922 Wang et al
AJP February 2010, Vol. 176, No. 2

A

cC § %
3 &c
2 70
p e
£
= fcied
8§
k7 30 i
O K .
= ° TControl Fab-B4 Fab-19 Fab-106 Fab-
Treatment group B4+19+106
D BP-igG 1mg, lreated with PBS as control

BP-IgG 1mg, followed by Fab-B4 50 g

Human Fab- Mouse C3  Human 1gG

‘BPAbs BPAbs+Fab-B4 BPAbs+Fab-106

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 (left of lower panel) but no staining for mouse C3 (right, lower panel). B: Mice injected with NC16A affinity
purified BPAbs develop the clinical and histological skin detachment associated with MC degranulation (white arrows) and the deposition of human 1gG 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-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 png/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 mode! and induced disease by
injecting BP autoantibodies, either BPAbs (50 ug/g body
weight) or whole BP-IgG (1 mg/g bedy 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-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 pg/g body weight
treatment and 4/4 mice with the 60 ug/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-
lgG-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-




Blocking Autoimmunity With Fab Fragments 923
AJP February 2010, Vol. 176, No. 2

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 (BPADbs) 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 ug/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 resulis
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 ug/mito
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 iliness, 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.*528-39 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.33 Fairley et al?® further
defined subdomain 2 as the major epitope recognized by
both 1gG 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
BPADs, 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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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 pemphigoeid (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 (COLI7™'~"*) 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: 000-000,

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™ /7" 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 system 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 autoimmune 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/6J 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
COL 7™ /= h+ (COL17-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 Coll7 genes and the transgene of human COLI7
(Rag-2""ICOLI7™~"*) were bred to produce Rag-2~'~/COLI 7™/~ "+
(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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2 AN ACTIVE HUMANIZED MOUSE MODEL FOR BULLOUS PEMPHIGOID

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
RCOL17-Tg mice (COLI7™*™) and grafted onto the backs of gender-
matched 6-wk-old CS7BL/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 IgG (Jackson ImmunoResearch
Laboratories, West Grove, PA), mouse IgG1, IgG2a, IgG2b, and 1gG3 (BD
Pharmingen, San Diego, CA), and mouse IgG2c (Bethyl Laboratories,
Montgomery, TX) as the secondary Abs.

ELISA

To determine the Ab titer against hCOL17 noncollagenous 16A domain
(hNC16A) 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 = (ODysp of tested serum — ODjsq of negative con-
trol)/(ODysq of positive control — OD,sq 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

Complement activation induced by Abs obtained from the immunized WT mice
against the COL17 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~'~ICOL17-humanized
or Rag-2"'" mice by i.v. injection into the tail vein with 2.0 X 108 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 muiti-
screen plates (Millipore, Bedford, MA) were coated with 30 pg/ml re-
combinant hNC16A protein. In some experiments, 30 wg/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.

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, 1gG1, IgG2a,
1gG2b, 1gG2c, IgG3, and C3.

Immunoelectron microscopy

Postembedding immunoelectron microscop/v 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
IgG (Biocell Laboratories, Rancho Dominguez, CA) and observed with
a transmission electron microscope (H-7100; Hitachi High-Technologies,
Tokyo, Japan).

Preparation of IgG 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-pl 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 t0 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 l) 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
hCOLI17-Tg skin graft immunization

To induce anti-hCOL17 IgG Abs, WT mice were immunized by
skin grafting from hCOLI7-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 hCOLI7-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. 1A).
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 wg 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 hCOLI7-Tg skin grafting was
assessed by indirect IF analysis (n = 10). The deposition of IgGl,
IgG2a, 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-hCOLI17 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~'"/COLI7™'~"*) mice. First, we crossed
COL17-humanized (COLI7™ /~*1*) mice with immunodeficient
Rag-2'" mice to generate Rag-2"'"/COLI7™"~™ mice. Next,
those Rag-2*'"/COLI 7™~ 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

p

%

8

Human NC18A ELSA index
o8 538

}(\ &
<8 &
FIGURE 1. Circulating IgG Abs in the WT mice immunized by
hCOLI7-Tg skin grafting (immunized WT mice) recognize recombinant
hNC16A and the DEJ of COL17-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 DEJ (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). **p < 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
hNC16A. ELISPOT assay revealed that anti-hNC16A 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-
hNC16A 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
hCOLI7-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-
27/7/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 1. 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""/COL17-
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-humanized 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-2"'" recipients (n = 10;
controls, n = 6). D, The IgG titers of sera from the Rag-2"'"/COL17-humanized recipients and control Rag-2""" recipients were measured by recombinant
hNC16A ELISA. The titers rapidly increased after the transfer, peak around 1 wk, and then gradually decrease, stabilizing at a low level 6 wk after the
transfer. No anti-hNC16A IgG Abs are observed in control Rag-2""" 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, scored 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-2 ==
recipients developed any skin lesions (Fig. 4). Also, splenocytes

Table 1. Summary of phenotypes observed in recipient mice

from untreated WT mice produced very low levels of anti-hCOL17
and anti-hNC16A 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 hNC16A
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 F ELISA? H&E Staining Blue Staining 1gG C3 Changes?
C57BL/6 immunized Rag~2‘l_/ 10 10/10 10/10 8/10 10/10 10/10 10/10 710
by Tg® skin grafting COLI7™ b+

C57BL/6 immunized Rag-2 - 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 IgG 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.
“T'g: hCOLI7-transgenic. The recipients in this table are those shown in Figs. 2C, 2D, and 4.
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Table I.  ELISPOT assay of the anti-hNC16A IgG-producing B cells

Mouse Day” Spleen Lymph Node Bone Marrow
#488 9 135 = 16.2 435 = 4.0 2+08
#109 10 705 £ 54 84.0 =+ 10.5 3.8+ 0.6
#805 52 170 £ 2.7 105 =23 1.7 +02

Rag-2"""I1COLI7™"""™* 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. 37). 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~'"/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 (2 = 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-27/"/COL17-
humanized recipients were also analyzed by direct IF (n = 10). All
of the Rag-2~'~/COL17-humanized recipients showed a positive
reaction with IgG1, IgG2a, IgG2b, and IgG2c Abs at the DEJ.

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. 54).
Histopathologic examination of the lesional skin revealed separation
between the epidermis and the dermis, with infiltration of in-
flammatory cells (Fig. SB). 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, SE). 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. SF-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-hCOL17 IgG Abs in the Rag-2~""/
COLI7~humanized recipients

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

FIGURE 3. Rag-2~'7/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). I, 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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FIGURE 4. Rag-2"'"/COL17-humanized mice given immunized sple-
nocytes develop the BP disease phenotype. Disease severities of the Rag-
27/ /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 severily
N

mice and adoptively transferred them into the Rag-2~"JCOL17-
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~'7/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 107 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
lower 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 <

F !

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-hNC16A 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"'"/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 hCOL 17 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). Furthermore, the Rag-2~/"/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 /" ICOL17-humanized recipi-
ents could induce the BP phenotype in COL17-humanized
neonatal mice. Thus, pathogenic anti-hCOL17 1gG 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 (C3)

DIF (1g6)

iy

AE COL17-humanized miceinjectedwith 1,0mg/g lgG from Rag-24/COL1 7-humanizedrecipientmice (Day 8)

£ COL1 thumanized miceinjected 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 IgG
(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 IgG 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 IgG 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-

Day 35

~£3= Whole spienocytes (n=10) C
CD8* T-depleted {n=4)
CD4* T-deipsted {n=4)

%= CD4SR* B-depleted (n=4)

CD8* T-depleted CD4* T-depleted

CD45R* B-depleted

Whole splenocytes (n=10)
CD8* T-depleted (n=4}
CD4* T-deipsted (n=4)
-~y CDASR* B-depleted {n=4}

o

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

Disease severity

show significantly lower disease severities
than those in other groups (p < 0.05 at
days 14 and 35).

Human NC16AELISAIndex (x10?)

2
Time after the adoptive transfer (week)

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
1gG1 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

ey]
O

- CsA (n=5)
—&- Control (n=5)

’ 4
o% 2 x *
1] 1 2 3 4 8

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-Z_l_/
COL17-humanized recipients treated

- CsA(n=5)
—f& Control {n=5)

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,
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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-
ilarto 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 hRCOLI7-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-27""1
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-hNC16A 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 1I 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 hNC16A 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

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 II 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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Siy,

Nail lichen planus (NLP) is characterized by thinning,
longitudinal ridging and distal splitting of the nail plate
(1, 2). Although mild NLP is usually asymptomatic, de-
formation of the fingernails is cosmetically distressing.
Failure to treat NLP results in nail loss or permanent
nail dystrophy in some cases. Therefore the condition
should be treated effectively in its early stage. NLP
is usually resistant to topical corticosteroid therapy,
but successful treatment has been reported with intra-
lesional or systemic administration of corticosteroids
(2—4). However, some patients are unable to tolerate
the side-effects of systemic corticosteroids.

Topical tacrolimus has been reported as a safe, ef-
fective therapy for cutaneous (5, 6), oral (7-9) and
vulvar lichen planus (LP) (9-11), even in patients whose
lesions have shown recalcitrance to other treatments (7,
10). However, topical tacrolimus treatment for NLP has
never been reported. We report here five cases of NLP
treated successfully with tacrolimus ointment.

CASE REPORTS

Five Japanese patients with NLP were treated with 0.1% tacro-
limus ointment. The mean age of the five patients (4 males and
1 female) was 40.2 years (age range 11-58 years). All of the
patients were diagnosed with NLP on the basis of clinical his-
tory, typical clinical appearance and histopathological features.
No patient had any symptoms suggesting lupus erythematosus
or photosensitivity. There was no history of nail matrix trauma,
or drug intake that could cause lichenoid drug eruption. All of
these cases demonstrated multiple nail lesions on the fingers and/
or toes. In one patient, the disease affected all 20 nails. All the
fingernails were affected in three other patients, including two
cases that presented with additional nail lesions on both big toes.
The most common clinical signs were thinning of nails and ony-
cholysis, which were observed in all of the patients. Longitudinal
ridging and onychorrhexis were present in four cases. The NLP
was not associated with any objective symptom, such as burning,
itching or pain, in any of the cases. A 58-year-old patient had
concomitant localized reticular oral LP, although no patient had
cutaneous, otic or genital lesions at any time during the follow-
up. An 11-year-old patient had mild atopic dermatitis; the four
adult patients had no other dermatological conditions. The clinical
diagnosis was confirmed by histopathological examination in
all cases. Biopsy specimens taken from the affected nail matrix
demonstrated band-like lymphocyte infiltration in the nail matrix
and the nail bed dermis, as well as hyperkeratosis, acanthosis and
hypergranulosis of the epidermis, which are histopathological
features typically observed in NLP.

The mean duration of the disease prior to the topical ta-
crolimus treatment was 24 months (range 4-84 months). We
followed up all the patients for at least 15 months (mean 39.0
months; range 15-71 months). Four of the patients had been

© 2010 The Authors. doi: 10.2340/00015555-0814
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treated with topical corticosteroids, with no or slight improve-
ment, before the tacrolimus therapy. In all the cases, 0.1% topi-

cal tacrolimus (Protopic ointment 0.1%, Astellas Pharma Inc.) [AQ1]

was administered twice a day on one side of the nail plates and
periungual regions of the fingers and/or toes, and a topical cor-
ticosteroid (from the classification “very strong” or “strongest”)
was simultaneously started on the other side for a comparison
of relative efficacy. In all cases, the affected nails treated with
topical tacrolimus began to improve within 6 months after the
initiation of treatment (mean 2.8 months; range 1-6 months),
whereas no obvious changes, or only slight improvement, were
observed in the nails treated with topical corticosteroids, sug-
gesting that tacrolimus ointment had higher therapeutic efficacy
than topical corticosteroids (Fig. 1). All the lesions were then
treated uniformly with topical tacrolimus. All of the patients
showed marked improvement (Fig. 2). Mild onycholysis and
splitting of the nails remained in some of the patients. Reticular
oral LP observed in a 58-year-old patient remained after his NLP
lesions had improved. Two patients who discontinued topical
tacrolimus application showed no exacerbation of their lesions
at 16 and 36 months of follow-up, respectively. Two other pa-
tients continue to use topical tacrolimus once or twice daily as
a supportive treatment, which keeps their lesions stable. The
remaining patient stopped visiting our clinic after remission.
No adverse effects were noted in any of the cases.

DISCUSSION

Topical corticosteroid therapy is commonly considered
as a first-line treatment for NLP, although it is usually
ineffective. Oral prednisone and intramuscular triam-
cinolone acetonide have been reported as effective
against NLP (2-4), but prolonged or repeated use of

Fig. 1. (A)Nail lichen planus in an 11-year-old male patient before treatment.
The fingernails show very severe thinning. The right-hand fingernails were
treated with topical tacrolimus and the left-hand ones with diflucortolone
valerate ointment twice daily (comparative application). (B) The same patient
after 5 months of comparative application. Significant clinical improvement
of the right-hand fingernails (righf) was noted compared with the left-hand
ones (lef?).
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Fig. 2. (A) Nail lichen planus in a 58-year-old male patient. The fingernails
show severe distal thinning and onycholysis before treatment, (B) Significant
improvement after 18 months of topical tacrolimus treatment.

systemic corticosteroids may cause considerable side-
effects.

Tacrolimus is a macrolide immune modulator that
produces strong immunosuppression by inhibiting
T-cell activation. It interacts with a cyclophilin-like
cytoplasmic protein, FK506 binding protein, and this
complex interferes with the phosphatase activity of cal-
cineurin, resulting in the inhibition of proinflammatory
cytokine genes transcription. Because activated T cells
are likely to play a central role in the pathogenesis of
LP (1, 12, 13), topical tacrolimus has been tried for the
treatment of LP. Previous studies have reported that
topical tacrolimus is effective for 88-100% of cases
of oral LP (7-9) and 94% of cases of vulvar LP (10).
Based on these data, we speculated that topical tacroli-
mus could also be effective against NLP. In this study,
all five cases with NLP responded fairly well to topical
tacrolimus, even though 4 had intractable lesions that
had shown resistance to topical corticosteroids. Com-
parative study of the efficacy of topical tacrolimus and
topical corticosteroids revealed that topical tacrolimus
was more effective than topical corticosteroids in all
of the cases.

Recent studies demonstrated that nail dystrophy as-
sociated with chronic paronychia (14) and eczema (15)
improved with topical tacrolimus, which suggests that
topical tacrolimus could penetrate the periungual skin
enough to improve the nail dystrophy. In addition, the
remarkable thinning of the nails and onychorrhexis seen
in most of our NLP cases make it possible that the tacro-
limus ointment penetrated the damaged nail plates.

The majority of oral LP and vulvar LP cases respond
to topical tacrolimus within one month (7-11), whereas
the present NLP patients required several months to start
to regress (mean 2.8 months).

At present, two out of the five patients have been
continuing once- or twice-daily application for 35 and
63 months, respectively, to keep their lesions under con-

Acta Derm Venereol 90

trol. Two other patients have been stable without topical
tacrolimus for more than one year. However, we should
be aware of the possibility that NLP can recur, because
previous reports have mentioned that oral or vulvar LP
lesions usually returned after withdrawal of topical ta-
crolimus (7, 10). Further analysis with longer follow-up
is required to confirm the long-term prognosis of NLP
after the cessation of topical tacrolimus therapy.
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Figure 2. Sequence analysis of the TAPZ gene. Detection of the mutation from genomic DNA was performed by polymerase chain reaction amplification of TAP2
exon 3 for the patient (A) (mutant homozygous), a daughter (B) (heterozygous), and a healthy control (C) (native sequence).

previously ulcerated lesions of the right leg
(Figure 1D and E), and the limb was amputated. The
neoplasia recurred and metastasized, and the patient
died.

Blood samples were obtained from the proband and
relatives, and lymphocyte subpopulations were
analyzed by flow cytometry. The numbers of NK cells,
v8 T lymphocytes, and CD8" o T cells as well as the
CD4/CD8 ratios were found to be normal and compa-
rable to those found in controls and her relatives. The
HLA I expression in the patient’s lymphocytes was
severely reduced (30 times lower than in healthy con-
trols). The HLA serologic typing in the patient was
unsuccessful. We extracted RNA from peripheral
blood mononuclear cells; all coding exons of TAP1
and TAP2 genes (OMIM 170260 and 170261, respec-
tively) were amplified by reverse transcriptase-PCR,
and further sequencing analysis was performed.
A previously unreported TAP2 missense mutation
was detected. The patient was homozygous for a
C—T transition at nucleotide 628 (TAP2 exon 3)
(Figure 2), leading to a premature stop at codon 210
between the fifth and the sixth transmembrane
domains of TAP2. Her mother and daughters were het-
erozygous for the mutated allele. In addition, high-
resolution molecular HLA typing demonstrated that
the patient was homozygous for the haplotype HLA-
A*0301, Cw*1701, B*¥5001, DRB1*0301, DQA*0501/
DQB1*0201, and DPB1*0401.

Comment. We report herein an SCC originating in a
chronic ulcer of a patient with type 1 BLS and a novel
TAP2 gene mutation. Abnormal expression of HLA
class 1 has been reported in many human neoplasias,’
including skin cancer. Our findings suggest that TAP-
impaired HLA class 1 expression could influence the
course of SCC originating in chronic ulcers and could

be related to escape from cytotoxic T-lymphocyte sur-
veillance during disease progression.
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Hereditary Benign Telangiectasia:
Two Families With Punctate Telangiectasias

Surrounded by Anemic Halos

H primary telangiectatic disorders, is character-
ized by various patterns of widespread cutane-

ous telangiectasias.'? It is distinguished from hereditary

hemorrhagic telangiectasia by the absence of recurrent

bleeding and systemic involvement. Herein we describe

ereditary benign telangiectasia (HBT), one of the
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Figure 1. Skin lesions seen on the proband of family 1 with hereditary
benign telangiectasia. Multiple punctate telangiectasias surrounded by
anemic halos (arrows) are visible on the dorsal surface of the right hand.

2 families with HBT that show unique fine telangiecta-
sias surrounded by anemic halos.

Report of Cases. Case 1. A 16-year-old boy was seen
for asymptomatic telangiectasias with halos that had
appeared several months earlier with no preceding epi-
sodes. Physical examination revealed multiple fine tel-
angiectasias surrounded by pale macules as large as 5
mm on the dorsal surfaces of the hands (Figure 1), the
radial aspects of the forearms and thighs, and on the
trunk. The pale macules disappeared during application
of mechanical pressure, which indicated that they were
anemic halos. He also had numerous fine telangiectasias
on the lips and irregularly shaped telangiectatic macules
on the chest, right arm, and right thigh. His mother had
similar fine telangiectasias surrounded by anemic halos
on the right forearm (Figure 2). Laboratory data of the
proband showed no abnormalities in blood cell count,
liver function, renal function, or blood coagulation
time. Skin specimens obtained from a telangiectasia
with an anemic halo on the dorsal surface of the pro-
band’s hand demonstrated no specific changes. All of
the telangiectatic lesions persisted for more than 5
years.

Case 2. A 14-year-old boy was referred for evaluation
of asymptomatic fine telangiectasias surrounded by ha-
los that had been noticed several weeks earlier without
any preceding episodes. Multiple punctate telangiecta-
sias surrounded by anemic halos were seen on the dor-
sal surfaces of the hands and on the radial aspects of the
forearms. He had some irregularly shaped telangiectatic
macules on the face, trunk, and extremities.

His mother had macular telangiectasias on her back
and face, and his 11-year-old brother had similar le-
sions on his left hand and upper extremities (Figure 2).
None of the family members had remarkable medical his-
tories or hemorrhagic episodes. His maternal grand-
mother and great-grandmother seemed to have some red-
dish macular lesions, but the details were unclear
(Figure 2).

No specific abnormalities were detected in labora-
tory examinations of the proband. Histologic and ultra-
structural examinations of the biopsy specimens from the

Family 1 Family 2
O—
O—11 ( >—l—{ ]
H BN

[ unaffected
W @ Afected

Presumed affected

Figure 2. Pedigrees of the 2 families with hereditary benign telangiectasia
showing punctate telangiectasias surrounded by anemic halos. Circles
indicate female family members; squares, male family members.

proband demonstrated no specific changes. To date, the
cutaneous lesions of the proband remain unchanged for
over 5 years.

Comment. Initially described in 1971,> HBT is probably
an autosomal dominant disorder.! Various patterns of tel-
angiectatic lesions, including plaquelike, radiating, ar-
borizing, reticulated, mottled, spiderlike, and punctate,
have been described in HBT.!? Punctate telangiectasias
surrounded by anemic halos have rarely been reported.?
The mechanism whereby the anemic halo develops re-
mains unclear. In eruptive pseudoangiomatosis, a rare
skin disorder characterized by acute angiomalike pap-
ules or macules, the surrounding halo might be due to
vasoconstriction around the vasodilatation of the papu-
lar angiomatous lesions.* In nevus anemicus, the ane-
mic macule is thought to be caused by increased local
vascular reactivity to catecholamines.’ The findings from
the families described herein indicate that punctate tel-
angiectasias surrounded by anemic halos should be rec-
ognized as unique and characteristic features of HBT.
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Response of Intractable Skin Ulcers in Recessive Dystrophic
Epidermolysis Bullosa Patients to an Allogeneic Cultured Dermal

Substitute
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Recessive dystrophic epidermolysis bullosa (RDEB) is
an inherited skin disorder caused by mutations in the
COL7AI gene, which encodes collagen VII (COL7). Skin
ulcers in RDEB patients are sometimes slow to heal.
We describe here the therapeutic response of intracta-
ble skin ulcers in two patients with generalized RDEB
to treatment with an allogeneic cultured dermal substi-
tute (CDS). SKkin ulcers in both patients epithelialized by
3—4 weeks after this treatment. Immunohistochemical
studies demonstrated that the COL7 expression level
remained reduced with respect to the control skin and
that it did not differ significantly between graft-treated
and untreated areas. Electron microscopy showed aber-
rant anchoring fibrils beneath the lamina densa of both
specimens. In conclusion, CDS is a promising modality
for treatment of intractable skin ulcers in patients with
RDEB, even though it does not appear to increase COL7
expression. Key words: epidermolysis bullosa; collagen
VII; cultured dermal substitute; fibroblast; growth factor.
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Epidermolysis bullosa (EB) comprises a group of in-
herited bullous disorders that can be divided into three
main phenotypes — epidermolysis bullosa simplex (EBS),
junctional epidermolysis bullosa (JEB), and dystrophic
epidermolysis bullosa (DEB) — depending on the level
of skin cleavage (1). DEB is caused by mutations in the
collagen VII gene (COL7A41), which encodes the main
protein that forms anchoring fibrils beneath the dermal-
epidermal junction (DEJ) (2). DEB is inherited as either
autosomal dominant (DDEB) or recessive (RDEB)
disease, each form having a different clinical presen-
tation (2). Severe generalized RDEB (RDEB-sev gen)
is characterized by a complete absence of collagen VII
protein (COL7) from the DEJ and a total loss of ancho-
ring fibrils ultrastructurally. A milder form of RDEB,

© 2010 The Authors. doi: 10.2340/00015555-0776
Journal Compilation © 2010 Acta Dermato-Venereologica. ISSN 0001-5555

generalized other RDEB (RDEB-0), always shows
detectable but decreased COL7 expression at the DEJ.
Patients with RDEB easily develop skin erosions at sites
of trauma. These usually resolve spontaneously within
several weeks, but occasionally lead to more persistent
skin lesions or intractable ulcers.

Allogeneic tissues have been used to develop seve-
ral therapeutic approaches for skin ulcers. Apligraf®
(Organogenesis, Canton, MA, USA) is an allogeneic
cultured skin substitute that consists of keratinocytes
and fibroblasts supported on a scaffold (3). It is indicated
for the treatment of venous ulcers (4). The application
of Apligraf® to EB skin ulcers has been reported in ap-
proximately 30 cases thus far, with favourable results
5-N.

In parallel, Kubo & Kuroyanagi (8-11) have deve-
Ioped an allogeneic cultured dermal substitute (CDS)
comprising a two-layered spongy matrix of hyaluronic
acid and atelo-collagen containing fibroblasts. The
efficacy of this CDS has been shown in animal models
and some clinical trials (11-16). Recently, three patients
with RDEB-sev gen were reported to have been treated
successfully with CDS, although details regarding
COL7 expression were not mentioned (17). Here, we
confirm the efficacy of this CDS in the treatment of
intractable skin ulcers in two RDEB-O patients, and
we conducted immunohistochemical and ultrastructural
investigation into whether the expression of COL7 is
altered after this CDS treatment.

METHODS

Patients

Two patients with RDEB-O whose diagnosis was made by
COL7A 1 mutation analysis and electron microscopy had persis-
tent skin ulcers on their feet that failed to respond to supportive
care for more than 6 months.

Preparation of allogeneic CDS

The CDS was prepared as described previously (9, 11).
Briefly, an aqueous solution of hyaluronic acid (HA) with a
cross-linking agent was frozen to —85°C in a dish and then
lyophilized to obtain an HA sponge. The sponge was thoroughly
rinsed with distilled water to remove free cross-linking agent,
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then the hydrated HA sponge was frozen and lyophilized to
obtain a purified HA sponge, which was immersed in a dish of
atelo-collagen (AC) solution. Medical-grade AC was prepared
by enzymatic cleavage of telopeptides on both ends of type I
collagen molecules derived from porcine dermis. The hydrated
HA sponge with AC was frozen and lyophilized to obtain a two-
layered sponge of HA and AC. Both surfaces of the two-layered
sponge were irradiated with an ultraviolet lamp to induce inter-
molecular cross-linking between AC molecules.

Cell banking was established as described previously (9, 11).
The piece of skin used in this study was derived from a young
donor who was free from infectious viruses such as hepatitis B
and C (HBV and HCV), human immunodeficiency virus (HIV)
and human T-lymphotropic virus (HTLV), and who tested nega-
tive in the treponema pallidum hemagglutination test (TPHA),
in compliance with the ethical guidelines of St. Marianna
University Graduate School of Medicine (Kanagawa, japan).
Fibroblasts were isolated by enzymatic treatment. Cultivation
of fibroblasts was initiated in culture medium to establish cell
banking, as described (18). Viral infection of the cells, including
HBYV, HCV, HIV, HTLV and parvovirus, was excluded.

The fibroblasts cryopreserved in cell banking were thawed
and cultured to obtain an adequate number of cells. These
fibroblasts were seeded on a two-layered spongy matrix and
cultured for one week. The number of fibroblasts seeded on
the two-layered sponge was adjusted to 1.0 x 10 cells/cm?.
The resulting CDS was cryopreserved according to a pre-
viously described method (8, 19). Prior to clinical application,
a polystyrene dish containing the CDS was placed in a foam
polystyrene box at room temperature for 30 min and then floated
in a water bath at 37°C.

Treatment regimens

After giving their informed consent, the patients received this
CDS therapy. The surface of the designated skin ulcer was rin-
sed with saline solution. After thawing, then rinsing in lactated
Ringer’s solution, the CDS was applied to the wound surface,
together with a gauze dressing to protect the CDS. The CDS
was fixed with the bandage, and there were no restrictions on
patient activity at any time after the CDS was in place. A new
CDS was applied twice a week for the first 2 weeks and then
once a week afterwards.

Immunofluorescence

Skin biopsies were taken from both patients under local anaes-
thesia from non-blistered and grafted skin areas after re-epithe-
lialization. Follow-up biopsies were at 4 weeks (Patient 1) and 3
weeks (Patient 2) after the first CDS treatment, respectively, and
one week after the last CDS application. The specimens were

embedded in optimum cutting temperature (OCT) compound
(Miles Scientific, Naperville, IL, USA). Immunofluorescence
staining was performed on 5-micron cryosections of skin with
the monoclonal antibody LH7:2 (recognizing the NC-1 do-
main of COL7) (20). To estimate the amount of COL7, serial
dilution of LH7:2 was performed to 1:10, 1:20, 1:40, 1:80,
1:160, 1:320, 1:640 and 1:1280. Labelling was visualized using
fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse
immunoglobulin (Ig)G.

Electron microscopy

Skin biopsies were taken from Patient 2 under local anaesthesia
from the intact and grafted skin areas after complete epithelia-
lization. Skin biopsy samples were fixed in 2% glutaraldehyde
solution, post-fixed in 1% OsO,, dehydrated, and embedded in
Epon 812 (TAAB Laboratories Ltd, Aldermaston, Berkshire,
UK). The samples were sectioned at 1 um thickness for light
microscopy and ultrathin sectioned for electron microscopy (at
70 nm thickness). The thin sections were stained with uranyl
acetate and lead citrate and examined by transmission electron
microscopy (Hitachi H7100, Hitachi, Tokyo, Japan).

CASE REPORTS
Patient 1

A 51-year-old female with RDEB-O had a history of
three cutaneous squamous cell carcinomas (SCC), the
details of which have been described elsewhere (21).
COL741 gene mutation analysis revealed that the pa-
tient was a compound heterozygote for ¢.5443G >A
(p.G1815R) and ¢.5818delC (22, 23). She presented
with an intractable ulcer, measuring 30 x 11 mm, on
the back of her right foot, which had failed to respond
to conservative, supportive therapy for 10 months (Fig.
1A). A skin biopsy specimen from the ulcer showed no
findings suggestive of SCC. The CDS treatment was
performed at site of the ulcer, and epithelialization of
the lesion was observed within 4 weeks after the onset of
treatment (Fig. 1B). Labelling of the DET in the patient’s
non-grafted and grafted skin samples with anti-COL7

- antibody LH7:2 revealed no significant difference in the

intensity of COL7 staining (Figs 2A, B). Both samples
showed positive up to 1:160 dilution of the antibody as
compared to 1:640 in normal skin (data not shown).

Fig. 1. Clinical response to allogeneic cultured dermal substitute (CDS) treatment (A). A skin ulcer measuring 30x 11 mm on the back of the right foot in

Patient 1. The ulcer had not healed for 10 months. (B) Re-epithelialization at 4 weeks after CDS treatment, although small erosions persist. (C) A skin ulcer
measuring 21 %20 mm on the right heel of Patient 2. The ulcer had persisted despite conservative treatment for 6 months. (D) Complete re-epithelialization

3 weeks after CDS treatment. The biopsy sites are indicated by arrows.
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Patient 2

A 38-year-old female had been diagnosed with RDEB-
O. She also had IgA nephropathy and was being treated
with corticosteroids. DNA analysis revealed a recurrent
COL7A1 mutation ¢.5932C>T (p.R1978X) (23) and a
novel mutation ¢.8029G>A (p.G26778S). She presented
with a recalcitrant ulcer, measuring 21 x 20 mm, on her
right heel, which had failed to respond to conservative
therapy for the previous 6 months (Fig. 1C). Complete
epithelialization of the lesion was observed 3 weeks
after the beginning of CDS treatment (Fig. 1D). La-
belling of the DEJ in the patient's non-blistered and
grafted skin with LH7:2 revealed the same intensity
of COL7 staining (Figs 2C, D). Both of the samples
showed positive at the DEJ up to 1:320 dilution of the
antibody (data not shown). Ultrastructurally, the ancho-
ring fibrils from the patient's grafted skin samples were
short, thin sub-lamina-densa structures (Fig. 3A) with
the same features as those observed in the non-grafted
skin samples (Fig. 3B).

DISCUSSION

Patients with EB have severe skin fragility and chronic
wounding, which affect them physically and emotional-
ly. Various controlled trials have been attempted with
EB patients, including administration of phenytoin,
topical bufexamac, aluminium chloride hexahydrate
and oxytetracycline, although none of these has been
uneqivocally successful (24). Experimental models of
EB treatment have shown some promising results, but
there are tremendous difficulties in translating such
therapies into practical treatments for human patients
(25). Ex vivo gene therapy for one patient with JEB
(26) and allogeneic cell therapy for patients with RDEB

Cultured dermal substitute for RDEB 3

Fig, 2. Collagen VII (COL7) immunofluorescence study
using LH 7:2 antibody (1:80 dilution). COL7 labelling in
grafted skin samples (Patient 1; A, Patient 2; C) and non-
blistered skin sample (Patient 1; B, Patient 2; D) shows
the same intensity of staining at the dermal-epidermal
junction (DEJ). Normal human skin (E) shows more intense
staining at the DEJ than do patients’ skin samples (original
magnification x 100). Arrows indicate DEJ.

Fig. 3. Ultrastructural features of the sub-lamina densa region and basement
membrane zone in the grafted and non-grafted skin of Patient 2. Discernible
anchoring fibril-like structures (arrows) are observed beneath the lamina
densa at the grafted skin site (A), as well as at the non-grafted skin site (B)
(original magnification % 30,000).
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