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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; DOI: 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 1o 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 k

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

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

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

HL3 5'-GAGGGATCTAGAATTATGAACATTCTGTAGG-3' (Xba )
Primers for Fd

H135 5'-CAGGTGCAGCTGGTGSAGTCTGG-3'

H2 5'-CAGGTCAACTTGAAGGAGTCTGG-3'

H4 5'-CAGGTGCAGCTGCAGGAGTCGGG-3'

VH5 5’ -CAGGTGCAGCTCGAGSAGTCTGG-3" (Xho 1)

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

To allow for sequence variability, representative choices of wobble nucleotides were included in the primers (M = A/C, K = G/T,R = A/G,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 pSMH, 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 1gG 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.?%?! 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? 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, 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, MO). 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 rhNC16A 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, Purification, 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 Il fragment, self li-
gated, and transformed into E. coli XL1-Blue. Clones were
grown in LB containing 100 pg/ml ampicillin, and Fab
expression was induced using 1 mmol/L isopropy! 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 wg/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 rhNC16A in 50 mmol/L NaHCO5 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.'®?® 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 wg/ml), diluted in PBS-based bulffer,
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 ul/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



BlAevaluation software. The affinities (dissociation con-
stant, K5) were calculated from the ratio of the rate con-
stants of association and disassociation (ko./Kof)-

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 also 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 pwg/ml
Fabs on rhNC16A ELISA plates. To detect the IgG auto-
antibodies, the plates were developed with HRP-conju-
gated polyclonal antibody to human IgG (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 — A4921)/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/ml) 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 IgA
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 ug/ml), anti-COL17
NC16A Fabs (10 to 40 ng/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 C1qg 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 Model 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 wg/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 IIF 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 ug/g
body weight (30 ng/g body weight is roughly an equimo-
lar dose compared with 50 ug/g body weight of 1gG-
BPADbs). To sequentially monitor the serum Fab levels
after injection, 60 wg/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 quantified 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 ug/ml and 50 wg/ml. 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 multiple tests including the Student t test and one
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-COL 17 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 (thNC16A) but no reaction with re-
combinant mouse NC16A (rmNC16A), GST, or BSA in ELISA. B: Western
blotting of soluble Fabs shows staining of only the rhNC16A domain and
full-length human COL17, whereas rmNC16A 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
to 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 family CDR1 CDR2 CDR3
B4 VH1 NYAFSW GIIPMSGEGHKAQKFQG PSRSNYAGGMDV Vat SGSSSNIGRHYVY TNYRRPS ASWDDSL
B12 VH3 SYSMN SISSSSSYIYYADSVKG IDSSSWYEGWEFDP VAl SGSTSNIGSNTVN SNNQRLS GTWDDSLN
B21 VH3 SYVLS LLVVMLEADTTQTPEG GNNWYGQTFDF VAl GAAPTSGQVMMYTW  GNSNRPS QSYDSSLS
F32 VH3 SYAMH VISYDGSNKYYADSVKG ALRGYSYGT Vi1 RASQSISSYLN AASSLQS QQSYSLF
19 VH3 NYGMH VISYDGSKKYYADSVKG GFYYDWGTYYDY Vat TGSSSNIGAGYDVH  ANSNRPS QSYDSSLT
106 VH3 DSAIH RVRSKTNNYATDYAVSVKGR  HGESRSWYVGSGYWFDP VAt 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
rhNC16A immobilized on immune tubes. ELISA of the
Phabs revealed specific positive reactions with rhNC16A
in 40 of 96 and 32 of 80 colonies isolated from the two
libraries, respectively (Figure 1A). By BstN | fingerprinting
and sequencing of variable regions of heavy chain (VH)
and light chain (VL) genes, nine unique antibody clones
against rhNC16A were identified and were allowed to
express the soluble Fab fragments.

Expression and Characterization of Fabs

Soluble Fab fragments of the nine antibody clones were
successfully expressed by removing the gene Il frag-
ment of the phagemid vector. Four of the soluble Fabs
from library 1 (Fab-B4, Fab-B12, Fab-B21, Fab-F32) and
two from library 2 (Fab-19, Fab-106) were highly specific
to rhNC16A in ELISA (data not shown) and Western blot
analysis (Figure 1B, representative Western blot result).
The other three clones, however, could not be detected
as soluble fragments, probably because of their low af-
finity. The VH and VL genes of the six positive Fab clones
are summarized in Table 2.
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By epitope mapping, the binding site of the Fabs with
rhNC16A and its subdomains was obtained. All four of the
Fabs from library 1 showed the same reactive pattern. They
bound to rhNC16A and subdomains 2 and 2.5 but failed to
react with subdomains 1 and 3, indicating that their binding
epitope was within the overlapping region (amino acids 514
to 520) of subdomains 2 and 2.5. The two Fabs from library
2 bound to different subdomains: Fab-106 reacted only with
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
NC16A. The representative blot results are shown in Figure
1C. These data demonstrate the successful isolation of
anti-COL17 NC16A Fabs from patients with BP.

We chose Fabs (Fab-B4, Fab-19, and Fab-106) that had
been raised against different epitopes of COL17 NC16A for
further experiments. All of the light chains of these three
clones are from human lambda light chain family. Large-
scale production was performed, and a yield of approxi-
mately 1to 3 mg of Fab product was obtained from each 1
L culture after column purification. Figure 2A shows the
SDS-PAGE identification of the purified Fab in reduced and
nonreduced form.

Skin sample from
NaCl split human skin ~ COL17 humanized mouse

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 labeling 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
BIAcore System
Fab Kon (1/Ms) ket (1/5) Ko (M)
Fab-B4 283x10° 1.10x10°°  3.89x10°°
Fab-19 1.14 x 10° 6.26 X 102 5.48 x 1078
Fab-106 552 x10° 808X 1072  1.46X 1077

Kinetic parameters k., and k. were measured by BlAcore system,
and Ky was calculated as K,n/ko. 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 1to0 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.?® No difference in distribu-
tion of the immunogold deposits was found between
the three Fabs.

In the IIF 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 ug/ml) from pooled sera of patients with bullous pemphigoid (BP)
to thNC16A in a dose-dependent manner (0 to 32 pug/ml), whereas Fab-106
inhibits BPAb binding only moderately. *P < 0.01, **P < 0.05, versus the
original binding of BPAbs. B: Fabs (32 ug/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-106, 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 (0
to 32 ug/ml). 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 NC106A affinity purified BPAbs (10 pg/ml at the DEJ in human skin. C
and E: IgG BPADs staining is blocked by coincubation with either Fab-B4 or
Fab-19 at a concentration of 20 pg/ml. G: Fab-106 (20 ug/mD 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).



Figure 5. BPADb-induced complement activation and the inhibitory effects of
Fabs. NC106A affinity purified BPAbs (10 wg/mD induced activation of human
Clq 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 C1q and C3 activation (C and D), whereas Fab-19
effectively blocks the activation of Clq (E) 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/ml) 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 ug/ml
(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 C1qg (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 ug/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
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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 wg/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 DE]J staining for the recombinant Fabs (left of lower panel) but no staining for mouse C3 (right, lower panel). B: Mice injected with NC10A affinity
purified BPAbs 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 IgG
deposition at the DEJ is markedly reduced. The staining of mouse C3 is absent, whereas recombinant Fab fragment staining is weak but detectable. Fab-1006 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 wg/g body
weight) or whole BP-IgG (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 IIF, 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 model 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-106, 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 wg/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 wg/g body weight
treatment and 4/4 mice with the 60 pg/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-
IlgG-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 NC16A 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-IgG) Fab-B4 30 0/4
30 (24 hours later) 1/5

Control PBS 4/4

Neonatal COL17 humanized BP model mice were injected with either COL17 NC16A-affinity purified BP autoantibodies (BPAbs: 50 ng/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
170.3 = 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 pwg/ml to
10.22 + 0.35 pg/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.'®287%° 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
multiple 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 32 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.%° 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
BPAbs, but also by whole BP-IgG 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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