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Epidermolysis bullosa acquisita is an autoimmune
subepidermal blistering disease associated with auto-
antibodies to type VII collagen, the major constituent
of anchoring fibrils. Previous attempts to demon-
strate the blister-inducing potential of autoantibodies
to this protein have failed. To address this question,
we used an in vitro model involving cryosections of
human skin incubated with patients’ autoantibodies
and leukocytes from healthy donors. We show that
sera from 14 of 16 epidermolysis bullosa acquisita
patients, in contrast to sera from healthy controls,
induced dermal-epidermal separation in the cryosec-
tions. Recruitment and activation of neutrophils at
the dermal-epidermal junction was necessary for split
induction, whereas mononuclear cells were not re-
quired. Importantly, patients’ autoantibodies affinity-
purified against a recombinant form of the noncollag-
enous 1 domain of type VII collagen retained their
blister-inducing capacity in a dose-dependent man-
ner, whereas patients’ IgG that was depleted of reac-
tivity to type VII collagen lost this ability. Monoclonal
antibody LH7.2 to the noncollagenous 1 domain of
type VII collagen also induced subepidermal splits in
the cryosections; F(ab�)2 fragments of autoantibodies
to type VII collagen were not pathogenic. We demon-
strate the capacity of autoantibodies to type VII colla-
gen to trigger an Fc�-dependent inflammation lead-
ing to split formation in cryosections of human skin.
(Am J Pathol 2002, 161:301–311)

Epidermolysis bullosa acquisita (EBA) is a chronic sub-
epidermal blistering disease of skin and mucous mem-
branes. It is characterized by the deposition of IgG
and/or C3 at the dermal-epidermal junction (DEJ) of pa-

tients’ skin.1 By indirect immunofluorescence (IF) micros-
copy on 1 mol/L NaCl-split skin, circulating autoantibod-
ies label the dermal side.2 Ultrastructurally, IgG deposits
localize to both the lamina densa and sublamina densa of
the DEJ.3–5 Serum autoantibodies react with a 290-kd
protein by immunoblotting of dermal extracts and immu-
noprecipitation of cellular extracts from keratinocytes and
fibroblasts.4,6 This protein is also referred to as type VII
collagen, the major component of anchoring fibrils. Type
VII collagen is composed of three identical �-chains,
each consisting of a central collagenous triple-helical
portion of 145-kd, flanked by 145-kd (NC1) and 34-kd
(NC2) noncollagenous domains at the amino- and car-
boxy-terminus, respectively.7 Two molecules form anti-
parallel tail-to-tail dimers stabilized by disulfide bonding
through a carboxy-terminal overlap between NC2 do-
mains.8 Epitopes recognized by the majority of EBA sera
were mapped to the NC1 domain of type VII collagen.9–12

In other autoimmune blistering diseases, including
pemphigus and anti-epiligrin/laminin 5 pemphigoid, the
blister-inducing capacity of patients’ autoantibodies has
been demonstrated by passive transfer into neonatal
BALB/c and severe combined immunodeficient (SCID)
mice, respectively.13,14 In addition, autoantibodies to �4
integrin from patients with ocular cicatricial pemphigoid
were shown to induce subepidermal blisters in an in vitro
conjunctival organ culture model.15 Sera from bullous
pemphigoid patients induce dermal-epidermal separa-
tion in cryosections of human skin when co-incubated
with complement and leukocytes from healthy donors.16

Although antibodies from patients with bullous pemphi-
goid do not cross-react with murine skin and do not
induce blisters by passive transfer into neonatal mice,
IgG from rabbits, immunized with recombinant murine
BP180, led to a blistering disease in the mice that mim-
icked bullous pemphigoid.17 However, the blister-induc-
ing capacity of autoantibodies to type VII collagen has
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not yet been unequivocally demonstrated. Previous at-
tempts to induce EBA by passive transfer of patients’
autoantibodies into neonatal BALB/c mice18,19 or human
skin grafted onto SCID mice were not successful.20

Previously, sera from some EBA patients were shown
to induce leukocyte recruitment to the DEJ using a leu-
kocyte attachment assay.21 Modifying this assay, we in-
cubated cryosections of human skin with IgG prepara-
tions from EBA patients and subsequently with
leukocytes from healthy donors. We demonstrate the ca-
pacity of autoantibodies from EBA sera, affinity-purified
against recombinant type VII collagen, to trigger an im-
mune complex-mediated inflammation leading to blister
formation in the cryosections. This effect was shown to be
mediated by autoantibodies to the NC1 domain of type
VII collagen and to involve a Fc�-dependent recruitment
of leukocytes and their activation at the DEJ.

Materials and Methods

Antibodies

Serum samples were obtained from 16 patients with EBA
before the initiation of treatment. Nine of the 16 patients
presented with the noninflammatory type of the disease
and 5 with inflammatory EBA, and in 2 patients the clinical
data available did not allow a precise classification. Two
patients (EBA13 and EBA14) suffered from the childhood
variant of the disease (5 and 6 years, respectively), the
remainder of the patients were adults (mean age, 58
years). All EBA patients were characterized by 1) blisters
on the skin; 2) linear deposits of IgG at the DEJ by direct
IF microscopy; 3) circulating IgG autoantibodies binding
to the dermal side of 1 mol/L of NaCl-split human skin by
indirect IF microscopy (titers ranging from 40 to 1280);
and 4) immunoblot reactivity with type VII collagen ex-
tracted from dermis. By complement-fixation test on neo-
natal foreskin,22 12 EBA sera fixed complement to the
DEJ, whereas 4 sera did not. Serum samples from pa-
tients with bullous pemphigoid (n � 20), pemphigus vul-
garis (n � 6), and from healthy donors (n � 20) were
used as controls. Murine monoclonal antibodies (mAbs)
to type IV collagen (clone CIV 22, IgG1) and to type VII
collagen (clone LH7.2, IgG1) were purchased from
Sigma (St. Louis, MO).

Construction of cDNA for the Type VII Collagen
NC1 Domain

Amplification and cloning procedures were performed as
described previously.23 Briefly, primers for polymerase
chain reactions were synthesized by Perkin-Elmer/Ap-
plied Biosystems (Foster City, CA). DNA sequence data
of type VII collagen were retrieved from EMBL DNA data
bank (Cambridge, UK) using the most recent accession
number NM�000094.7 The full-length 3787-bp NC1-cDNA
(nucleotides 114 to 3878) was generated by applying
nested polymerase chain reaction on a cDNA pool gen-
erated by reverse transcription of total RNA from human
keratinocytes. Restriction sites for SalI and HindIII were

introduced during the nested polymerase chain reactions
using the primer pair p323 gatcaagcttatgacgctgcggcttct-
ggtggccgcgctctg and p326 gatcgtcgacctggccctttgga-
caatacactgggcagggc. The NC1-cDNA was cloned into
linearized pBBH2c (Invitrogen, Carlsbad, CA) resulting in
the recombinant transfer vector pBBHNC1-FL. The pres-
ence of correct inserts was verified by DNA sequence
analysis following the dideoxy method using a Dye-
Dideoxy Terminator kit (Perkin Elmer) and a 377 DNA
sequence analyzer (Perkin Elmer).

Heterologous Expression of Type VII Collagen
NC1 in Sf21 Insect Cells

Spodoptera frugiperda 21 (Sf21) insect cells (Invitrogen)
grown in Grace’s insect medium (Invitrogen) were co-
transfected with the recombinant vector pBBHNC1-FL
and linearized baculovirus AcMNPV DNA (Bac-N-Blue,
Invitrogen) using the liposome technique resulting in re-
combinant baculovirus BV-NC1. For control experiments,
insect cells were co-transfected with linear baculovirus
DNA and transfer vector pBBH2c (lacking NC1-cDNA)
resulting in recombinant baculovirus BV-0. Recombinant
baculovirus clones were identified and purified by plaque
assay. Recombinant NC1 and a vector-specific peptide
of 52 amino acids including only the hexahistidine tag
and a sequence encoded by the multicloning site, but no
NC1 sequence, were expressed by infecting the cells
with recombinant baculovirus BV-NC1 or BV-0 at a mul-
tiplicity of infection of 5.0 and 4.0, respectively. Two days
after infection, the recombinant hexahistidine-tagged
proteins were purified from Sf21 insect cells by immobi-
lized metal chelate affinity chromatography using Ni-NTA
agarose (Qiagen, Valencia, CA). For analysis of expres-
sion and purification of the recombinant protein monoclo-
nal anti-RGSHHH-antibody (Qiagen) was used.23 Protein
concentrations were measured by the Bradford assay
(Bio-Rad, Hercules, CA).

Immunoblot Analysis

Extracts of human dermis were prepared as described.24

Recombinant NC1 or dermal extracts were fractionated
by 8% and 6% sodium dodecyl sulfate-polyacrylamide
gel electrophoresis, respectively, transferred to nitrocel-
lulose, and analyzed by immunoblotting.25

Affinity-Purification of Total IgG and IgG Specific
for Type VII Collagen

IgG from serum of patients and controls was isolated
using Protein G Sepharose Fast Flow affinity column
chromatography (Pharmacia AB, Uppsala, Sweden).26

Antibodies from sera of EBA patients were affinity-puri-
fied using an AminoLink Plus immobilization kit following
the manufacturer’s instructions (Pierce, Rockford, IL). Re-
combinant protein encoded by BV-0 (lacking NC1) and
recombinant NC1 protein (also including the vector-spe-
cific peptide) were covalently coupled to 4% beaded
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agarose at pH 10 and incubated with patient’s serum for
1 hour. Antibodies were eluted with 0.1 mol/L of glycine
buffer (pH 2.5), neutralized with Tris-HCl, and concen-
trated under extensive washing with phosphate-buffered
saline (PBS) (pH 7.2) using Ultrafree 15 filters (Millipore,
Bradford, MA). Flow-through fractions were subjected to
protein G column chromatography and concentrations of
IgG in flow-through and eluted fractions were determined
by absorbance at 280 nm. Reactivity of both fractions
was analyzed by indirect IF microscopy on salt-split skin
and by immunoblotting with cell-derived type VII collagen
or recombinant NC1.

Preparation of IgG F(ab�)2 Fragments

Immunoaffinity-purified antibodies specific to type VII col-
lagen were subjected to pepsin digestion.27 Complete-
ness of fragmentation and reactivity of the F(ab�)2 prep-
arations were tested by indirect IF microscopy on 1 mol/L
salt split-skin using fluorescein isothiocyanate-labeled
secondary antibodies specific to Fab (Sigma) and Fc
(Serotec Ltd., Oxford, UK) portions of IgG, respectively.

Peripheral Blood Leukocytes and Complement

Peripheral blood leukocytes from healthy volunteers were
isolated by a sedimentation gradient medium containing
sodium diatrizoate and dextran 500 (Nycomed, Oslo,
Norway). Cells were harvested, washed twice in RPMI
1640 (Life Technologies, Karlsruhe, Germany), and re-
suspended in the same medium. The cell suspension
was kept on ice and cell viability was tested using trypan
blue; preparations with a viability greater than 95% were
used. To determine the activation status of leukocytes,
the cells were resuspended in medium containing 0.05%
nitro blue tetrazolium (Roth, Karlsruhe, Germany), before
incubation with the cryosections. Subsequently, unfixed
sections were examined by light microscopy for the pres-
ence of dark-blue formazan precipitates. Serum samples
from healthy volunteers served as a source of human
complement and were diluted twofold with RPMI.28

Treatment of Cryostat Sections

Neonatal human foreskin, obtained from routine circum-
cision, was washed in cold PBS, cut in pieces of 5 � 15
mm, embedded in optimum cutting temperature com-
pound (Sakura Finetek Europe B.V., Zoeterwonde, The
Netherlands), and stored at �80°C. Four cryosections of
6 �m were placed in the center of a Superfrost Plus
microscope slide (Menzel-Gläser, Braunschweig, Ger-
many). Sera from EBA patients and controls were heat-
inactivated for 30 minutes at 56°C and diluted twofold in
PBS. Before the treatment of skin sections, protein G
affinity-purified IgG from EBA sera was diluted in PBS to
an indirect IF titer of 80 and the mAb LH7.2 was used at
an indirect IF titer of 1000. When EBA sera were purified
against recombinant type VII collagen NC1, flow-through
and eluted fractions were adjusted to an IgG concentra-
tion of 0.5 mg/ml. Skin sections were washed with PBS for

5 minutes to remove embedding medium before incuba-
tion with 50 �l of diluted sera or antibody preparations (90
minutes at room temperature). After washing the sections
with PBS twice, chambers were prepared as described16

and the leukocyte suspension, mixed 1:1 with either di-
luted fresh or heated serum or medium alone, was in-
jected into the chambers. Incubation occurred in a hu-
midified air incubator containing 5% CO2 for 3 hours at
37°C. Subsequently, chambers were disassembled, sec-
tions were washed in PBS for 10 minutes, air-dried for 10
minutes, fixed in formalin, and stained with hematoxylin
and eosin.

Results

Preparation of the Recombinant NC1 Domain of
Type VII Collagen

The recombinant NC1 domain was expressed in insect
cells infected with baculovirus and purified by immobi-
lized metal chelate affinity chromatography using Ni-NTA
agarose. Sera from 16 EBA patients and mAb LH7.2
reacted with the 145-kd recombinant NC1 domain by
immunoblotting, in contrast to sera from patients with
bullous pemphigoid (n � 20), pemphigus vulgaris (n �
6), and from healthy controls (n � 20).

Sera from EBA Patients Recruit Neutrophils to
the DEJ and Induce Subepidermal Splits in
Cryosections of Human Skin

Cryosections of normal human skin were incubated with
serum samples from EBA patients (n � 16) and, subse-
quently, with leukocytes from healthy donors. IgG from
EBA sera, but not from healthy controls, bound to the DEJ
as revealed by indirect IF microscopy (Figure 1a). Addi-
tion of leukocytes resulted in the recruitment of leuko-
cytes to the DEJ in cryosections that had been incubated
with EBA sera, but not in those incubated with sera from
controls (Figure 1b). We usually observed more back-
ground attachment of leukocytes when the sections were
incubated with EBA sera compared with sections that
were treated with control sera. To investigate the time-
dependency of neutrophil attachment and blister forma-
tion, we incubated the cryosections that had been treated
with sera from patients EBA8 and EBA11 with leukocytes
for 30, 60, 90, 120, and 180 minutes, respectively. Leu-
kocyte attachment to the DEJ was strongest after an
incubation time of 60 minutes (covering 65% of the length
of the DEJ) and declined subsequently (30%, 14%, and
almost no binding at 90, 120, and 180 minutes of incu-
bation, respectively). Dermal-epidermal separation was
first seen after an incubation time of 60 minutes (on 10%
of the length of the DEJ); with longer incubation times, the
extent of dermal-epidermal separation increased and
reached its maximum after 120 minutes (dermal-epider-
mal separation on 60% of the length of the DEJ) (Figure
1e). No dermal-epidermal separation was seen in cryo-
sections treated with control sera (Figure 1f). The extent
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of dermal-epidermal separation was dependent on the
number of leukocytes. At a 2-hour incubation, splits
were seen when we used 107 cells/ml. The separation
became larger with the use of greater numbers of
neutrophils. With numbers exceeding 3 � 107/ml, the
extent of splits did not further increase, but both epi-
dermis and dermis were unspecifically and increas-
ingly damaged. When we used leukocyte numbers
below 107/ml or when we omitted leukocytes, this abol-
ished blister induction completely. Under the opti-
mized assay conditions (incubation with 3 � 107 leu-
kocytes for 120 minutes), 14 of 16 EBA sera induced
dermal-epidermal separation, whereas serum from
EBA13 and EBA14 did not. End-point titers of immuno-
blot reactivity with recombinant NC1 of those EBA sera
that induced a dermal-epidermal separation ranged

from 500 to 5000. End-point titers of immunoblot reac-
tivity of sera EBA13 and EBA14, that were not able to
induce separation, were 1000 and 2000, respectively.
To address the question if the addition of complement
augments the extent of dermal-epidermal separation in
this model, we incubated cryosections that were pre-
viously treated with EBA sera with 1) leukocytes and
fresh serum, 2) leukocytes and complement-inacti-
vated (heated) serum, or 3) with leukocytes alone.
Interestingly, the addition of complement did not in-
crease the extent of dermal-epidermal separation in
the cryosections compared with the extent observed
when complement was heat-inactivated or omitted
completely. Because complement did not play a role in
this model, further experiments did not include fresh
serum as a source of complement.

Figure 1. Serum from an EBA patient recruits neutrophils to the DEJ and induces subepidermal splits. a: Cryosections of normal human skin, incubated with EBA
serum, show IgG deposits at the DEJ by indirect IF microscopy. b: Subsequent addition of leukocytes leads to neutrophil recruitment at the DEJ. Activation of
neutrophils, as revealed by reduction of nitro blue tetrazolium to formazan (dark precipitates), is induced by EBA serum (c), but not by normal human serum
(d). e: With longer incubation times, subepidermal splits develop in the cryosections that were treated with EBA serum. f: In contrast, serum from a healthy donor
does not induce neutrophil recruitment or dermal-epidermal separation. Scale bars, 40 �m.
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Leukocytes at the DEJ Are Activated

To determine whether leukocytes that attach to the DEJ
become activated, we incubated cryosections that had
been treated with patients’ sera (EBA3, EBA10, and
EBA16) with leukocytes in the presence of nitro blue
tetrazolium. After a 30-minute incubation, dark-blue pre-
cipitates of reduced nitro blue tetrazolium (formazan)
were found at both DEJ and stratum corneum (Figure 1c).
In sections treated with normal human serum, no recruit-

ment of cells to the DEJ was observed and blue precip-
itates were restricted to the stratum corneum (Figure 1d).

Granulocytes, but Not Mononuclear Cells, Are
Required for Split Formation Induced by
Autoantibodies from EBA Patients in
Cryosections of Human Skin

To dissect the role of different leukocyte subpopulations
in the split-formation induced by EBA autoantibodies,
granulocytes and peripheral blood mononuclear cells
from healthy donors were separated by gradient centrif-
ugation. The preparations were used at a density of 3 �
107 cells/ml. When incubated with the cryosections that
had been treated with serum from EBA3, EBA10, and
EBA16, only granulocytes (Figure 2a), but not mononu-
clear cells (Figure 2b), were recruited to the DEJ and
induced subepidermal splits.

IgG Purified from Serum of EBA Patients
Retains Its Blister-Inducing Ability

To confirm the results obtained with patients’ sera, we
purified the IgG fractions of five EBA sera by protein G
column chromatography (Table 1). IgG preparations from
patients and controls were used at the same IgG con-
centration. When incubated with the cryosections, IgG
from EBA patients, in contrast to IgG from controls, in-
duced subepidermal splits.

Antibodies Specific to the NC1 Domain of Type
VII Collagen Induce Subepidermal Cleavage in
Cryosections of Human Skin

To characterize the specificity of pathogenic autoanti-
bodies from EBA sera, we purified antibodies from five
EBA patients against a recombinant form of type VII
collagen. Total IgG from the flow-through fractions was
further purified by protein G column chromatography.
The reactivity and specificity of antibodies eluted from
NC1 coupled to agarose and of IgG purified from the
flow-through fractions are summarized in Table 2 and

Figure 2. Granulocytes, but not mononuclear cells, are required for split
induction by autoantibodies from EBA patients in cryosections of human
skin. a: Granulocytes, which were isolated from the blood of healthy donors,
mediate subepidermal cleavage in cryosections treated with an EBA serum.
b: In contrast, mononuclear cells are not recruited to the DEJ and do not
cause subepidermal cleavage.

Table 1. Characterization of Affinity-Purified IgG Preparations*

Patient
IgG

preparation
Concentration†

(mg/ml)
IIF

titer‡
Type VII
collagen§ rNC1¶

EBA4 Total IgG 22.5 160 � �
EBA5 Total IgG 17.5 80 � �
EBA7 Total IgG 25 320 � �
EBA8 Total IgG 62.5 640 � �
EBA11 Total IgG 21.3 160 � �

*Total IgG fractions were isolated from human sera using protein G affinity column chromatography.
†Concentrations of affinity-purified antibodies were determined using absorbance at 280 nm.
‡Antibody titer by indirect IF microscopy on 1 mol/L NaCl-split human skin.
§Immunoblot reactivity with full-length type VII collagen extracted from dermis.
¶Immunoblot reactivity with the recombinant NC1 domain of type VII collagen.

Antibodies to Collagen VII Induce Subepidermal Splits 305
AJP July 2002, Vol. 161, No. 1



representative patterns are shown in Figure 3. Impor-
tantly, when incubated with the cryosections, eluted au-
toantibodies specific to type VII collagen induced sub-
epidermal splits (Figure 3Ca), whereas IgG depleted of
reactivity to the NC1 domain of type VII collagen lost its
blister-inducing ability (Figure 3Cb). To exclude the pos-
sibility that baculovirus- or insect cell-specific proteins
other than recombinant NC1 unspecifically preadsorb the
blister-inducing capacity of EBA sera, we purified three
sera (EBA7, EBA8, and EBA11) against the recombinant
vector-specific peptide, encoded by BV-0, not containing
any NC1 sequence. Eluted fractions of this purification
were unreactive by indirect IF microscopy on salt-split
skin and by immunoblotting with recombinant NC1 (Fig-
ure 4, Aa and B, lane 3), whereas IgG from the flow-
through (preadsorbed serum) stained the dermal side of
salt-split skin by indirect IF microscopy (Table 2, Figure
4Ab) and reacted with recombinant NC1 by immunoblot-
ting (Figure 4B, lane 2). Both eluted and flow-through
fractions were then incubated with the cryosections fol-
lowed by incubation with leukocytes. Eluted fractions did
not cause subepidermal splits, in contrast to flow-though
fractions that were still pathogenic (Figure 4C). These
results demonstrate that preadsorption of type VII colla-
gen-specific antibodies was only achieved with recombi-
nant NC1, but not with other proteins produced by bac-
ulovirus-infected insect cells.

Autoantibodies to Type VII Collagen Induce a
Dose-Dependent Dermal-Epidermal Separation
in the Cryosections

To study the dependency of the extent of split formation
on autoantibody reactivity to type VII collagen, we incu-
bated the cryosections with different dilutions of both
EBA sera and immunoaffinity-purified antibody prepara-
tions followed by incubation with leukocytes. As shown in
Table 3, EBA sera and NC1-specific antibody prepara-
tions with higher indirect IF titers induced more extensive
DEJ separation compared with preparations of lesser
reactivity.

A Monoclonal Antibody to the NC1 Domain of
Type VII Collagen Induces Subepidermal Splits
in the Cryosections

mAb LH7.2, directed to an epitope on the central portion
of the NC1 domain of type VII collagen induced dermal-
epidermal separation of the cryosections (Figure 5a). In
contrast, a mAb to type IV collagen that belonged to the
same isotype and was used at the same IgG concentra-
tion (0.1 mg/ml) was not pathogenic (Figure 5b). The
extent of split formation induced by mAb LH7.2 was less

Table 2. Characterization of Immunoaffinity-Purified Immunoglobulin Preparations

Patient IgG preparation
Concentration‡

(mg/ml)
IIF

titer§
Type VII

collagen¶ rNC1�

Purification against recombinant NC1 encoded by BV-NC1*
EBA4

Eluted fraction 2.7 320 � 2000**
Flow-through fraction 21 � � �

EBA5
Eluted fraction 0.68 160 � 2000**
Flow-through fraction 3.72 � � �

EBA6
Eluted fraction 2.56 160 � 2000**
Flow-through fraction 2.2 � � �

EBA7
Eluted fraction 2.81 160 � 1000**
Flow-through fraction 2.11 � � �

EBA8
Eluted fraction 0.68 320 � 5000**
Flow-through fraction 39 � � �

Purification against the vector-specific peptide encoded by BV-0†

EBA7
Eluted fraction 0.01 � N.D. �
Flow-through fraction 10 320 N.D. �

EBA8
Eluted fraction 0 � N.D. �
Flow-through fraction 12 160 N.D. �

EBA11
Eluted fraction 0.009 � N.D. �
Flow-through fraction 8 160 N.D. �

*Antibodies to type VII collagen from patients’ sera were purified against recombinant NC1 covalently coupled to an agarose matrix.
†Patients’ sera were purified against Ni-NTA-purified lysate of Sf21 insect cells infected with BV-0.
‡Concentrations of affinity-purified antibodies were determined using absorbance at 280 nm.
§Antibody titer by indirect IF microscopy on 1 mol/L NaCl-split human skin.
¶Immunoblot reactivity with full-length type VII collagen extracted from dermis.
�Immunoblot reactivity with the recombinant NC1 domain of type VII collagen.
**End-point titers of immunoblot reactivity with recombinant NC1.
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pronounced when compared with patients’ autoantibod-
ies to type VII collagen and split-induction required a
longer incubation time with leukocytes (3 hours).

F(ab�)2 Fragments of Blister-Inducing
Autoantibodies Lose Their Pathogenicity

To address the question if the Fc portion of autoantibod-
ies to type VII collagen is of importance for blister induc-
tion in our in vitro model, we prepared F(ab�)2 fragments
of antibodies from EBA serum that had been eluted from
recombinant NC1 coupled to agarose. F(ab�)2 fragments,
lacking the Fc portion of the antibody, labeled the dermal
side of NaCl-split skin by indirect IF microscopy (Figure
6, a and b). Interestingly, F(ab�)2 preparations, although
used at the same indirect IF titer (80) as unfragmented
IgG, failed to recruit neutrophils to the DEJ and to induce
subepidermal cleavage when incubated with the cryo-
sections (Figure 6, c and d).

Discussion

In this study, we show the capacity of autoantibodies to
type VII collagen from EBA patients and of a monoclonal
antibody to this protein to trigger an Fc�-dependent in-
flammation leading to blister formation in cryosections of
human skin. Previous attempts to induce EBA by passive
transfer of patients’ autoantibodies into neonatal
mice18,19 or human skin grafted onto SCID mice had
failed.20

In a first set of experiments, we show that serum from
EBA patients, in contrast to serum from healthy donors,
induces recruitment and activation of neutrophils at the
DEJ of cryosections and, subsequently, dermal-epider-
mal separation. Complement was shown not to be re-
quired for split induction or to augment the extent of
dermal-epidermal separation. However, in this model, in
contrast to the in vivo situation, leukocytes do not have to
migrate along a chemotactic gradient from blood vessels
to the DEJ. Instead, by incubating the cryosections with
leukocytes, the cells are placed in close contact with the
DEJ. Therefore, the role of complement in blister forma-
tion of EBA cannot be addressed using this model. Of the
16 EBA sera we tested, 2 did not induce a split. Interest-
ingly, these sera came from two children and showed
high reactivity by both indirect IF microscopy and immu-
noblotting of recombinant NC1. One may speculate that
in these two patients, another pathogenic mechanism
accounts for blister formation, which, in contrast to the
majority of EBA sera, cannot be reproduced in our in vitro
model. In subsequent experiments, our findings with
crude EBA serum were confirmed with the use of IgG
purified from patients’ sera. In contrast to IgG from
healthy controls, patients’ IgG caused dermal-epidermal
separation. The development of subepidermal cleavage
in cryosections that strongly adhere to the glass slide
might be because of a natural tension within the DEJ. In-
deed, bundles of elastic microfibrils of the lamina fibro-
reticularis anchor the basal lamina to dermal elastic fi-
bers.29 Cleavage of components of the anchoring
complexes by leukocyte-derived proteases may release
this tension resulting in a recoil of elastic fibers and
retraction of the dermis from the epidermis.

Clinically, EBA may present as an inflammatory or
noninflammatory disease. Sufficient clinical data to clas-
sify our patients into these two groups was available for
14 of 16 cases included in this study. Nine patients
suffered from the noninflammatory and the remaining five
patients from the inflammatory type of the disease. Serum
from all nine noninflammatory patients and from three
patients with inflammatory disease caused dermal-epi-
dermal separation in the cryosections. The two clinical
phenotypes have in common that the patients develop
subepidermal blisters. This common finding can be re-
produced in our model. However, serum from patients
with both variants required the presence of leukocytes to
induce dermal-epidermal separation in this assay. There-
fore, clinical differences in the patients are likely due to
other factors that cannot be analyzed using this model. In
addition, further studies, based on a larger number of
patients, will have to show if serum from noninflammatory

Figure 3. Immunoadsorption of EBA serum against the recombinant NC1
domain of type VII collagen abolishes split induction. Autoantibodies to type
VII collagen from EBA serum were purified using a recombinant form of the
NC1 domain covalently coupled to an agarose matrix. A: When analyzed by
indirect IF microscopy, IgG eluted from recombinant NC1 retains reactivity
with the dermal side of NaCl-split human skin (a), in contrast to IgG from the
flow-through fraction that completely lost IF reactivity (b). B: By immuno-
blotting, IgG autoantibodies eluted from the column (lane 3) recognized,
like a serum sample from the same patient (lane 1), both full-length type VII
collagen extracted from dermis (arrow) and a recombinant form of its NC1
domain (arrowhead). In contrast, the flow-through fraction (lane 2) or
normal serum (lane 4) showed no reactivity. C: When incubated with the
cryosections, the patient’s autoantibodies specific to type VII collagen NC-1
induce dermal-epidermal separation (a), whereas IgG depleted of reactivity
to the NC1 domain (flow-through fraction) does not (b). Scale bar, 40 �m.
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patients really have a greater split-inducing potential
compared to serum from patients with inflammatory EBA.

The NC1 domain has been characterized as the im-
munodominant region of type VII collagen that is targeted
by the majority of EBA sera.9–12 To characterize the
specificity of split-inducing autoantibodies in these sera,
we produced a recombinant form of the NC1 domain
expressed in baculovirus-infected insect cells. Patients’
autoantibodies were purified against recombinant NC1
that was covalently coupled to an agarose matrix. Impor-
tantly, antibodies eluted from the NC1 column retained
their blister-inducing capacity, whereas IgG that was de-
pleted of reactivity to NC1 lost its ability to recruit neutro-
phils and to induce blisters. In addition, we show a de-
pendency of the extent of split formation on the titer of
NC1-specific autoantibodies. The pathogenic relevance
of the NC1 region was further supported by the finding

that mAb LH7.2, directed to an epitope on the central
portion of the NC1 domain of type VII collagen, in contrast
to a mAb to type IV collagen, also induced subepidermal
splits of the cryosections. The extent of splits caused by
mAb LH7.2 was less pronounced than splits in sections
incubated with patients’ sera. This may be because of the
fact that, in contrast to patients’ autoantibodies, LH7.2 is
directed to a single epitope on type VII collagen. Re-
cently, it was reported that the blister-inducing capacity
of mAbs to the ectodomain of type XVII collagen/BP180,
a major target of autoantibodies in bullous pemphigoid
patients, was enhanced when two mAbs were concur-
rently injected into human skin grafted onto athymic mice
compared with the single use of these mAbs.30 These
and our own results suggest that the extent of split for-
mation may be increased when antibodies target differ-
ent epitopes on the same autoantigen.

Figure 4. Preadsorption of EBA serum against proteins from insect cells infected with recombinant BV-0, lacking NC1-cDNA, does not abolish its blister-inducing
capacity. EBA serum was purified against proteins from insect cells infected with recombinant BV-0 coupled to an agarose matrix. A: By indirect IF microscopy,
IgG eluted from the column that completely lost indirect IF reactivity (a), in contrast IgG from the flow-through fraction stained the dermal side of salt-split skin
(b). B: By immunoblotting, like the original serum (lane 1), the flow-through fraction (lane 2), reacted with recombinant NC1, whereas the eluted fraction (lane
3), like normal human serum (lane 4), was unreactive. C: When incubated with cryosections, in contrast to the eluted fraction (a), the flow-through fraction
retained its ability to induce blisters (b). Scale bars, 40 �m.

Table 3. Serum Samples and NC1-Specific Autoantibodies from EBA Patients Induce a Dose-Dependent Dermal-Epidermal
Separation in Cryosections of Human Skin

EBA sera NC1-specific antibody preparations*

Patient Dilution
IIF

titer†
DES
(%)‡ Patient Dilution

IIF
titer†

DES
(%)‡

EBA8 1:2 80 70 EBA8 1:4 80 65
1:4 40 60 1:16 20 40
1:16 10 40 1:64 5 5
1:160 1 10 1:320 1 0

EBA11 1:4 80 60 EBA11 1:2 80 75
1:8 40 55 1:8 20 50
1:32 10 30 1:32 5 30
1:320 1 5 1:160 1 10

*Antibodies specific to NC1 were purified from the serum of two EBA patients by immunoaffinity column chromatography and incubated with
cryosections of human skin followed by a 2-hour incubation with human leukocytes.

†Titer of antibodies by indirect IF microscopy on 1 mol/L NaCl-split human skin.
‡Length of DEJ with separation in relation to total length (percent).

308 Sitaru et al
AJP July 2002, Vol. 161, No. 1



In a further set of experiments, we studied the impor-
tance of leukocytes for dermal-epidermal separation in
this model. With shorter incubation times (30 to 90 min-
utes), recruitment of leukocytes to the DEJ predominated
over the induction of a cleavage, whereas the extent of
dermal-epidermal separation gradually increased with
longer incubation and reached its maximum after an
incubation of 2 hours. Leukocytes at the DEJ were acti-
vated, as demonstrated by their ability to generate a
respiratory burst. In cryosections that were incubated
with EBA sera, we usually saw more leukocytes scattered
over the section when compared to sections treated with
control sera. This finding may be because of the fact that
neutrophils binding to IgG complexed at the DEJ, in
contrast to neutrophils incubated with sections treated
with IgG from healthy controls, may release proinflamma-
tory mediators (eg, interleukin-8) that may increase an
IgG-independent adhesion of neutrophils to extracellular
matrix proteins, for example mediated by integrins.31–33

By two independent lines of evidence we demonstrate
that dermal-epidermal separation of the cryosections,
induced by autoantibodies to type VII collagen, is de-
pendent on the presence of leukocytes: 1) omitting
leukocytes abolished the induction of subepidermal
splits; 2) in contrast to undigested antibodies, their
F(ab�)2 fragments, that lacked the effector (Fc) portion,
lost the blister-inducing ability when incubated with the
cryosections. In contrast to granulocytes, preparations

Figure 5. A mAb to the NC1 domain of type VII collagen induces subepi-
dermal splits in cryosections of human skin. Incubation of cryosections with
mAb LH7.2, directed to the NC1 domain, and subsequently with leukocytes
leads to dermal-epidermal separation (a), in contrast to a mAb to type IV
collagen that was used at the same IgG concentration (b). Asterisk indicates
the cleavage. Scale bar, 40 �m.

Figure 6. Dermal-epidermal separation is dependent on the Fc portion of autoantibodies to type VII collagen. Patient’s autoantibodies, which had been purified
against recombinant NC1 of type VII collagen, were subsequently subjected to pepsin digestion. Resulting F(ab�)2 fragments labeled the dermal side of 1 mol/L
of NaCl-split skin by indirect IF microscopy using an anti-Fab fluorescein isothiocyanate-conjugated secondary antibody (a), whereas no staining was observed
using a Fc-specific conjugate (b). F(ab�)2 fragments failed to induce blisters (c), in contrast to unfragmented autoantibodies to type VII collagen (d). Scale bar,
40 �m.
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of mononuclear cells were not able to mediate subepi-
dermal cleavage.

In summary, this study demonstrates that antibodies to
the NC1 domain of type VII collagen mediate an Fc�-
dependent neutrophil activation and induce dermal-epi-
dermal separation in cryosections of human skin. Future
studies will be aimed at characterizing the factors that
determine the blister-inducing potential of autoantibodies
to type VII collagen, including the immunoglobulin sub-
class(es) of pathogenically relevant antibodies and their
interaction with Fc� receptors expressed on leukocytes.
In addition, this experimental model may eventually con-
tribute to the development of novel therapeutic strategies
for this disease.
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