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Abstract

Bullous pemphigoid (BP) is an inflammatory subepidermal
blistering disease associated with an IgG autoimmune re-
sponse to the hemidesmosomal protein, BP180. Using a pas-
sive transfer mouse model, our group has shown previously
that antibodies to the murine BP180 (mBP180) ectodomain
are capable of triggering a blistering skin disease that closely
mimics human BP. In this study, we investigated the role
of neutrophils in the immunopathogenesis of this disease
model. BALB/c mice depleted of circulating neutrophils
by treatment with neutrophil-specific antibodies were no
longer susceptible to the pathogenic effects of anti-mBP180
IgG. IgG and complement were deposited at the dermal-
epidermal junction of these animals, but there was no evi-
dence of inflammatory infiltration or blistering. C5-deficient
mice, which are resistant to the pathogenic activity of anti-
mBP180 IgG, could be made susceptible to this IgG-medi-
ated blistering disease by intradermal administration of a
neutrophil chemoattractant, IL-8 or C5a. Intraperitoneal
injection of IL-8, which sequesters neutrophils in the perito-
neal cavity, interferes with anti-mBP180-induced neutro-
philic infiltration of the skin and prevented the develop-
ment of BP disease in BALB/c mice. These findings provide
the first direct evidence that neutrophils recruited to the
skin via a C5-dependent pathway play an essential role in
subepidermal blister formation in experimental BP, and
suggest new directions for disease intervention. (J. Clin. In-
vest. 1997. 100:1256-1263.) Key words: autoimmunity e
mouse model « hemidesmosome « inflammation « basement
membrane zone

Introduction

Bullous pemphigoid (BP)! is an acquired autoimmune dis-
ease of the skin characterized by subepidermal blisters and
autoantibodies against two hemidesmosomal antigens, BP230
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(BPAGI1) and BP180 (BPAG?2) (1). These antihemidesmo-
somal autoantibodies are found in the circulation of patients,
and can be detected, along with complement proteins, bound
to the dermal-epidermal junction (DEJ) of perilesional skin.
The skin lesions of these patients show detachment of basal
keratinocytes from the underlying dermis leading to subepi-
dermal blistering. The separation of the DEJ occurs at the
level of the lamina lucida (1, 2). Various inflammatory cells, in-
cluding eosinophils (3, 4), neutrophils (5), lymphocytes (6),
and monocyte/macrophages (7, 8), have been identified in the
upper dermis of lesional areas in patients with BP. Accumula-
tion and morphological changes of mast cells have also been
found in these areas (9, 10). The blister cavity typically con-
tains fibrin, eosinophils, and neutrophils (2). Similar skin le-
sions are observed in the pregnancy-associated nonviral disor-
der, herpes gestationis (11).

Recently, our laboratory has developed an experimental
model of BP which involves the passive transfer of anti-
mBP180 antibodies into neonatal BALB/c mice (12). The BP
mouse model reproduces the key immunopathological fea-
tures of this human autoimmune disease, i.e., IgG and comple-
ment deposition at the DEJ, inflammatory infiltration of the
upper dermis, and subepidermal blistering. Several lines of ev-
idence demonstrated that the pathogenicity of anti-mBP180
antibodies is dependent on complement activation (13). Mice
depleted of complement (either genetically or by pretreatment
with cobra venom factor) did not develop blisters after injec-
tion with pathogenic rabbit anti-mBP180 antibodies. In addi-
tion, it was shown that the F(ab’), fragments generated from
the anti-mBP180 IgG exhibited no pathogenic activity in the
mouse model. Manipulations that interfered with complement
activation also resulted in a drastic reduction of neutrophil in-
flux into the dermis of the animals (13), suggesting that neutro-
phils may play a key role in blister formation in the experimen-
tal BP/HG model.

Previous findings reported by Gammon et al. (14) using an
in vitro model of BP led to the hypothesis that subepidermal
blistering in BP is dependent upon antibody binding to an anti-
gen of the DEJ, complement activation and an inflammatory
infiltration of lesional skin. These investigators showed that,
when cryosections of normal human skin were incubated in an
organ culture system with a BP serum plus an exogenous
source of complement and human peripheral blood leukocytes,
the inflammatory cells migrated and attached to the DEJ in
these sections. Moreover, the sections developed focal dermal-
epidermal separation resembling early BP lesions (15), but
only if the inflammatory cells were present. These observa-
tions provided the first indication that inflammatory cells, such
as the neutrophil, may play a key role in the immunopathogen-
esis of BP/HG.

In this study, we investigated the possibility that the neu-
trophil is a key cellular element responsible for triggering der-
mal-epidermal separation in the murine BP model. Using vari-
ous experimental approaches, we showed that blockage of



neutrophil recruitment resulted in the neutralization of the
pathogenic activity of anti-mBP180 antibodies in mice. Fur-
thermore, we were able to circumvent the pathogenic block
exhibited by C5-deficient mice by intradermal administration
of a neutrophil chemoattractant. These results clearly demon-
strate that neutrophil activation is an essential element in the
pathogenesis of blister formation in experimental BP/HG.

Methods

Laboratory animals. Breeding pairs of BALB/c, B10-D2-NSN (C5-
sufficient strain), and B10-D2-OSN (C5-deficient strain) mice were
purchased from Jackson Laboratories (Bar Harbor, ME) and main-
tained at the Medical College of Wisconsin Animal Resource Center.
Neonatal mice (24-36 h old with body weights between 1.4 and 1.6 g)
were used for passive transfer experiments.

Preparation of pathogenic rabbit anti-murine IgG. The prepara-
tion of recombinant mBP180 and the immunization of rabbits were
performed as previously described (12). Briefly, a segment of the
mBP180 antigen encompassing amino acids 495-643 of the ecto-
domain of this protein (using the numbering system of Li et al. [16])
was expressed as a glutathione S-transferase (GST) fusion protein
using the pGEX prokaryotic expression system (Pharmacia LKB
Biotechnology, Piscataway, NJ). This fusion protein, designated
GST-mBP180ABC, was purified to homogeneity by affinity chroma-
tography (17). New Zealand White rabbits were immunized with the
purified mBP180 fusion protein, and the IgG fraction from the sera
(referred to as R50, R621, and R622) was purified as previously de-
scribed (12, 18). The IgG fractions were concentrated, sterilized by
ultrafiltration, and the protein concentrations were determined by
ODyg [E (1%, 1 cm) = 13.6]. The titers of rabbit anti-mBP180 anti-
bodies in the rabbit sera and in the purified IgG fractions were as-
sayed by indirect immunofluorescence (IF) using mouse skin cryosec-
tions as substrate. These antibody preparations were also tested by
immunoblotting for reactivity with the GST-mBP180ABC fusion
protein. The IF and immunoblotting techniques have been reported
elsewhere (12). The pathogenicities of these IgG preparations were
tested by passive transfer experiments, as described below. The im-
munologic characteristics of rabbit anti-mBP180 antisera R50, R621,
and R622 are listed in Table I.

Induction of experimental BP and animal evaluation. A 50-pl dose
of sterile IgG in PBS was administered to neonatal mice by intrader-
mal (2.5 mg IgG/g body wt) or intraperitoneal injection (5.0 mg IgG/g
body wt). The injection techniques have been described elsewhere
(12, 19, 20). The skin of neonatal mice from the test and control
groups was examined 12 h after the IgG injection. The extent of cuta-

Table 1. The Immunologic Profiles of Rabbit Anti-murine
BPI180 IgG Preparations

Immunoblotting ~ Mouse BMZ In vivo BMZ Pathogenic
Rabbit IgG with mBP180* staining (ITF)*  deposition (DIF)* activity!
R50 + - - -
R622 + + + -
R621 + + + +

*Purified GST-mBP180ABC was run on a 12% SDS-PAGE gel, elec-
trotransferred to a nitrocellulose filter membrane, and probed with rab-
bit anti-mBP180 IgG (2 ng/ml). *BALB/c mouse skin cryosections were
labeled with rabbit anti-mBP180 IgG (2 pg/ml) and visualized with
FITC-conjugated goat anti-rabbit IgG. *Direct IF of skin cryosections
of BALB/c mice injected with rabbit anti-mBP180 IgG using FITC-con-
jugated goat anti-rabbit IgG. IPathogenic activity of the rabbit anti-
mBP180 IgG was determined by passive transfer experiments using neo-
natal BALB/c mice (see reference 18).

neous disease was scored as follows: (—), no detectable skin disease;
1+, mild erythematous reaction with no evidence of the “epidermal
detachment” sign (this sign was elicited by gentle friction of the
mouse skin which, when positive, produced fine, persistent wrinkling
of the epidermis); 2+, intense erythema and epidermal detachment
sign involving 10-50% of the epidermis in localized areas; and 3+, in-
tense erythema with frank epidermal detachment sign involving
> 50% of the epidermis. The animals were then killed and the following
specimens were obtained. Skin sections were taken for light micros-
copy (hematoxylin and eosin [H/E] staining) and for direct IF analy-
sis to detect rabbit IgG and mouse C3 deposition at the basement
membrane zone (BMZ). Sera of injected animals were obtained for
indirect IF assay to determine the circulating titers of anti-mBP180
IgG. Direct and indirect IF analyses were performed as previously
described (12, 19, 20). Monospecific FITC-conjugated goat anti—
rabbit IgG was obtained commercially (Kirkegaard & Perry Labora-
tories Inc., Gaithersburg, MD). Monospecific goat anti-mouse C3 was
purchased from Cappel Laboratories (Durham, NC).

PMN depletion and injection procedures. A polyclonal rabbit anti—
murine PMN antibody, AI-A31140, which selectively depletes mouse
neutrophils in vivo, was purchased from Accurate Chemical & Scien-
tific Corp. (Westbury, NY). Mice were depleted of PMN by two intra-
peritoneal injections of AI-A31140 (10 pg IgG in 50 wl PBS per injec-
tion) given 12 h apart. The control groups received either 2 X 50 pl PBS
or normal rabbit IgG (10 pg IgG in 50 pl PBS). Neutrophil levels in
circulation were monitored by direct cell counting of blood smears
stained with Wright dye (Baxter Diagnostics Inc., McGaw Park, IL)
and by myeloperoxidase (MPO, a neutrophil cell marker) assay (21,
22). Both experimental and control groups of animals received one 50
wl, i.d. (2.5 mg/g body wt/d) or i.p. (5 mg/g body wt/d) injection of
rabbit anti-mBP180 IgG, 12 h after anti-PMN treatment. The animals
were then killed, and the skin and sera of mice from the test and con-
trol groups were examined 12 h later as described above.

1L-8 and C5a pretreatment of C5-deficient mice. Recombinant hu-
man IL-8 (R&D Systems, Minneapolis, MN) and recombinant hu-
man C5a (Sigma Chemical Co., St. Louis, MO) were stored at 500
wg/ml in sterile PBS. IL-8 was injected either intraperitoneally or in-
tradermally. A single intraperitoneal injection of IL-8 (50 ng in 50 pl
PBS) or an equivalent amount of BSA was given into neonatal BALB/c
mice 60 min before intradermal injection of rabbit anti-mBP180 IgG
(2.5 mg/g body wt in 50 wl). For intradermal applications, IL-8 or C5a
(50 ng in 50 pl PBS) or an equivalent mass amount of BSA was in-
jected into C5-deficient mice along with anti-mBP180 IgG (2.5 mg/g
body wt in 50 pl). Control animals received an equivalent amount of
normal rabbit IgG, in place of the anti-mBP180 IgG.

Quantitation of skin site PMN accumulation. Tissue MPO activity
in skin sites of the injected animals was assayed as described (21, 22).
A standard reference curve was first established using known concen-
trations of purified MPO. The skin samples were extracted by ho-
mogenization in an extraction buffer containing 0.1 M Tris-Cl, pH
7.6, 0.15 M NaCl, 0.5% hexadecyl trimethylammoniumbromide.
MPO activity in the supernatant fraction was measured by the change
in optical density at 460 nm resulting from decomposition of H,0O, in
the presence of o-dianisidine. MPO content was expressed as units of
MPO activity per milligram of protein. Protein concentrations were
determined by a dye binding assay (Bio-Rad Laboratories, Rich-
mond, CA) using BSA as a standard.

Statistical analysis. The data were expressed as mean+=SEM and
were analyzed using the Student’s paired ¢ test. P < 0.05 was consid-
ered significant.

Results

Time course of pathogenic 1gG deposition, complement activa-
tion, neutrophilic infiltration, and dermal-epidermal separa-
tion. The chronology of events leading to dermal-epidermal
separation after intradermal or intraperitoneal injection of
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Table II. Time Course of BMZ Deposition of Pathogenic
IgG, Complement Activation, Circulating IgG Titer, and
Dermal-Epidermal Separation

Hours after DE separation

intradermal  IgG deposition  C3 deposition

injection (DIF) (DIF) IgG titer (ITF)  Clinical H/E
0 - - 0 - -
1 + * 1:80 - -
2 + + 1:160 - -
4 + + 1:640 - +
8 + + 1:5120 - +

12 + + 1:5120 + +

Neonatal BALB/c mice were killed at different time points after intrader-
mal injection of pathogenic anti-BP180 IgG. Skin sections were taken for
light microscopy (H/E) and direct IF (DIF) analysis to detect BMZ-bound
rabbit IgG and murine C3. Circulating rabbit IgG levels were determined
by indirect IF (/IF) using mouse skin cryosections as substrate. In the last
column, + means blister formation detected by clinical examination or H/E
staining; — means no detectable dermal-epidermal separation.

pathogenic anti-mBP180 IgG (R621) was documented over a
12-h period. Five animals were used at each time point. The
mode of administration of anti-mBP180 IgG had little effect
on the time course of subsequent events, except for the fact

that the presentation of findings after intraperitoneal injection
of antibody was delayed by ~ 2 h relative to findings associ-
ated with an intradermal injection of this IgG.

After intradermal injections, anti-mBP180 IgG appeared in
the circulation within 1 h (titer = 1:80) and reached a peak at 8 h
(titer = 1:5,120). Deposition of rabbit IgG and murine C3 at
the cutaneous BMZ was first observed at 2 h as determined by
direct IF (Table II). Histological examination of the skin of
mice revealed an early stage of dermal-epidermal separation at
the 4-h time point, while relatively broad subepidermal vesi-
cles could be seen at 8 h and complete detachment of the epi-
dermis from the dermis occurred at 12 h after intradermal IgG
injections (Fig. 1 A). The first evidence of neutrophil recruit-
ment to the skin site, as determined by MPO activity, was ob-
tained between 2 and 3 h after intradermal injection, followed
by a progressive increase over the next 5 h, reaching a peak at
8 h (Fig. 1 B).

Intraperitoneal injection of neutrophil-depleting antibodies
resulted in neutropenia and resistance of neonatal BALB/c mice
to pathogenic anti-mBP180 antibodies. In this experiment, we
first established the degree of neutropenia in peripheral blood
of neonatal BALB/c mice injected with rabbit anti-murine
PMN antibodies. Two intraperitoneal injections of PMN-spe-
cific IgG (10 pg IgG in 50 pl PBS per injection) into neonatal
mice (n = 9) resulted in a profound neutropenia, with < 200
PMN/mm? peripheral blood as determined by cell counting of
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Figure 1. Time course (0-12 h after injection) of dermal-epidermal
separation in BALB/c mice injected intradermally with pathogenic
rabbit anti-murine BP180 IgG. (A) H/E-stained sections showing pro-
gression of separation of the epidermis from the dermis. Inset in the far
right panel is a lower magnification micrograph showing the edge of a
subepidermal vesicle. D, Dermis; E, epidermis; V, vesicle. X400. (B)
MPO activity (mean+ SEM) of skin extracts from mice injected with
one of the following IgG preparations: the control R50 (open circles);
the nonpathogenic anti-mBP180 IgG from serum R622 (open trian-
gles), and the pathogenically active anti-mBP180 IgG from R621
(closed circles); n = 5 for each group shown.



blood smears and MPO assay results (data not shown). This
level persisted up to 24 h. In contrast, control animals injected
with the same volume of PBS or control IgG exhibited normal
levels of circulating PMN.

Mice pretreated with either anti-PMN (n = 9) or control
IgG (n = 9) were then injected with the pathogenic anti-
mBP180 IgG (R621). The results for these experiments are
shown in Figs. 2 and 3 (also see Table III). As expected, con-
trol animals (those injected with R621 IgG after pretreatment
with either PBS or normal rabbit IgG in place of the anti-PMN
antibody) developed extensive blistering (Fig. 2 A). The skin
of these injected animals was markedly erythematous and, upon
gentle friction, developed persistent epidermal wrinkling due
to epidermal detachment. Histologic examination revealed
dermal-epidermal separation and neutrophilic infiltration of
the dermis (Fig. 2 D), and direct IF showed deposition of rab-
bit IgG and murine C3 at the epidermal side of the vesicle (Fig.
2, B and C). In contrast, mice depleted of circulating neutro-
phils by pretreatment with anti-PMN antibodies showed no
signs of blister formation after injection of pathogenic rabbit
anti-mBP180 IgG (R621), despite the fact that these animals
had high levels of circulating anti-mBP180 antibodies and
showed deposition of IgG and C3 at the DEJ (Fig. 2, E-G).
Histologic examination revealed no subepidermal separation
nor neutrophilic infiltration of the dermis (Fig. 2 H).

These findings were substantiated by the more quantitative
assessment of neutrophilic infiltration which involved determi-
nation of tissue MPO activity levels (Fig. 3). The skin of posi-

Figure 2. Clinical, IF, and histological exami-
nation of neonatal BALB/c mice pretreated
with neutrophil-depleting antibodies and then
injected with pathogenic rabbit anti-mBP180
IgG. The anti-mBP180 IgG induced extensive
blistering disease (A). The skin of these ani-
mals showed linear deposition of rabbit IgG
(B) and murine C3 (C) at the BMZ, as deter-
mined by direct IF. H/E staining revealed epi-
dermal-dermal separation with a neutrophilic
infiltrate (D). In contrast, neonatal BALB/c
mice depleted of neutrophils and injected in-
tradermally with pathogenic rabbit anti-
murine BP180 IgG showed no evidence of
skin disease (E). Direct IF demonstrated
BMZ deposition of rabbit IgG (F) and murine
C3 (G). Histologic examination showed no
epidermal-dermal separation and little inflam-
mation (H). D, Dermis; E, epidermis; V, vesi-
cle; arrow, site of antibody labeling. X400.

tive control mice (pretreated with either PBS or normal rabbit
IgG, in place of the anti-PMN antibody, and then injected with
pathogenic R621 IgG) showed elevated levels of tissue extract-
able MPO activity (0.888=0.036 U/mg protein), which indi-
cated the presence of neutrophils. In contrast, PMN-depleted
animals injected with the pathogenic anti-mBP180 IgG showed
significantly lower levels of MPO activity in their skin
(0.2990.028 U/mg protein, P < 0.001). These data, together
with those from histological examination, demonstrated that
blocking PMN recruitment into the DEJ site is correlated with
a neutralization of the pathogenic activity of the rabbit anti-
mBP180 antibodies, thus suggesting that PMNs may play an
essential role in blister formation in experimental BP.
Intraperitoneal injection of IL-8 reduces tissue PMN accu-
mulation and inhibits blister formation in normal BALB/c mice
treated with pathogenic anti-mBP180 IgG. Intravascular injec-
tions of IL-8 have been used to sequester PMNs into the
venules of animals, thus inhibiting neutrophil accumulation at
sites of acute inflammation (23, 24). We applied a modification
of this strategy (sequestration of neutrophils in the peritoneal
cavity of mice) to further investigate the role of neutrophils in
experimental BP. A group of eight neonatal BALB/c mice re-
ceived a single intraperitoneal injection of IL-8 (10 ng/g body
wt in 100 pl of PBS), while a control group of age- and weight-
matched mice received 10 ng BSA/g body wt in 100 ul of PBS.
After 60 min, each animal received an intradermal injection of
anti-mBP180 IgG (2.5 mg/g body wt). Control mice, without
IL-8 pretreatment, developed extensive blisters 12 h after the
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Figure 3. Systemic treatment with an anti-PMN antibody depletes
circulating neutrophils and abolishes dermal-epidermal blistering in
BALB/c mice. The negative control animals (bars 3 and 4) were in-
jected intradermally with normal rabbit IgG (2.5 mg/g body wt) while
the positive and anti-PMN-treated groups (bars / and 2) received
an intradermal injection of pathogenic anti-BP180 IgG, R621 (2.5
mg/g body wt). Tissue MPO activity (mean*=SEM) in skin at the in-
jection site was determined 12 h after IgG administration. n = 9 for
each group. *P < 0.001, Student ¢ test for paired samples (bars 2, 3,
or4vs. ).

anti-mBP180 IgG injection (Table III). These blisters were
subepidermal, as determined by histological examination, and
were accompanied with neutrophilic infiltration of the dermis.
In contrast, neonatal mice that received an intraperitoneal in-
jection of IL-8 resulted in significant decrease of neutrophils in

Table I11. Summary: The Role of Neutrophils in BP
Blister Formation

Chemoattractant ~ Number of  Disease

Host mice IgG injected injected mice activity*
BALB/c R621 — 28 3+
BALB/c R621 + A31140 — 9 —
CS-sufficient R621 — 9 3+
CS-deficient R621 — 17 —
R621 id. IL-8 12 3+
R621 id. C5a 8 3+
R622 id. IL-8 8 3+
R50 id. IL-8 8 —
R621 ip.IL-8 8 —

*Disease activity is scored on a scale of — to 3+. — means no detectable
skin lesion; 3+ means intense erythema with frank epidermal detach-
ment sign involving > 50% of the epidermis in the IgG-injected site. See
Methods for details.
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Figure 4. Intraperitoneal injection of IL-8 blocks dermal-epidermal
separation by inhibiting neutrophilic infiltration. Neonatal BALB/c
mice receiving an intraperitoneal injection of either BSA (bars / and
3) or IL-8 (bars 2 and 4) were given an intradermal injection of either
pathogenic anti-BP180 IgG, R621 (bars / and 2), or normal control
IgG (bars 3 and 4). Tissue MPO activity (mean+SEM) in skin at the
injection site was determined 12 h after IgG administration. n = 8 for
each group. *P < 0.001, Student ¢ test for paired samples (bars 2, 3, or
4vs. 1).

peripheral blood and became resistant to the pathogenic ef-
fects of anti-mBP180 IgG (Table III). The skin of these ani-
mals showed no evidence of subepidermal vesiculation and an
absence of neutrophilic infiltration. Quantitation of intrader-
mal PMN accumulation by analysis of MPO activity revealed
significantly lower levels in IL-8 pretreated mice as compared
with BSA pretreated controls (0.337%=0.056 vs. 0.960%0.100,
respectively, P < 0.001) (Fig. 4). These findings supported the
hypothesis that the recruitment of neutrophils into the tissue
site is an essential step in the pathogenesis of subepidermal
blister formation in the experimental model of BP.
Intradermal injection of IL-8 or C5a induces PMN accumu-
lation and confers upon C5-deficient mice susceptibility to the
pathogenic effect of anti-mBP180 IgG. As part of a previous
study, we had shown that C5-deficient mice were resistant to
the pathogenic effects of anti-mBP180 IgG (13). The injected
rabbit IgG and murine C3 were found deposited at the DEJ of
these mice, but there were no signs of neutrophilic infiltration
or subepidermal blistering. In an attempt to circumvent this
pathogenic block by artificially recruiting neutrophils to the
dermis of the C5-deficient mice, the animals were given an in-
tradermal injection of IL-8 or C5a before, or coincident with,
the treatment with anti-mBP180 IgG. We showed, by MPO ac-
tivity assays, that intradermal administration of IL-8 or C5a in
these mice resulted in a dose-dependent PMN accumulation at
skin sites (data not shown). Significantly, the pathogenic IgG
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Figure 5. In vivo reconstitution of neutrophils at the tissue site by in-
tradermal injection of IL-8 or C5a restores the pathogenic effect of
anti-BP180 IgG in neonatal C5-deficient mice. C5-sufficient (bars /
and 2) or C5-deficient mice (bars 3-10) were injected intradermally
with either pathogenic R621 IgG alone (bars 2 and 3), nonpathogenic
R622 IgG alone (bar 8), IL-8 alone (bar 4), or C5a alone (bar 6), or
both IgG and chemoattractant (bars 5, 7, 9, and 10). C5-deficient
mice coinjected with IL-8 or C5a and pathogenic R621 (bars 5 and 7)
as well as nonpathogenic but indirect IF-positive R622 (bar 9), but
not the control R50 IgG (bar 10), developed subepidermal blisters.
The IgG dose was 2.5 mg/g body wt. Doses for IL-8 or C5a were 50
ng/mouse. Tissue MPO activity (mean+SEM) in skin at the injection
site was determined 12 h after IgG administration. n = 8 for each
group. *P < 0.001, Student ¢ test for paired samples (bar / vs. 2; bars 3
and 4 vs. 5; bar 6 vs. 7; bar 8 vs. 9). See Methods for details.

from the anti-mBP180 serum R621, which is incapable of in-
ducing disease in C5-deficient mice (13), induced extensive
blistering in these animals (n = 8) after intradermal injection
of IL-8 (Table III). Histological examination of the skin of
these mice showed typical subepidermal separation and neu-
trophilic infiltration of the dermis. Interestingly, higher values
of MPO activity were obtained from skin extracts of C5-defi-
cient mice coinjected with IL-8 and anti-mBP180 IgG as com-
pared with animals injected with anti-mBP180 IgG alone (Fig.
5). The mean MPO activity level in skin extracts of C5-defi-
cient mice coinjected with anti-mBP180 IgG and IL-8 was
0.968+0.084/mg protein (Fig. 5). This value is very close to the
mean value obtained from CS5-sufficient mice injected with
anti-mBP180 IgG alone (0.828+0.058/mg protein), and repre-
sents a 9.3-fold increase over the mean value obtained from
the mice injected only with anti-mBP180 IgG (0.104*0.017;
P < 0.001). Very similar results were obtained when C5a was
used instead of IL-8 in the passive transfer experiments with
C5-deficient and C5-sufficient mice. The control group of C5-
deficient mice (n = 17), which were pretreated with BSA in
place of the neutrophil chemoattractant, showed no dermal in-
flammation or blistering in response to injection with R621 IgG.

We have also reported previously that not all rabbits im-

munized with the mBP180 antigen produce pathogenic anti-
bodies (18). For example, R622 IgG, when injected into either
BALB/c or C5-deficient mice, binds to the DEJ, but does not
activate complement nor does it induce an inflammatory skin
disease (18, also see Table I). Interestingly, these mice (n = 8),
when coinjected intradermally with R622 IgG and the neutro-
phil chemoattractant, IL-8, developed extensive subepidermal
blisters with a significant increase of MPO activity at the le-
sional site (0.2060.025/mg protein when treated with R622
IgG alone vs. 0.878%0.063/mg protein when R622 IgG and
IL-8 were coinjected, P < 0.001) (Fig. 5). In the final series of
experiments, C5-deficient mice (n = 8) were coinjected intra-
dermally with R50 IgG and the neutrophil chemoattractant, IL-8.
However, R50 IgG, which does not bind to the DEJ (18, also
see Table 1), did not trigger subepidermal blisters in C5-defi-
cient mice, even when coinjected with IL-8 (Fig. 5).

Discussion

The aim of this study was to directly assess the role of neutro-
phils in the pathogenesis of subepidermal blister formation in
the experimental model of BP. This animal model involves the
injection of neonatal mice with rabbit antibodies that show a
restricted specificity for a short stretch of the extracellular do-
main of the murine BP180 antigen (12, 18). Rabbit antibodies
recognizing other epitopes of this antigen were found to be
harmless in these passive transfer experiments. It was also
demonstrated that pathogenic anti-mBP180 antibodies trigger
the subepidermal blistering disease only when the complement
cascade was intact and active (13). Thus, the pathogenicity of
rabbit anti-mBP180 antibodies is dependent on both the fine
specificity and the complement fixing properties of these IgG
molecules. In this report, we define a major role for the com-
plement system and the relevance of neutrophils as effector
cells in anti-mBP180-mediated lesion formation.

To test the role of neutrophils, we first documented the
sequential in vivo events of immune complex formation, com-
plement activation, neutrophil influx, and dermal-epidermal
separation by a time course study. The clinical and immunohis-
tological findings as well as the levels of MPO activity in ex-
tracts of lesional and nonlesional skin of these mice were
established at each time point. The results of these studies
demonstrated a direct correlation between neutrophilic infil-
tration (as quantified by MPO activity levels at the lesional
site) and the degree of subepidermal blistering after local
(intradermal) or systemic (intraperitoneal) injection of anti-
mBP180 IgG. Subepidermal blistering mediated by anti-
mBP180 antibodies was triggered more rapidly (as determined
by both visual and microscopic examinations) when the IgG
fraction was administered by intradermal versus intraperito-
neal injection, presumably due to the speed of access to its tar-
get antigen (i.e., the BP180 protein) and the local IgG concen-
tration effect.

To determine whether neutrophils play an essential role in
anti-mBP180 induced subepidermal blistering, neonatal BALB/c
mice were made neutropenic by two depletion methods, one
by treatment of the animals with a cytotoxic antineutrophil an-
tiserum, and another by intraperitoneal injections of IL-8,
which sequesters neutrophils in the peritoneal cavity. Both of
these methods were shown to be effective in inducing neutro-
penia in the experimental animals (23-27). In both experimen-
tal groups, the mice became resistant to the pathogenic effects
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of the anti-mBP180 IgG, despite the fact that rabbit anti-
mBP180 IgG reached high titers in the circulation of these ani-
mals and was deposited at the cutaneous BMZ along with mu-
rine complement. As expected, neutrophilic infiltration of the
dermis of these animals was minimal or absent, as determined
by H/E and MPO analyses. These findings provided strong
support for the hypothesis that neutrophilic infiltration to the
target tissue is an obligatory step in the formation of sub-
epidermal blisters induced by pathogenic anti-mBP180 anti-
bodies.

To further investigate this hypothesis, a series of passive
transfer experiments was performed on C5-deficient mice. In
agreement with the findings from a previous study by our re-
search group (13), intradermal injection of anti-BP180 anti-
bodies into these mice resulted in the deposition of rabbit IgG
and murine C3 at the DEJ, but did not induce neutrophilic in-
filtration of the dermis nor any signs of blistering disease. Sig-
nificantly, when a potent neutrophil chemoattractant, such as
1L-8 or C5a, was coadministered with the anti-mBP180 anti-
bodies, the C5-deficient mice showed both clinical and histo-
logical evidence of neutrophilic infiltration of the dermis and
subepidermal blistering. The formation of these cutaneous le-
sions was dependent upon the presence of both the anti-
mBP180 IgG and the neutrophil chemoattractant, since intra-
dermal injection of the chemoattractant (without anti-mBP180
antibodies) induced intensive neutrophilic infiltration of the
dermis without subepidermal blister formation in both C5-
deficient and C5-sufficient mice. It has been shown previously
that intradermal injections of these chemoattractants induce a
dose-dependent accumulation of neutrophils in the injected
dermal sites of the skin of rats (28), rabbits (29, 30), humans
(31, 32), and mice (33, 34).

Our results with the C5-deficient mice provide further sup-
port for the conclusion that neutrophil recruitment to the DEJ
is an essential step in anti-mBP180-induced subepidermal blis-
tering. Moreover, the findings from these neutrophil reconsti-
tution experiments suggest that the main role of C5a in subepi-
dermal blister formation is to recruit neutrophils to the target
tissue site. This function of C5a can be carried out via a direct
effect on neutrophils and/or by upregulating the expression of
other neutrophil chemoattractants, such as IL-8. In fact, this
dual function of C5a has been documented previously (35, 36).
Since administration of C5a or IL-8 to C5-deficient mice re-
verses the animals’ resistance to the pathogenic effects of anti-
mBP180 IgG, this suggests that the membrane attack complex
(C5-9) does not play a key role in the initial stages of tissue
damage triggered by anti-mBP180 IgG.

In a final series of experiments, we demonstrated that anti-
mBP180 antibodies present in serum R622, which are non-
pathogenic by passive transfer experiments, become patho-
genic, if coinjected intradermally with C5a or IL-8. It was
reported previously that anti-mBP180 antibodies of both R621
and R622 sera bound to the cutaneous BMZ of BALB/c mice,
but only R621 was able to fix murine C3 and promote neutro-
philic infiltration of the dermis and subepidermal blistering
(18). These observations strongly suggest that the functional
difference between the anti-mBP180 antibodies of R621 and
R622 sera, in terms of triggering subepidermal blistering, lies
in their capacity to activate complement in vivo. It is also feasi-
ble that the differences exhibited by these two anti-mBP180
preparations may be due to differences in ability to stimulate
local cells (presumably basal keratinocytes or mast cells) to re-
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lease proinflammatory mediators which subsequently lead to
complement activation and neutrophilic infiltration. Support
for this scenario was provided by our recent molecular map-
ping study of the pathogenically relevant BP180 epitope (18).
We showed that R621 and R622 IgG reacted with distinct sites
on the BP180 antigen. In these studies, we further demon-
strated that R50 IgG, which binds to denatured BP180 antigen
as determined by immunoblotting, but which does not bind to
native BP180 as determined by direct and indirect IF, failed to
trigger subepidermal blistering in mice when coinjected with
IL-8.

Despite the striking similarities in the immunopathological
features of the experimental model of BP and the human dis-
ease, there is one conspicuous difference. The inflammatory
infiltrate of early lesions in human BP shows large numbers of
eosinophils (1), while in the mouse model, neutrophils are the
predominant inflammatory cell type in the perilesional sites
(12). The time course study uncovered no signs of eosinophil
recruitment into the injection site of the mice up to 24 h after
passive transfer of pathogenic anti-mBP180 IgG, while exten-
sive subepidermal blistering was seen by 12 h after injection.
Therefore, it is quite clear that in experimental BP, eosinophils
do not play an important role in the initial stages of subepider-
mal blistering. In fact, neutrophil-predominant forms of BP
have been described in which eosinophils are absent in the
inflammatory cell infiltrate (37). These patients suggest that
eosinophils are not a requirement for blister development. It is
worth noting that most patient biopsies are obtained > 24 h af-
ter the initial onset of disease activity. It is possible that if the
mouse model were maintained long term that eosinophils might
be recruited in a more chronic phase. While at this point we
cannot rule out the possibility that there are critical differences
in the pathogenic mechanisms of human BP and the BP mouse
model, it remains quite possible, given the available informa-
tion, that eosinophils are not directly involved, or play only a
secondary role, in the initiation of human BP. These cells may
well be important in later stages of the disease, e.g., wound
healing after tissue damage.

In summary, this study provides the first direct evidence
that neutrophils are indeed important effector cells in the
pathogenesis of blister formation in the experimental model of
BP. This conclusion is further reinforced by the finding that
subepidermal blistering in the experimental BP model is medi-
ated by molecular interaction between Fc of anti-BP180 IgG
and Fc receptors of neutrophils and is dependent upon neutro-
phil elastase activity (Liu, Z., S.A. Twining, X. Zhou, G.J. Giu-
dice, J.A. Fairley, and L.A. Diaz, manuscript submitted for
publication; Liu, Z., X. Zhou, G.J. Giudice, J.A. Fairley, and
L.A. Diaz, manuscript in preparation). In this study we also
showed that C5a has an essential function in this pathogenic
mechanism which involves recruiting neutrophils to the target
tissue site. In addition to shedding new light on the pathogene-
sis of BP, these findings suggest new directions for disease in-
tervention.
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