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BP180 (collagen XVII) is the target antigen in several autoimmune diseases including bullous pemphigoid (BP).
Both IgE and IgG class autoantibodies have been shown to be pathogenic in BP; however, studies designed to
elucidate the patho-mechanisms mediated specifically by the IgE-class autoantibodies are limited by the low
levels (ng/mL) of IgE in human sera. In this report, we developed mouse IgE class monoclonal antibodies
(MAbs) against the immunodominant NC16A domain of the human BP180 protein and characterized two of the
resultant MAbs, designated 395A5 and 395D2. Epitope mapping studies revealed that both MAbs target seg-
ment 2 of NC16A, as was described for IgE and IgG class BP autoantibodies. Also similar to BP IgE, MAb 395A5
showed indirect immunofluorescence labeling of the basement membrane zone (BMZ) of human skin, stimu-
lated histamine release from mast cells when triggered with NC16A, and induced keratinocyte production of IL-
8. The 395D2 MAb was also able to trigger antigen-specific histamine release from mast cells; however, in
contrast to BP IgE and 395A5, 395D2 did not label the cutaneous BMZ, nor did it induce IL-8 production in
keratinocytes. In summary, these studies underscore the importance of functionally characterizing MAbs gen-
erated for use in human disease models. The 395A5 IgE class murine MAb was shown to share several key
functional properties with the pathogenically active IgE produced by BP patients. We therefore expect that this
MAb will prove to be a useful tool for dissecting the mechanisms used by BP180-NC16A-specific IgE antibodies
in the induction of BP skin lesions.

Introduction

BP 180, also termed type XVII collagen or BPAG2, is
a component of hemidesmosomal adhesion complex

that is critical for maintaining adhesion of the epidermis to the
underlying dermis of the skin. BP180 is the cellular target
of autoantibodies in a family of subepidermal autoimmune
blistering diseases, including mucous membrane pemphigoid,
lichen planus pemphigoides, linear IgA dermatosis, pemphi-
goid gestationis, and bullous pemphigoid (BP). In BP, both
IgG- and IgE-class autoantibodies specific for BP180 are found
in the circulation and bound to the basement membrane zone
(BMZ) of affected skin.(1–4) These two classes of autoantibodies,
which have been shown to target the same cluster of epitopes
located within the non-collagenous 16A region (NC16A) of
BP180, are produced by the vast majority of BP patients (IgG,
94% of patients; IgE, > 85%).(1,5–7)

Early work probing the pathogenesis of BP in in vitro and
in vivo models demonstrated a role for IgG class auto-
antibodies(6,8–10); however, none of these IgG-based models

were able to recapitulate the early phase of lesion develop-
ment in the human disease. The first evidence that BP IgE
autoantibodies can fill this gap came from studies employing
a model in which human skin was grafted onto nude
mice.(11) In these studies, injection of physiologic concen-
trations of BP IgE (6–47 ng in a volume of 100 mL) into the
xenografts resulted in urticarial plaque formation, eosino-
phil influx, mast cell degranulation and spontaneous sub-
epidermal blistering, thus replicating the early phase of BP
lesion development that was lacking in the IgG-based BP
models.(6,8,9)

In another model of IgE autoimmunity, Zone and co-
workers(12) generated MAbs specific for part of the shed ec-
todomain of BP180, termed LABD97, which is the antigenic
target in linear IgA disease.(13,14) Injection of these hybrid-
omas into human skin grafted onto mice reproduced many of
the features of BP180-specific IgE in vivo. Although the
NC16A region of BP180 is the major antigenic target in BP,
these studies showed that antibodies to BP180 sites outside of
the immunodominant region can also be pathogenic.
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To further define the pathogenic mechanisms elicited by
the BP180-specific IgE, affinity purification of these auto-
antibodies and removal of IgG are necessary. However, the
concentration of IgE in BP sera––as in normal sera––is typi-
cally quite low (in the range of 50–150 ng/mL),(15,16) and the
difficulty in obtaining sufficient quantities of blood from un-
treated BP patients to carry out these IgE purifications has
hampered the rate of progress in this area of research. To
circumvent this problem, we have generated and character-
ized IgE class MAbs specific for the immunodominant
NC16A region of human BP180. We report here that these
MAbs replicate many of the effects of the human IgE auto-
antibodies in vitro. These MAbs should facilitate further in-
vestigations into the pathogenic mechanisms of IgE class
autoantibodies in autoimmune skin diseases targeting BP180.

Materials and Methods

Expression and purification of recombinant
forms of NC16A region of human BP180

For the epitope mapping studies, we used glutathione S-
transferase (GST) fusion proteins containing a series of over-
lapping segments of the BP180 NC16A domain. The cDNA
cloning, expression, and purification of these recombinant
proteins were described previously.(5,17,18) Briefly, cDNA en-
coding the entire NC16A domain, or overlapping segments
thereof, were obtained by PCR amplification and cloned into
the pGEX-2T vector (GE Healthcare Life Sciences, Piscataway,
NJ). The relative positions of the BP180 subdomains have
been described(5) and are referred to as NC16A1, NC16A2,
NC16A2.5, NC16A3, and NC16A1-3. The corresponding GST
fusion proteins and GST alone were expressed in Escherichia
coli (Rosetta strain) and purified from bacterial lysates using
glutathione-agarose affinity chromatography, as described.(5)

Immunization of mice and monoclonal
antibody production

The immunization and cell fusion required to generate IgE
MAbs specific for the NC16A region of BP180 were performed
in collaboration with Open Biosystems (Lafayette, CO).
Briefly, female Swiss Webster mice (*10 weeks of age, n = 5)
were subcutaneously immunized on days 0, 14, 28, and 42
with purified recombinant full-length NC16A (10mg) sus-
pended at a 1:1 ratio in Imject� Alum (Pierce, Rockford IL).
Sera were obtained 13 days after the second, third, and fourth
immunizations (days 27, 41, and 55) and screened initially for
murine IgE production by ELISA (Bethyl Laboratories,
Montgomery, TX). IgE positive sera were tested by immu-
noblot for reactivity to purified recombinant NC16A-GST and
GST (control).(7) After transfer of proteins to nitrocellulose
membranes, sera were diluted 1:5 and incubated overnight at
4�C as primary antibodies. Reactivity was determined using
anti-mouse IgE-HRP (Bethyl Laboratories). Mice with the
strongest specific reactivity (n = 3) received a final booster
immunization (20 mg) 3 days prior to cell fusion. The spleens
were harvested and fused to the mouse myeloma cell line
P3x63Ag8.653.(19)

Hybridoma supernatants were screened for IgE production
using a mouse IgE ELISA (Bethyl Laboratories). Positive su-
pernatants were diluted 1:2 and screened for specific reac-
tivity to NC16A by immunoblot, as described above. Those

with the highest NC16A-specifc reactivity were expanded
and cloned by limiting dilution. The 395 clone was selected,
recloned, and rescreened for NC16A-specific IgE by immu-
noblot. For antibody production, 200 · 106 cells were placed in
the cell chamber of a bioreactor (Integra Biosciences, Hudson,
NH) in CD hybridoma medium supplemented with 10 nM 2-
mercaptoethanol and L-glutamine (all from Gibco, Carlsbad,
CA). Antibodies were purified from cell supernatants,
quantitated by ELISA, and specificity was confirmed by
immunoblot.

To confirm the isotype of our IgE MAbs, expression of
immunoglobin heavy chain cDNA was confirmed by RT-PCR
using immunoglobin epsilon (CH1) and gamma (CHG1 or
CHG2,3) specific primers.(20) Poly-A + RNA from the 395
hybridomas and HD18 (a IgG murine hybridoma control) was
purified using the FastTrack 2.0 kit (Invitrogen, Carlsbad, CA)
and RT-PCR was carried out using the SuperScript III One-
Step RT-PCR system (Invitrogen) with appropriate com-
binations of the following primers. VH1 (forward):
5¢-ATGGCCSAGGTSMARCTGCAGSAGTCWGG, along
with one of the following reverse primers: CHE1: 5¢-AGCC
TAGGGTCATGGAAGCTG; CHG1: 5¢-CTCAATTTTCTTG
TCCACCTTGGTGC, or CHG2,3: 5¢-CTCGATTCTCTTGAT
CAACTCAGTCT. The resulting PCR products were sub-
cloned into the pScript vector and sequence analysis was
performed. Sequence analysis confirmed that the cDNA was
derived from an epsilon chain mRNA. Amplification of the
395 RNA with either of the two gamma-specific primers
yielded no product. RNA from clone HD-18 (previously iso-
typed as CHG1(21)) yielded a cDNA product only when the
CHG1 primer was used.

Purification of IgE from human sera

Sera were obtained from patients with well-characterized
clinical, histological, and immunological features of BP, as
well as from age and sex-matched controls. This study was
approved by the University of Iowa IRB and was carried out
in adherence to the Declaration of Helsinki Guidelines. IgE
was purified from a BP serum known to have a high level of
NC16A-specific IgE by ELISA (BP IgE) or a control (normal
human IgE, NH IgE) serum, using two-step affinity chroma-
tography.(2) First, the IgG was removed with a protein G
column and the IgE was purified from the flow-through using
human e heavy chain-specific monoclonal antibody (HB-235;
ATCC, Manassas, VA) coupled to Affi-Gel HZ (Bio-Rad,
Hercules, CA). Final IgE concentrations were determined by
ELISA (Immunology Consultants Laboratory, Newberg, OR).

Immunofluorescence microscopy

Cryosections (5mm thick) of normal human skin were in-
cubated with undiluted supernatants from 395A5 or 395D2,
IgELB4 (anti-trinitrophenol IgE isotype control; ATCC), or a
1:10 dilution of BP or normal human serum. Sections were
extensively washed and incubated with FITC-conjugated
anti-mouse or anti human IgE as indicated. Slides were
viewed with an epifluorescence Nikon photomicroscope.

Immunoblotting

Human BP sera and murine MAbs were tested by standard
immunoblot analysis for reactivity with the above-described
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recombinant forms of human BP180.(5) Briefly, bacterial
lysates or affinity purified recombinant proteins were
fractionated by SDS-PAGE and transferred to nitrocellulose.
HRP-conjugated anti-human IgG (gamma chain-specific) or
IgE (epsilon chain-specific) and ECL detection were utilized to
visualize bound antibodies (Amersham Pharmacia Biotech,
Piscataway, NJ).

Histamine release assay

The histamine release assay was optimized using a rat ba-
sophil line expressing both human and rat high affinity IgE
receptors, FceRI, RBL-SX-38 (gift from JP Kinet(22)), and the
untransfected parental RBL cells (ATCC). We first established
that the RBL-SX-38 cells were able to bind both human and
murine IgE by flow cytometry (data not shown). For experi-
ments, cells (104/well) were cultured overnight (37�C, 5%
CO2) in a 96-well plate. Next, the medium was aspirated and
cells were incubated for 30 min with serial dilutions of 395A5,
395D2 or IgELB4 MAbs, BP, or NH IgE in order to load the
surface FceRI. These cells were then incubated with optimal
concentrations of either GST-NC16A or GST control protein.
At various times after protein addition, the culture superna-
tants were collected, and histamine content, as an index of
degranulation, was measured by EIA (Immunotech Beckman
Coulter, Brea, CA).

Keratinocyte IL-8 production

Primary cultures of human keratinocytes, obtained at
passage 2 (Cascade Biologics, Portland, OR), were maintained
at < 80% confluence in keratinocyte serum-free medium
(KSFM kit, Gibco).(2) For experiments, 2 · 104 cells/well were
plated into 24-well tissue culture plates and incubated over-
night. The medium was aspirated and fresh medium con-
taining BP or NH IgE or 395A5, 395D2, or IgELB4 MAbs (all at
100 ng/mL) was added to duplicate cultures and incubated as
indicated. Supernatants were collected on ice by careful as-
piration, clarified by centrifugation (6000 rpm, 10 min, 4�C),
and frozen at - 20�C until analyzed. IL-8 content was deter-
mined using a commercially available ELISA kit as directed
(R&D Systems, Minneapolis, MN).

Results

Isolation of mouse IgE class monoclonal antibodies
specific for BP180

Swiss Webster mice were immunized s.c. with a GST fusion
protein of the immunodominant NC16A region of the BP180
protein.(17) After four injections over 8 weeks, the sera of im-
munized mice were screened for specific reactivity to the
NC16A moiety and hybridoma cells were generated through
fusion of immune spleen cells with the myeloma cell line
P3x63Ag8.653.(19) The antibodies produced by the hybrid-
omas were screened first for IgE production by ELISA and
next for NC16A specificity on immunoblots containing both
GST-NC16A fusion protein and GST as a negative control.
From the five immunized mice, four hybridomas maintained
production of NC16A-specific IgE and those were expanded
and cloned by limiting dilution. Clones were tested for the
production of IgE and absence of all other isotypes by ELISA,
and expression of immunoglobin epsilon heavy chain cDNA
was confirmed by RT-PCR analysis.(20)

NC16A reactivity and epitope mapping

The reactivity of the 395 hybridoma subclone supernatants
with lysates of bacteria expressing full-length NC16A-GST or
GST control examined by immunoblot (Fig. 1, left panel). For
epitope mapping, a 45 amino acid stretch of NC16A
(NC16A1-3) was subdivided into three non-overlapping
segments (NC16A1, NC16A2, and NC16A3). Also included in
this analysis was a 17 amino acid segment (NC16A2.5) that
partially overlaps NC16A2 and NC16A3 and contains a
known BP autoantibody epitope that spans the NC16A2/A3
junction.(5,7) Using anti-mouse IgE secondary antibodies, only
two clones (395A5 and 395D2) retained specific reactivity to
NC16A-GST (37 kDa) but not the GST control (Fig. 1A, right
panel). The IgE produced by both 395A5 and 395D2 was
shown to be directed against the 15 amino acid NC16A2

FIG. 1. Mapping of the bullous pemphigoid (BP) IgE MAb
reactive sites by immunoblot. (A) Supernatants of our 395
hybridoma, Clones A5 and D2, were screened for IgE reac-
tivity to either affinity-purified NC16A protein or lysates of
bacteria expressing one of five subregions: NC16A1,
NC16A2, NC16A2.5, NC16A3, or NC16A1–3. Proteins or
lysates were electrophoresed and transferred to a nitrocel-
lulose membrane. Membranes were probed with hybridoma
supernatants (diluted 1:2) as the primary antibody. Anti-
human IgE was used to detect specific reactivity to purified
NC16A protein (left panel) and the NC16A segment 2 sub-
domain (right panel). 395 clone A5 is shown. Similar results
were obtained with 395 clone D2. (B) To ensure specificity,
395 clone A5 and 395 clone D2 were used as primary anti-
bodies on protein blots containing equimolar amounts of
NC16A-GST, GST, and NC16A segment 2, followed by sec-
ondary detection with either anti-mouse IgE or IgG. HD18
(control) is mouse IgG specific for NC16A.
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peptide (Fig. 2, left panel). No specific reactivity is observed
with either clone using an IgG-specific secondary antibody.
The A2 subdomain of NC16A had previously been identified
as an immunodominant site recognized by IgE and IgG au-
toantibodies isolated from BP sera.(5,7)

To confirm specific binding of secondary antibodies the
supernatants of 395 clones A5 and D2 were used as primary
antibodies on protein blots containing equimolar amounts of
affinity purified GST, GST-NC16A, and GST-NC16A2, and
were followed by secondary detection with either anti-mouse
IgE or IgG. HD18 is mouse IgG1 specific for NC16A.(21) Im-
munoreactivity of both 395A5 and 395D2 to NC16A and
NC16A2 was observed using a secondary antibody specific
for murine IgE but not for IgG (Fig. 1B). Interestingly, loading
equimolar amounts of each protein revealed stronger reac-
tivity to the NC16A2 subdomain than was observed against
full-length NC16A.

Binding to basement membrane zone of human skin

Epidermal blistering diseases are characterized by auto-
antibody deposition in the skin. In BP, both IgG and IgE are
bound to the BMZ––the histologic location of the BP180 pro-
tein. One type of BP model utilizes human skin cryosections in
combination with IgG autoantibodies purified from patient

serum to study the mechanisms of BP pathology.(23,24) To be of
use in any model of BP, the 395 IgE MAbs must also bind
native BP180. To examine this, cryosections of normal human
skin were incubated with MAbs 395A5, 395D2, IgELB4, a BP
serum (diluted 1:10) known to have a high level of NC16A-
specific IgE by ELISA, HD18, or a murine IgG isotype control.
Antibody binding to the BMZ was visualized with anti-mouse
IgE, anti-mouse IgG, anti-human IgE, or anti-human IgG, as
indicated. Linear staining at the BMZ (arrows) was evident
with both the 395A5 and BP sera but absent with the 395D2
MAb or the isotype control, IgELB4 (Fig. 2). HD18 also pro-
duced bright linear staining at the BMZ that was not observed
with the mIgG isotype control.

Stimulation of keratinocyte secretion of IL-8

Both BP IgG and IgE autoantibodies have been shown to
elicit a pro-inflammatory response in keratinocytes as mea-
sured by the secretion of IL-8,(2,25) a chemokine known to be
critical for disease pathogenesis.(26) Therefore, the effects of
the 395A5 and 395D2 MAbs on keratinocyte IL-8 production
was compared with that of BP IgE. Keratinocytes were incu-
bated with 100 ng/mL of 395A5, 395D2, IgELB4 MAbs, BP
IgE, or NH IgE; and IL-8 was measured in the culture su-
pernatants by ELISA. As previously reported,(2) keratinocyte

FIG. 2. 395A5, but not 395D2, MAbs bind to the basement membrane zone of human skin. Cryosections of normal human
skin were incubated with MAbs 395A5, 395D2, IgELB4 (IgE isotype control), a BP serum (diluted 1:10), a BP180 specific IgG
MAb (HD18), or a murine IgG isotype control. Antibody binding to the BMZ was visualized with anti-mouse IgE, anti-mouse
IgG, anti-human IgE, or anti-human IgG, as indicated. Antibody binding to BP180 in human skin was evidenced by linear
staining at the basement membrane zone (arrows) using 395A5 MAbs, BP sera, and HD18, but was absent with the 395D2
MAb or the isotype controls.
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treatment with BP IgE resulted in a dramatic increase in IL-8
compared to NH IgE. Likewise, treatment of keratinocytes
with 395A5, but not IgELB4 or 395D2, MAbs stimulated se-
cretion of IL-8 in the same manner as the human BP IgE au-
toantibodies (Fig. 3).

Induction of basophil histamine release

The efficacy of IgE antibodies in releasing histamine is
variable depending on its affinity for its antigen.(27) Basophils
from BP patients have been demonstrated to release histamine
after crosslinking endogenous surface bound IgE by exposure
to recombinant NC16A.(16) Thus, IgE autoantibodies in these
patients are high enough in affinity to produce degranulation.
To determine if the 395 MAbs can also mediate degranulation,
histamine release was examined from RBL-SX basophils after
coating with BP sera or with IgE from 395A5, 395D2, or Ig-
ELB4 MAbs, and then incubating with either NC16A-GST or
GST control. As seen in Figure 4, coating of the RBL-SX cells
with either of the 395 MAbs or BP sera (Fig. 4A, B, respec-
tively) resulted in an NC16A-specific release of histamine.

Discussion

The clinical relevance of IgE autoantibodies in BP was re-
cently demonstrated by the resolution of disease, despite the
continued presence of BP180-specific IgG, after treatment
with omalizumab (anti-IgE that prevents IgE receptor bind-
ing) in a patient unresponsive to conventional therapy.(15)

In vivo and in vitro models of BP have been established to
dissect the mechanisms of the autoantibody-induced pathol-
ogy. These studies suggest that BP IgE can initiate disruption
of hemidesmosomes through antigen binding(2,28) and trigger
degranulation of immune cells through FceRI receptor en-
gagement.(16) However, more complete studies (in vitro and
in vivo) examining the downstream events after IgE autoan-
tibody binding to the immunodominant NC16A region of
BP180 are limited by inherent variability associated with BP
IgE prepared from individual patient sera and the low yields
achieved using the currently available technology. In addi-
tion, these studies utilized total IgE since affinity purifying
adequate amounts NC16A-specific IgE from peripheral blood

FIG. 3. 395A5, but not 395D2, MAbs trigger IL-8 produc-
tion by human keratinocytes. Primary human keratinocytes
were treated with 100 ng/mL 395A5, 395D2, IgELB4, or IgE
purified from a BP patient (BP IgE) or normal control serum
(NH IgE) for 20 h. Cell-free supernatants were collected and
IL-8 was measured by ELISA. (A) Treatment keratinocytes
with 395A5 MAbs, but not 395D2 or IgELB4, triggered re-
lease of IL-8. (B) Similarly, BP IgE, but not NH IgE, triggered
IL-8 secretion.

FIG. 4. 395A5 and 395D2 MAbs mediate NC16A-specific
histamine release. RBL-SX-38 basophils were coated with
395A5, 395D2, or IgELB4 MAbs or IgE purified from two BP
patients (BP IgE1 or BP IgE2) or normal control serum (NH
IgE) for 30 min and washed, and degranulation was trig-
gered by exposure to 100 nM NC16A or GST control protein
for 30 min. (A) MAbs 395A5 and 395D2 triggered greater
histamine release in response to NC16A protein, but not GST
control protein, similar to BP IgE1 and IgE2 (B). Control
antibodies did not trigger NC16A-specific histamine release.
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is not possible using current methods. For these reasons,
previous investigations could not definitively conclude that
the observed effects of BP IgE were due specifically to anti-
BP180 autoantibodies or those of an alternate specificity.

In this study, we used the NC16A region of the BP180
protein as immunogen and produced two specific IgE class
MAbs by hybridoma technology. The mice were immunized
subcutaneously to increase the likelihood of IgE-class anti-
body production; however, this route is known to generate
other classes as well.(19) In addition to the clones (A5 and D2)
described herein, five additional IgE clones with initial IgE
reactivity were obtained; however, they did not maintain
sufficient MAb production to be of use.

The IgE MAbs were subjected to epitope mapping and
characterized for their ability to bind to the BMZ of human
skin, stimulate IL-8 release from human keratinocytes, and
trigger degranulation of basophils in a manner similar to
affinity purified BP IgE. The specific reactivity of both clones
A5 and D2 mapped to the same region of BP180 (NC16A
region 2) as the majority of BP patient antibodies of either the
IgE or IgG class.(5,7) The ability of the 395A5 IgE MAb to
replicate all of the in vitro findings of BP IgE clearly dem-
onstrates its utility in current BP models. In contrast, the
395D2 IgE MAb clone did not bind native BP180 in human
skin cryosections or stimulate IL-8 production by keratino-
cytes but was able to induce degranulation of mast cells. This
suggests that the 395D2 clone is unable to bind NC16A
within the context of the entire BP180 protein, which could
be due to differences in secondary or tertiary structure.
These findings underscore the need for functional charac-
terization of MAbs generated for use in models of human
disease. In summary, the 395A5 IgE MAb should prove to be
a useful tool for further exploration of the mechanisms be-
hind NC16A-specific IgE autoantibody-mediated tissue
damage in BP, as well as in other autoimmune skin diseases
targeting the BP180 hemidesmosomal antigen.
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