0.05).
Although the mean percentage of CD3" T cells was significantly
Jower in the CsA-treated mice than that in the control mice (14.1%
in the CsA-treated mice versus 24.5% in the control mice, p <

Toluidine blue
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0.05), the mean percentages of CD45R* B cells were similar in
both groups (28.8% in the CsA-treated mice versus 26.5% in the
control mice, p > 0.05). Disease severity and the titers of circu-
lating anti-hNCI6A IgG Abs were significantly lower in the
treated mice than those in the controls (Fig. 7). This result further
suggests that CD4" T cells play a pivotal role in the pathogenesis
of this BP model.

Discussion
This is the first active BP model that stably produces pathogenic
anti-hCOL17 Abs and spontaneously develops blisters and erosions
on the skin. Because amino acid sequences of COL17, especially
those of the noncollagenous 16A domain region, are different
between human and mouse, an animal model using COL17-hu-
manized mice that express hCOL17 is suitable for analyzing
pathogenic mechanisms of human BP. Therefore, we developed an
active BP model in which the targeted pathogenic Ag is hCOL17
but not mouse COL17. Immunized splenocytes transferred into
immunodeficient Rag-2~'7/COL17-humanized recipients sur-
vived and continuously produced a high titer of anti-hCOL17 Abs
in vivo for >10 wk after the adoptive transfer. Those Abs bound to
the hCOL17 molecules that were expressed in the recipients’ skin,
which initiated subsequent immune reactions including comple-
ment activation and mast cell degranulation, resulting in dermal-
epidermal separation. This array of immune responses was con-
sistent with the pathogenic mechanisms of BP previously dem-
onstrated in passive-transfer neonatal mouse models (1, 12, 23—
25). Furihermore, the Rag-27'7/COL17-humanized recipients
developed blisters and erosions on erythematous skin areas
that lasted >10 wk. The pathogenicity of anti-hCOL17 IgG Abs
was confirmed by passive-transfer experiments that revealed that
IgG Abs obtained from the Rag-2"'7/COLI17-humanized recipi-
ents could induce the BP phenotype in COLI17-humanized
neonatal mice. Thus, pathogenic anti-hCOL17 IgG Abs produced
in the Rag-2~'~/COL17-humanized recipient binds to the target
Ag in vivo and induces the BP phenotype. By using COL17-
humanized mice, we can observe the dynamic immune reactions
induced by pathogenic Abs against hCOL17 molecules. These
strategies for the production of active autoimmune disease models
targeting humanized pathogenic Ag can also be applied to other
autoimmune diseases.

In BP, complement activation is considered to be critical for
blister formation (26). The first evidence suggesting the patho-
genic role of complements in BP is the demonstration of C3

DIF (19G)

DIF (C3}

A-E. COL17-humanized mice injected with 1.0mglg IgG from Rag-24/COL 17-humanized recipient mice (Day 8)
F-& COL17-humanized mice injected with 1.0mg/g 1gG from Wt mice

FIGURE 5. COLI17-humanized neonatal mice injected with IgG purified from the Rag-2~""/COL17-humanized recipients at 8 d after the adoptive
transfer show skin fragility and histologic and immunopathologic changes similar to BP. A, The recipient mice develop epidermal detachment by gentle
friction at 48 h after injection of the 1.0 mg/g IgG purified from the Rag-2"'"/COL17-humanized recipients (n = 5). B, Histologic examination reveals
subepidermal separation associated with mild inflammatory cell infiltrates in H&E staining (original magnification X200). C, Mast cell degranulation in the
dermis (arrow heads) is observed in toluidine blue staining (original magnification X400). D and E, Direct IF studies show linear deposition of mouse 1gG
(arrows) (D) and C3 (arrows) (E) at the DEJ (original magnification X200). F-J, No phenotypic or histological findings are observed in the mice injected
with 1.0 mg/g 1gG purified from sera of WT mice grafted with WT skin (n = 5).
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A Whole splenocytes

FIGURE 6. The production of anti-
hCOL17 1gG Abs requires CD4™ T cells
and CD45R™* B cells but not CD8* T cells.
A, All of the recipients given CD8" T cell-
depleted splenocytes (n = 4) develop
severe BP lesions similar to those of the
recipients given whole splenocytes, B
whereas the recipients given CD4* T cell-
depleted splenocytes (n =4) or CD45R* B
cell-depleted splenocytes (n = 4) demon-
strate no erosive lesions. B, The depletions
of CD4" T cells or CD45R* B cells
significantly inhibit the production of anti-
hNC16A IgG Abs (p < 0.01 at day 9). C,
The recipients given CD4" T cell-depleted
or CD45R* B cell-depleted splenocytes
show significantly lower disease severities
than those in other groups (p < 0.05 at
days 14 and 35).

Day 35

Hurnan NC1SAELISAindex (x102)

deposition at the basement membrane zone of the lesional and
perilesional skin by direct IF (27). By means of the passive-
transfer experiments using C5-deficient mice, Liu et al. (25) fur-
ther showed that complement activation is a pivotal step in sub-
epidermal blister formation triggered by rabbit anti-mouse COL17
IgG Abs in their BP animal model. Consistent with these previous
studies, linear deposition of complement C3 was observed at the
DEJ in all of the diseased Rag-2~'"/COL17-humanized recipi-
ents. We also demonstrated that sera from both the immunized
WT mice and the Rag-2~'~/COL17-humanized recipients con-
tained complement-fixing Abs of the IgG2 subclass and could fix
compliments at the DEJ of the normal human skin and the
COL17-humanized skin. Analysis of the subclass distribution of
IgG autoantibodies in human BP revealed that complement-fixing
IgG1 was present as the predominant subclass of autoantibodies
(28). These findings suggest that complement activation mediated
by Abs of the IgG2 subclass against hCOL17 may induce blister
formation in the present BP model.

A CsA-treated mouse Control mouse

Day 28

w

- Whole splenocytes (n=10} C
CD8* T-depleted {n=4)
CD4* T-delpeted (n=4)

~3- CD45R* B-depleted (n=4)
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CD4* T-depleted CD45R*B-depleted

CD8" T-depleted

-5~ Whole splenocytes (n=10)
CD8* T-depleted (n=4)
CD4* T-deipeted {n=4}

—>& CD45R* B-depleted {n=4)

Disease severity

0 1 2
Time after the adoptive transfer (week)
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0 1 2 3 4 [
Time after the adoptive transfer {week)

It is unclear why the anti-hCOL17 IgG titer decreases in a short
period. To examine the possible compartmentalization of anti-
hCOL17 IgG response to the skin, we checked in situ deposition of
anti-hCOL17 IgG in the skin of BP model mice by direct IF
analysis sequentially at days 4, 9, 14, and 21. Intense deposition of
anti-hCOL17 IgG Abs was detected at the DEJ as early as day 9 of
the adoptive transfer, and the same levels of deposition were ob-
served at days 14 and 21 (n = 3). This indicates that the com-
partmentalization of the anti-hCOL17 IgG response to the skin is
not the main reason for the spontaneous reduction of the anti-
hCOL17 IgG titer in this BP model. Alternatively, some regula-
tory mechanism against hCOL17-specific T cells, B cells, or both
may be induced in this BP model. In experimental autoimmune
myasthenia gravis, an autoimmune neuromuscular disease model
induced by anti-acetylcholine receptor Abs, regulatory T cells
(Tregs) generated ex vivo or expanded in vivo suppress pathogenic
T cell and Ab responses (29, 30). In experimental autoimmune
encephalomyelitis, a myelin-reactive T cell-dependent multiple

FIGURE 7. Results of CsA treat-
ment in the Rag-2”/"/COL17-
humanized recipients. Approximately
35 mg/kg CsA was administered daily
from 2 d after the adoptive transfer for
14 d (CsA, n = 5; control vehicle, n =
5). A, Skin lesions of the Rag-2~""/
COL17-humanized recipients treated
with CsA are markedly diminished
with CsA treatment (day 28). B, CsA
significantly ~suppresses the pro-
duction of anti-hNC16A IgG (p <
0.01 at days 8, 15, and 21). C, The
treated mice show significantly lower
disease severity than that of the con-
trols (p < 0.01 at days 8, 15, 21, 28,
and 35).
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sclerosis model, natural resolution correlates with the accumulation
of myelin-reactive Tregs expanded during the course of experimental
autoimmune encephalomyelitis in the inflamed CNS (31, 32). Sim-
ilar to these autoimmune disease models, Tregs may contribute to the
spontaneous decline of the anti-hCOL17 IgG titer in this BP model.
Further studies examining Treg function in this BP model may
provide clues for controlling the autoimmune reaction in BP patients.

Interestingly, none of the control Rag-2~'" recipients given im-
munized splenocytes produced anti-hCOL17 IgG Abs or developed
the BP phenotype despite the presence of living splenocytes in vivo.
We further demonstrated that the grafting of hCOLI7-Tg skin onto
Rag-2™'" mice 5 wk after the adoptive transfer of immunized
splenocytes could induce a high titer of anti-hCOL17 IgG Abs.
These results indicate that transferred splenocytes need endogenous
hCOL17 molecules to produce anti-hCOL17 IgG Abs. In addition,
the depletion of CD4™ T cells from the immunized WT splenocytes
suppressed the production of anti-hCOL17 IgG Abs, whereas the
depletion of CD8" T cells showed no effects. This clearly suggests
that CD4* T cells, and not CD8" T cells, are essential for the pro-
duction of Abs against hCOL17 in this BP model.

Generally, the production of Abs by B cells requires the help of
CD4" T cells. In experimental autoimmune myasthenia gravis,
both MHC class II gene-disrupted mice and CD4 gene knockout
mice have been proven to be resistant to induction of clinical
experimental autoimmune myasthenia gravis (33, 34). In experi-
mental pemphigus vulgaris, an autoimmune blistering disease
caused by anti-desmoglein 3 Abs, the production of autoanti-
bodies required both CD4" T cells and B cells from naive des-
moglein 3 knockout mice (35). To further investigate the
pathogenic role of CD4" T cells, we administered CsA, an im-
munosuppressant that inhibits T cell function, to the Rag-2~""/
COL17-humanized recipients after the adoptive transfer of im-
munized splenocytes. Because active disease models possess more
persistent disease activity than passive-transfer neonatal disease
models (10, 36, 37), we can easily analyze the time-course
changes of disease activity altered by such an intervention. CsA
significantly suppressed the production of anti-hNCI16A IgG Abs
and diminished the disease severity. These results strongly suggest
that CD4* T cells play a pivotal role in the production of the
autoantibodies through the presentation of the endogenous auto-
antigen. In human BP, the presence of autoreactive CD4" T cells
has been reported, indicating the contribution of CD4" T cells to
the pathogenesis of human BP (38-40). In addition, particular
MHC class II alleles are more frequent in BP patients (41). These
results further indicate that the autoreactive CD4" T cells may be
activated through an interaction with the specific MHC class II
molecule in BP. The pathogenic function of CD4" T cells shown
in this BP model may provide a new insight into the pathogenic
mechanism of BP and the development of a novel therapeutic
strategy that targets T cell-mediated immune reactions.

Although this BP model is a useful tool for investigating the
pathophysiology of BP, limitations are still present in our experi-
mental system. First, the induction phase of the autoimmune re-
sponse, such as the breakdown of self-tolerance, cannot be
investigated in this BP model because the immune response to
hCOL17 is induced by adoptive transfer of immunized WT sple-
nocytes. To investigate the induction of autoimmunity in BP, Xuetal.
(42) have aimed to induce autoimmune responses to mouse COL17
by using the immunocompetent BALB/c mice. Multiple immuni-
zations of BALB/c mice with peptides of the hNCI6A domain, its
mouse equivalent, or both successfully induced anti-mouse COL17
IgG Abs, although no overt skin changes were observed. Similar
experiments have been performed to establish an animal model for
epidermolysis bullosa acquisita, a subepidermal blistering disorder
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induced by Abs against type VII collagen, another hemidesmosomal
protein present at the basement membrane zone (43). Anti-type VII
collagen Abs and subepidermal blisters were successfully induced
in the mice by repeated immunizations with recombinant mouse
type VII collagen protein mixed with adjuvant, although the de-
velopment of the disease phenotype depended on the strain of
mice. These results indicate that repeated exposure of the self Ag
in conjunction with inflammatory stimulation, such as by bacterial
components, may break down peripheral tolerance and induce
autoantibody production in patients with a specific genetic back-
ground. This concept is further supported by the clinical findings
that BP develops preferentially in elderly people and that partic-
ular HLA class 1I alleles correlate with BP patients (41). Second,
this BP model demonstrates immune responses against a human-
ized Ag of the skin; however, the response still occurs in a murine
milieu. The lack of eosinophilic infiltration, a characteristic trait of
human BP, in this model could be related to the difference of the
effector cell function between human and mouse immune systems.
Furthermore, because the MHCs in mice are different from those
in humans, MHC-dependent presentation of the pathogenic Ag to
the T and B cells cannot be simulated in this current BP mouse
model. To overcome these issues, not only the pathogenic Ag but
also the immune system should be humanized in experimental
animals. Recently, quasi-human immune systems have been stably
reconstituted in supra-immunodeficient NOG mice using human
CD34" stem cells from various sources including bone marrow,
umbilical cord blood, and peripheral blood (44, 45). This system
has become a common tool for studying human immunity and
diseases relating to it (46, 47). However, even in that system the

development of human B cells was partially blocked, and the

human T cells lost their function in the periphery (48). Further
technical advances would be required to establish more accurate
and reliable humanized animal models that could be used toward
better understanding human diseases that involve autoimmunity.

In summary, using immunodeficient COL17-humanized mice,
we have successfully developed a novel active disease model for
BP that continuously produces pathogenic anti-hCOL17 IgG Abs
and reproduces the BP phenotype. This study indicates that a hu-
manized animal model is quite valuable not only for analyzing
biological function of human molecules but also for investigating
pathogenic mechanisms of autoimmune diseases against human
proteins. This new BP model can be used for the investigation of
underlying mechanisms in the development and progression of BP.
Furthermore, it should facilitate the development of novel thera-
peutic strategies for BP.
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