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Abstract

Autoantibodies in the skin and sera of patients with epidermolysis
bullosa acquisita bind to a large matrix molecule within the lam-
ina densa region of skin basement membrane. At the site of these
immune complexes, the epidermis separates from the dermis,
which creates a subepidermal blister just below the lamina densa.
The target molecule for the autoantibodies is in close apposition
to fibronectin, a major extracellular matrix molecule that is
abundant in the upper dermis of skin. In this report, we show
specific affinity between fibronectin and the 290,000-D chain of
the epidermolysis bullosa acquisita antigen, and that this affinity
is mediated by the gelatin/collagen-binding domain of fibronectin
(Mr = 60,000). Since blistering in epidermolysis bullosa acquisita
often occurs in the absence of clinical and histological inflam-
mation, a direct interruption in the fibronectin-epidermolysis
bullosa acquisita antigen bond may be involved in the pathogen-
esis of epidermal-dermal disadherence that occurs in this bullous
disease.

Introduction

Epidermolysis bullosa acquisita (EBA)' is a severe chronic sub-
epidermal blistering disease of the skin in which autoantibodies
form immune complexes just beneath the lamina densa com-
partment of the cutaneous basement membrane zone (BMZ)
( 1-5). At this sublamina densa site the epidermis separates from
the dermis, which creates skin blisters. This process often occurs
with minimal inflammation either clinically or histologically.

Anti-BMZ autoantibodies in the serum of patients or eluted
from the BMZof patients' skin bind to a large matrix molecule
in the BMZbeneath stratified squamous epithelium of mammals,
but not of birds, amphibians, or reptiles (6-8). This matrix mol-
ecule, the EBA antigen, is recognized as two chains (Mr
= 290,000, and Mr = 145,000) in Western blots of human skin
BMZprotein extracts reacted with patients' sera or a new mono-
clonal antibody, H3a (6-8). The 290,000-D chain is synthesized
by human keratinocytes (9) and is composed of a 145-kD col-
lagen domain and a 145-kD noncollagen domain that is rich in
carbohydrate (10). These domains are covalently linked, and the
145-kD noncollagen domain can be generated from the 290,000-
D chain after treatment with collagenase.
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1. Abbreviations used in this paper: BMZ, basement membrane zone;
EBA, epidermolysis bullosa acquisita.

BMZcomponents such as laminin, heparan sulfate proteo-
glycan, and type IV collagen have specific affinities for one an-
other that are thought to be necessary for the structure and func-
tion of this morphological unit (1 1-13). The EBA antigen, a
major BMZcomponent, is in close apposition to fibronectin,
another major matrix molecule that is highly biologically active
and found throughout human skin dermis, but is concentrated
in the papillary dermis and may be a component of some BMZs
(14-17).

In this study, we report that the EBAantigen and fibronectin
have specific affinity for each other and that this interaction is
mediated via the collagen/gelatin-binding domain (Mr = 60,000)
of the fibronectin molecule. The affinity between the EBAantigen
and fibronectin may play a role in physiologic epidermal-dermal
adherence, and that the interference of this interaction could
play a role in the blister formation that occurs in EBA.

Methods

Materials. All materials were obtained from Sigma Chemical Co., St.
Louis, MOunless otherwise specified. Humanimmunoglobulin was ob-
tained from Cooper Biomedical Cappel Worthington, Malvern, PA.
Laminin routinely prepared from the Engelbreath Holm Swarm tumor
( 11) and commercially available laminin (BRL Laboratories, Bethesda,
MD) were used. Fibronectin was prepared from human plasma as pre-
viously described (15, 16). Humanplacental extracts containing partially
purified type I and V collagens were prepared according to Sage and
Bornstein (18, 19).

Antibodies. The experimental antibodies used in this study include:
(a) a murine monoclonal antibody, H3a, to the EBAantigen which spe-
cifically stains the lamina densa-sublamina densa interface of the dermal-
epidermal junction in mammalian skin and labels both the 290- and
145-kD chains of the EBAantigen (7); (b) antibodies in the sera of four
EBApatients that behave identically to the H3a monoclonal (6); and (c)
a goat affinity-purified antibody to human skin type I collagen (1 1).

The control antibodies used in this study include (l) a murine mono-
clonal antibody to type IV collagen (20), (it) four normal human sera
(6), and (iii) two normal goat sera.

Western immunoblots. Proteins were extracted from human skin
basement membrane (extract A), separated by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) on a 5% slab gel, elec-
trophoretically transferred to nitrocellulose, and reacted with experimental
and control antibodies as previously described (6, 21).

It has been shown recently that the 290-kD EBAband is composed
of a 145-kD collagenase-sensitive domain and a 145-kD collagenase-
insensitive domain which is rich in carbohydrate (10). Two new methods
for preparing human skin basement membranes were devised to obtain
extracts that only contained the 145-kD collagenase-resistant, carbohy-
drate-rich domain or preferentially contained the 290-kD species which
consisted of both collagenase-sensitive and -insensitive domains. To
preferentially extract the 290-kD species, surgical specimens of human
skin were obtained, washed with cold I MNaCl containing 0.010 M
cysteine and 0.005 Methylenediamine tetraacetate (EDTA; Fisher Sci-
entific Co., Fair Lawn, NJ) (Wash Solution) for I h to inhibit human
skin collagenase, which is localized within the papillary dermis. The skin
was then sliced to 0.4 mmthickness with a Padgett keratotome and
immediately incubated at 4°C in wash solution containing 0.001 M
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phenylmethyl-sulfonyl fluoride (PMSF; Sigma Chemical Co.) with gentle
agitation for 72 h, at which time the epidermis was separated from the
dermal basement membrane. The de-epidermized basement membrane
was placed in liquid nitrogen and pulvarized into a fine powder and
lyophilized. 4 g of dried powder was mixed with 80 ml of 6 Mguanidine
hydrochloride, 0.025 MTris-HC1, pH 8.4, 0.01 Mcysteine, 0.005 M
EDTA, 0.001 MPMSF(extraction solution), and extracted with gentle
stirring at 4VC for 24 h. The extract was centrifuged at 100,000 g for 1
h and the supernatant recovered. The supernatant was dialyzed against
three changes, 2 liters each, of cold distilled water, lyophilized, and the
dried material was weighed and labeled extract B.

6 mg of extract B was solubilized in 3 ml of extraction solution
adjusted to pH 7.2 and lacking cysteine and EDTA, and dialyzed against
three changes, 100 ml each, of 0.025 MTris-HCI, 0.01 Mcalcium acetate,
pH 7.2, 0.001 MPMSF, 0.04 MN-ethylmaleimide, and 0.1% bovine
serum albumin at 4VC. Then, 30 U of bacterial collagenase (Advanced
Biofactures, Lynbrook, NY) was added and the solution incubated at
370C for 48 h. The solution was then cooled in an ice bath for I h, made
0.005 MEDTA, dialyzed against three changes, 2 liters each, of distilled
water at 4VC using dialysis membranes with a 50,000-D cutoff (Spectro-
por, Pittsburgh, PA), and lyophilized. This collagenase-treated preparation
was labeled extract C. Proteins in extracts B and C were handled iden-
tically to those in extract A: separated by SDS-PAGEand subjected to
Western blot analysis with control and experimental antibodies as pre-
viously described (6, 10, 18-21).

The blots were dried and an autoradiogram of the blots prepared
with Kodak X-omat film according to Bonner and Laskey (22).

Western blots labeled with fibronectin. A variation of the Western
blotting procedure was performed in which either laminin (I 1), whole
fibronectin (15, 16), or purified fibronectin cell-binding and gelatin-
binding domains (23, 24) were reacted with the skin BMZproteins rather
than EBAantibodies. The binding of these matrix molecules to proteins
separated and immobilized on the blot was detected by labeling each of
the ligands with 125I-NaI (Amersham Corp., Arlington Heights, IL), ac-
cording to Hunter and Greenwood (25), diluting the labeled proteins to
200,000 or 400,000 cpm/ml in 0.025 MTris-HCI, pH 7.4, 0.2 MNaCl,
and incubating the solutions with lanes of proteins separated on nitro-
cellulose for 3 h at room temperature. The lanes were then washed,
dried, and an autoradiogram prepared as with routine Western blots
(6, 21).

In competition experiments, gelatin, bovine serum albumin, im-
munoglobulin, or laminin at concentrations between 100 and 400 Ag/
ml were added (26) to the labeled ligand solutions before and during the
incubation period to determine if the binding of fibronectin to EBA
antigen could be inhibited. To determine the specificity for the fibronectin-
EBAantigen interaction, identical Western blots of laminin, bovine serum
albumin, immunoglobulin, fibronectin, and extracts containing collagens
I and V incubated with '25I-fibronectin were run in parallel with the
BMZprotein extract. To determine directly which domain of fibronectin
binds to the EBAantigen, a purified 60,000-D gelatin/collagen-binding
domain and a 160,000-140,000 cell-binding domain (23, 24) were labeled
with 251I-NaI and reacted with immobilized proteins in the blots as out-
lined above.

Attempts were also made to block the fibronectin-EBA antigen in-
teraction with EBAantibodies. Western blots were performed with extract
A, and incubated with the H3a monoclonal antibody, with EBApatient's
sera (n = 2) diluted 1:25 (8X concentration of that used in routine blots),
or with an IgG fraction (20 mg/ml) from one EBApatient who underwent
a trial of plasmaphoresis. After incubating the blots for 3 h at room
temperature, the blots were washed and incubated with '25l-fibronectin
or a peroxidase-labeled second antibody for an additional 3 h at room
temperature. The blots were then processed for autoradiography as above
or developed with 4-chloro-1-naphthol to detect membrane bound an-
tibody by standard methods (21).

Results

Antibodies in the sera of EBApatients and the H3a monoclonal
antibody bound to the 290,000- and 145,000-D chains of the

EBAantigen in Western blots of the skin BMZproteins in extract
A as previously described (6, 7) (lanes I and 3, Fig. 1). The other
multiple bands seen on identical Commassie Blue-stained gels
of the BMZextract (lane 6, Fig. 1) remained unlabeled (Fig. 1).
To determine if fibronectin had affinity for any of the bands in
the BMZextract, '25I-fibronectin was incubated with Western
blots of the extract and the subsequent labeling compared with
specific EBA antibodies. The labeled soluble fibronectin incu-
bated on the nitrocellulose sheets of immobilized BMZproteins,
bound to the same 290-kD band as the EBAantibodies (compare
lanes I and 2, Fig. 1). When extract A was used in the blots,
some labeling of the 145-kD EBAband was also apparent just
above the alpha chains of type I collagen. '251I-Fibronectin also
bound to contaminating type I collagen bands in the BMZextract
as expected (26-29) in addition to the EBAantigen chains (Fig.
1, lane 2). All of the other bands in the extract remained unla-
beled except for one: a protein band of 125,000 kD that is un-
characterized. In contrast to fibronectin, '251-laminin (another
large sulfated matrix glycoprotein that is not juxtaposed to the
EBAantigen in vivo) did not bind to the EBAantigen or collagen
bands in the blot at either a 200,000- or 400,000-cpm/ml con-
centration (Fig. 1, lanes 4 and 5).

The Coomassie Blue-stained SDS-polyacrylamide gels and
the Western blots with labeled fibronectin suggested that type I
collagen bands were a major contaminant of the skin BMZex-
tract. To examine this directly, Western blots of the extract were
reacted with antibodies to type I collagen (I 1) (Fig. 2, lane 3).
An affinity-purified goat anti-type I collagen antibody (1 1) la-
beled the alpha (Mr = 118 kD) and beta (M, = 215 kD) type I
collagen chains which are major proteins within the BMZextract
(Fig. 2). The presence of type I collagen within the BMZextract
was helpful as a positive control for fibronectin binding exper-
iments, since fibronectin has high affinity for collagens (1 1, 14,
26-29). Treatment of the BMZextract with collagenase under
highly stringent conditions degraded the 290-kD EBA antigen
chain (lane 2, Fig. 2) and type I collagen (lane 4, Fig. 2) in the
extract, making them unavailable for labeling with their respec-
tive antibodies, and generated the 145-kD collagenase-resistant
portion of the EBAantigen that remained labeled by EBAantigen
antibodies (Fig. 2, lane 2). Extracting the EBA antigen in the
presence of irreversible (cysteine) and reversible (EDTA) col-
lagenase inhibitors (extract B) inhibits the generation of the 145-
kD minor band (compare extract A in Fig. 1, lane I with extract
B in Fig. 2, lane 1). The addition of exogenous collagenase to
extract B degrades the collagenase-sensitive portion of the EBA
antigen and leaves a 145-kD collagenase-insensitive domain (Fig.
2, lane 2). This would suggest that the 290-kD band is composed

AB FN AB

A
s.

145kD- ft

2 3

LN LN CB

Figure 1. Western blot of
skin BMZextract. It was la-
beled with a monoclonal
antibody (AB) to the EBA
antigen (lanes I and 3), '25I-
labeled fibronectin (FN) at
200,000 cpm/ml (lane 2), or
'25I-labeled laminin (LN) at
200,000 cpm/ml (lane 4)
and 400,000 cpm/ml (lane
5). Lane 6 is a Coomassie
Blue (CB)-stained SDS-
polyacrylamide gel of the
basement membrane ex-
tract.

Epidermolysis Bullosa Acquisita Antigen and Fibronectin 1827



a EBA a Type I Figure 2. Western blot of
skin basement membrane
proteins. They were ex-
tracted in the presence of
collagenase inhibitors (ex-

290 kD- w tract B) and incubated with
-f3(I)=215kD inactive boiled collagenase

(lanes 1 and 3) or active
145kD- collagenase (lanes 2 and 4)

-a(I)- 118kD and labeled with antibodies
to the EBAantigen (lanes I
and 2) or type I collagen

2 3 4 (lanes 3 and 4). In the pres-
ence of collagenase inhibi-

tors, much less of the 145-kD EBAantigen band is seen in the extract
(compare lane 1 of this figure with lanes 1 and 3 of Fig. 1). In collage-
nase-treated extracts, anti-EBA antigen antibodies no longer label the
290-kD band, while the 145-kD band becomes prominent (lane 2),
and antibodies to type I collagen no longer label the contaminating
type I collagen in the extract (compare lanes 3 and 4). Note that the
145-kD band in lane 2 is distinct from the contaminating collagen
bands labeled in lane 3. The molecular weights of all of the bands are
calculated from commercially available high molecular weight mark-
ers (Bio-Rad Laboratories, Richmond, CA). Collagens are known to
run anomalously high in SDS-polyacrylamide gels. When the labeled
bands in lane 3 were calculated against purified collagen standards
(gift from Dr. Gerald Mechanic, University of North Carolina School
of Dentistry), they have an M, = 95,000, and an Mr = 195,000.

of two equal-sized 145-kD components: one of which is sensitive
and the other which is insensitive to collagenase (10). EBA an-
tigen, biosynthetically derived in tissue culture, demonstrates
only one single 290-kD band and no 145-kD species (9, 30, 31).
This suggests that the 290-kD band is the native molecule, while
the 145-kD band seen in tissue extracts represents a degradation
product from the 290-kD molecule (9, 30, 31). Moreover, this
experiment shows without a doubt that the 145-kD collagenase-
resistant domain is distinct from the type I collagen chains con-
taminating the BMZextract.

Proteins, including the 145-kD band, in the collagenase-
treated preparation, extract C, failed to label with '251-fibronectin
in Western blots (data not shown). There is some labeling, how-
ever, of the 145-kD band by fibronectin in extract A (lane 2,
Fig. 1). One interpretation of this is that there is incomplete
collagen degradation in extract A, and the observed 145-kD spe-
cies contains enough collagen to label with fibronectin unless
exogenous collagenase is added. Alternatively, it could be argued
that the collagenase treatment alters the extract and inhibits fi-
bronectin binding by some other means not involving collagen
at all.

To determine the specificity of fibronectin binding to collagen
and the EBAantigen chains, the labeled fibronectin was reacted
in parallel Western blots with albumin, laminin, immunoglob-
ulin, fibronectin itself, and extracts containing type I and V col-
lagen. As seen in Fig. 3, the fibronectin readily binds to type I
collagen and the EBAantigen chains in the BMZextract (lanes
I and 2, Fig. 3) as well as the collagen V (lane 7, Fig. 3), but
fails to label laminin (lane 3, Fig. 3). Albumin and immuno-
globulin also failed to bind fibronectin (lanes 4 and 5, Fig. 3) as
previously reported (27-29). Soluble fibronectin does not bind
to fibronectin immobilized on a Sepharose column (27-29). We
were surprised to find that labeled fibronectin bound somewhat
to the fibronectin immobilized on the nitrocellulose. Recently,
however, a "self aggregation" domain on the fibronectin mol-
ecule has been demonstrated (32-34).

A ~~~~~~~~.c:A

00

C 0

Ni E < D

as m Ji m E

kd

290-

a.. .....I ;"

1454- a

F.,

2 34

B.
2 3 4n

:s.:

4m.
2

.s
a)

>a

5 Figure 3. (A) Coomassie
Blue-stained gel of the
BMZextract (lanes I and
2). Other molecules shown
include laminin (lane 3),

5 6 7 bovine serum albumin (lane
4), immunoglobulin (lane

' 5), fibronectin (lane 6), and
0O C type V collagen (lane 7).
0 @ > (B) Western blot of the pro-
2 teinsinA labeled with 12511f LLE fibronectin. The fibronectin

binds to the 290- and 145-
kD EBAantigen bands and
type I collagen in the BMZ
extract (lanes 1 and 2). It
also binds to type V colla-
gen (lane 7), but fails to
bind laminin, bovine serum
albumin, or immunoglobu-
lin (lanes 3-S). It does ap-
pear to bind to fibronectin

_ immobilized on the blot
5 6 7 (lane 6).

To examine the possibility that fibronectin binding to the
EBAantigen chains is mediated by the gelatin/collagen-binding
domain of fibronectin, labeled fibronectin incubations were car-
ried out in the presence of 0, 100, or 200 Ag of gelatin or unrelated
proteins such as bovine serum albumin, immunoglobulins, and
laminin. As seen in Fig. 4 A, the addition of gelatin inhibits the
fibronectin binding to the EBA chains in a concentration-de-
pendent manner. The specificity for this inhibition is seen in
Fig. 4 B, in which the addition of gelatin (lane 5, Fig. 4 B) inhibits
the binding of fibronectin to the EBAchains and type I collagen,
while the addition of laminin, albumin, or immunoglobulin
does not.

To determine directly if the gelatin/collagen domain of the
fibronectin molecule mediated the interaction between EBAand
fibronectin, purified fibronectin fragments (23, 24) were labeled
and incubated with Western blots of the BMZextract. Fig. 5
shows '251I-labeled whole fibronectin compared with the gelatin
and cell-binding fragments by SDS-PAGE. In Fig. 6 a compar-
ison of whole fibronectin, the 60-kD fibronectin gelatin-binding
domain, and the 140-160-kD fibronectin cell-binding domain
reacted with the BMZproteins shows directly that the fibronectin
gelatin-binding domain interacts with the ERAantigen chains.
The cell-binding domain of fibronectin does not react with either
collagens or the EBAantigen chains in the extracts.

Discussion

EBA is a severe blistering disease of the skin in which the epi-
dermis separates from the dermis just below the lamina densa
compartment of the cutaneous BMZ, where autoantibodies are
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Figure 4. (A) Western blot
of the BMZextract. It was
incubated with '251-labeled
fibronectin alone (lanes 1
and 2) or in the presence of
100 ,4g/ml (lanes 3 and 4)
or 200 ,g/ml (lanes 5 and
6) of gelatin. The presence
of gelatin inhibits the fibro-
nectin labeling of the EBA
antigen bands and type I
collagen bands in the ex-
tract. (B) Western blot of
the BMZextract (lanes 1-
6). It was incubated with
'25I-labeled fibronectin
alone (lanes I and 6) or in
the presence of 300 Ag/ml
albumin (lanes 2), laminin
(lane 3), immunoglobulin
(lane 4, or gelatin (lane 5).
The presence of gelatin in-
hibits the fibronectin label-
ing of the 290- and 145-kD
EBAantigen bands and
type I collagen chains in the
extract.

lodged (2-6). This often occurs in the setting of little or no clinical
and histological evidence of inflammation (1). It is possible that
the apparent abrogation of epidermal-dermal adherence may
occur by the direct effects of immune complexes on resident
extracellular matrix molecules and interactions between them.
Large matrix molecules within the BMZhave specific affinities
for each other and bind to one another at specific domains on
the molecules (11-14, 28, 29, 33). It is thought that these mo-
lecular affinities play a role in the functional and structural in-
tegrity of the BMZ. Immunoelectron microscopy with highly
specific antibodies have demonstrated that fibronectin and the
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Figure 5. 5% SDS-polyacrylamide gel of '25I-labeled whole fibronectin
(FN) (lanes 1 and 2, a 60-kD fibronectin gelatin-binding fragment
(Frag.) (lanes 3 and 4), and a 140-160 kD cell binding fragment (lanes
5 and 6).
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Figure 6. Western blot of the BMZex-
tract. It was incubated with '251-labeled
whole fibronectin (FN) (lane 1) at a
200,000 cpm/ml dilution and '25I-labeled
fibronectin gelatin/collagen-binding frag-
ment (Frag.) (lane 2) and "25I-labeled cell-
binding fragment (lane 3) at a 400,000
cpm/ml dilution. Approximately twice the
number of radioactive counts with the
gelatin/collagen-binding fragment were
needed to give equivalent binding to the
EBAantigen bands as whole fibronectin.
This is because the fragment represents
monomeric fibronectin, while the whole
fibronectin is dimeric. The '251-labeled
cell-binding fragment of fibronectin did
not label any of the protein bands in the
BMZextracts (lane 3).

EBAantigen chains are in close apposition within the cutaneous
BMZ(6, 8). In this report, we show that these two matrix com-
ponents have specific affinity for each other and that this inter-
action is mediated by the gelatin/collagen-binding domain on
the fibronectin molecule.

Although we were unable to block the fibronectin-EBA an-
tigen interaction with EBA antibodies in our in vitro Western
blot assay, it is possible that this interaction is perturbed in vivo
when high concentrations of EBAautoantibodies complex with
antigen within the BMZ. It must be emphasized that in our in
vitro system we are using denatured EBAantigen that is isolated
from other matrix components. It cannot be assumed that the
nature of the antigen-antibody complexes and the concentration
of bound antibody in vitro is identical to that found in diseased
skin. Nevertheless, the fact that the EBAantigen and fibronectin
are closely apposed in skin and have specific affinity for each
other in vitro would suggest that this interaction may play a role
in maintaining normal dermal-epidermal adherence, and that
abrogation of this interaction may be relevant to the pathogenesis
of EBA, a butlous disease characterized by a paucity of inflam-
mation.
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