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An immunodominant peptide (p185(378–394)) derived from
the c-erbB2 gene product, was recognized by an anti-DNA anti-
body, B3, and importantly by two classical DNA-binding pro-
teins, Tgo polymerase and Pa-UDG. These reactivities were
inhibited by DNA, confirming that the peptide mimicked DNA.
BALB/c mice immunized with p185(378–394) developed signifi-
cant titers of IgG anti-dsDNA antibodies. Screening of 39 human
lupus sera revealed that 5% of these sera possessed reactivity
toward p185(378–394). Representative mouse and human sera
with anti-p185(378–394) reactivity bound intact p185, and this
bindingwas inhibited bydsDNA.This is the first demonstrationof
a naturally occurring autoantigen mimotope. The present study
identifies apotential antigenic stimulus thatmight trigger systemic
lupus erythematosus in a subset of patients.

IgG anti-dsDNA antibodies are serological markers of sys-
temic lupus erythematosus (SLE)2 (1), often reflect disease
activity (2, 3), and possess the characteristics of antibodies aris-
ing in an antigen-driven response, such as high affinity for
dsDNA, class switching to IgG, and somatic mutations in the
variable region gene segments (4). Given that mammalian
dsDNA is a poor immunogen (5) and that some bacterial DNAs
although immunogenic in normal mouse strains, do not elicit
the production of antibodies cross-reactive with eukaryotic
DNA (6, 7), the nature of the original trigger inducing the pro-
duction of these human disease-specific antibodies, remains
unclear. However, a screening of peptide libraries has recently
identified some molecular motifs that are recognized by a sub-
set of murine pathogenic antibodies (8) and that generate anti-
dsDNA reactivity in nonautoimmune mice following immuni-
zation (9). Attempts have also been made to use DNA
mimotope peptides for elimination of the B cells producing
anti-dsDNA antibodies as a therapy of SLE (10). In our study
investigating the role of heavy and light chains of human
autoantibodies in determining their anti-DNA/cardiolipin
binding activity (11), we employed the Fab construct of an anti-
p185 antibody as a negative control. To our surprise, however,
the anti-p185 antibody exhibited significant anti-DNA reactiv-

ity both against calf thymus DNA in traditional ELISA (12) and
against a synthetic oligonucleotide in a novel ELISA (11).
p185 is encoded by a normal cellular gene c-erbB2 present on

chromosome 17 (13) and is homologous to, but distinct from,
the EGF receptor. c-erbB2 is the human analog of the trans-
forming neu proto-oncogene, found originally in a rat neuro-
blastoma cell line (14). The product of the c-erbB2 proto-onco-
gene is a trans-membrane glycoprotein of 185 kDa, which, due
to its structure (15) and localization on themembrane, seems to
be a receptor for a new growth factor (16). In normal breast
cells, c-erbB2 is present as a single gene copy, whereas its ampli-
fication and consequent overexpression have been found in
25–30% (17, 18) of primary human breast cancer cases. This
evidence stimulated a considerable clinical interest in the role
played by the c-erbB2 gene in breast cancer. Different studies
(19, 20) have demonstrated that when overexpressed, the
c-erbB2 gene product represents a tumor-restricted marker.
Anti-p185 antibodies are currently being evaluated for their
immunotherapeutic potential against breast cancer (21, 22, 23).
Interestingly, p185-interacting molecules (e.g. EGF) would

appear to possess reactivity against molecules similar to DNA.
For example, one class of EGF binds heparin, a sulfated polyan-
ion with affinity for DNA-binding proteins in general (24) and
interacts with p185 (25). Given the observed anti-DNA activity
of anti-p185 antibody, we asked if antibodies reactive to DNA
also bind p185. Interestingly, an immunodominant epitope,
p185(378–394), derived from the extracellular domain of p185,
possessed the conserved part of the consensus motif previously
shown to be recognized by a subset of anti-DNA antibodies
(26). Using two well characterized autoantibodies, B3 (anti-ds-
DNA) andUK4 (anti-cardiolipin), in combinationwith the syn-
thetic p185(378–394) peptide, we now report that such cross-
reactivity does indeed exist. These IgG � mAbs were derived
from SLE patients and were selected because of their known
distinct and diverse pathogenic properties. The light chains of
B3 and UK4 are encoded by the 2A2 gene segment known to be
the most commonly used among humans (27) with no known
mouse homologue (28). Furthermore, B3 light chain, earlier
shown to possess anti-DNA activity (11), possesses the 8.12
idiotope and is encoded by theV�2 gene familymost commonly
expressed in humans (27). The 8.12 idiotope is of particular
interest because its presence has been shown in SLE glomerular
lesions, and the titers of 8.12� antibodies are elevated in the
serum of up to 50% of patients with SLE (29). We demonstrate
that anti-DNA and anti-p185 activities co-exist on the light
chain of B3. Importantly, the peptide was recognized by two
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classical DNA-binding proteins, Tgo polymerase and Pa-UDG,
in a DNA-inhibitable manner, confirming that the peptide
mimics DNA structurally. To investigate a possible role of p185
in the induction of anti-dsDNA antibodies, we immunized
BALB/c mice with the peptide p185(378–394) configured as a
multimer on amultiple antigenic peptide (MAP) backbone (30,
31). The immunized BALB/c mice developed significant titers
of anti-dsDNA antibodies as well as glomerular immunoglob-
ulin deposition suggestive of lupus nephritis. We now demon-
strate that a subset of human lupus sera possess reactivity
toward p185(378–394) and that these sera could recognize
intact p185 in a dsDNA-inhibitable manner. This is the first
demonstration of the presence of an autoantigen (dsDNA)
mimotope on a naturally occurring eukaryotic cell molecule in
humans. The present study identifies a potential antigenic
stimulus that might trigger SLE. This is also the first report of
promiscuous binding of a DNA look-alike protein molecule by
classical DNA-binding proteins.

EXPERIMENTAL PROCEDURES

The cloning, expression, preparation of the periplasm, and
purification of the Fabs of the human autoantibodies B3 and
UK4 and the related hybrids have been described previously
(11).

Comparative Functional Assessment of the Fabs

Anti-DNA Activity

Periplasmic extracts prepared from E. coli with or without
IPTG induction were tested in an anti-DNA antibody ELISA
involving a biotinylated 35-mer oligonucleotide in its single- or
double-stranded form (11) for the evaluation of DNA binding
activities of the recombinant Fabs.

Anti-p185(378 –394) Activity

p185(378–394) (PESFDGDPASNTAPLQPE) was synthe-
sized (Alta Bioscience, Birmingham, UK) with N terminus bio-
tin conjugation. The polystyrene plates were coated (4 °C, over-
night) with streptavidin (5 �g/ml, half of the wells) and
Mo�-HL (1:1000; one-fourth of the wells). The biotinylated
peptide was applied to the streptavidin-coated wells (5 �g/ml,
1 h, 37 °C). The plate was blocked (2% bovine serum albumin
(BSA) in PBS, 1 h, 37 °C), and the periplasmic preparationswere
applied (1 h, 37 °C).
The binding was detected using goat �-HL conjugated to

alkaline phosphatase andp-nitrophenyl phosphate as substrate.
TheDNA/p185(378–394)-specific binding is expressed in rela-
tion to that for Mo�-HL as percentage of binding using the
equation, percentage binding� ((ODDNA/p185 � background)/
(ODMo�-H� � background)) � 100.

Inhibition Assay

The Fab preparations of BB were mixed with calf thymus
dsDNA (the final DNA concentration ranging in doubling dilu-
tion from500 to 1.95�g/ml), incubated (37 °C, 3 h), and applied
(1 h, 37 °C) to the plates precoatedwith p185(378–394), and the
binding was detected as described above.

The first of the two letters in the name of the Fab construct
from B3 andUK4 denotes the light chain, and the second of the
letters denotes the heavy chain.

Recognition of p185(378 –394) Peptide by DNA-binding
Proteins

Preparation of Tgo Polymerase and Pa-UDG

The gene encoding for thermostable type BDNApolymerase
from Thermococcus gorgonarius (Tgo polymerase) was
obtained from Dr. B. A. Connolly (Newcastle, UK) and
expressed in E. coli (BL21DE3) (Novagen) using the expression
vector pET17b (Novagen) under the control of the T7 pro-
moter. Protein expression and its initial purification were car-
ried out as described previously (32). The protein thus obtained
was concentrated in anAmiconCentriprep-50 centrifugal con-
centrator and loaded onto a Superdex 200 (Amersham Biosci-
ences) column. The fractions containing the pure protein were
determined by SDS-PAGE and pooled. The gene encoding for
Pyrobaculum aerophilum Pa-UDG was obtained from Dr. J.
Jiricny (Institute ofMedical Radiobiology, Zürich, Switzerland)
on the plasmid pET28-paudg, a derivative of pET28c(�)
(Novagen). The protein was expressed in E. coli as an N-termi-
nal His6-tagged Pa-UDG under the control of the Lac operator
and the T7 RNA polymerase and was purified to homogeneity
by immobilized metal affinity chromatography as described
previously (33).

Solid-phase Binding Assay

The binding of Tgo polymerase and Pa-UDG to p185(378–
394) was evaluated in a solid-phase binding assay. Polystyrene
plates were coated with the purified proteins (20 �g/ml, 250
�l/well, overnight, 4 °C) prepared in a modified Pfu buffer (20
mM Trizma base, pH 8.8, 10 mM potassium chloride, 10 mM

ammonium sulfate, 2mMmagnesium sulfate, 2mMmagnesium
chloride). The plates were washed (three times) and blocked
(1% BSA in the modified Pfu buffer, 37 °C, 2 h).
Titration—The biotinylated p185(378–394) peptide was

diluted in the modified Pfu buffer containing 100 �g/ml BSA
(six doubling dilutions starting from 80 �g/ml). The different
dilutions of the peptide were applied to polystyrene plates pre-
coated with Tgo or Pa-UDG.
Inhibition Assay—Calf thymus dsDNA was diluted (three

doubling dilutions starting from 25 �g/ml) in the modified Pfu
buffer containing 100 �g/ml BSA and applied to half of the
wells (in duplicate) precoated with Tgo or Pa-UDG (37 °C, 1 h).
The plates were washed (six times). The peptide was applied
either directly to untreated wells in the absence of calf thymus
dsDNA or in the presence of the dsDNA dilutions to the wells
treated with corresponding dsDNA concentration and incu-
bated (1 h, 37 °C). The binding of the peptide was evaluated
using alkaline phosphatase-conjugated streptavidin.

Immunization Experiments

Immunization was as follows. Female BALB/c mice (Harlan,
Bicester, UK; age 6weeks)were acclimatized in the animal facil-
ity for 2 weeks before immunization. Mice were immunized
with either 100 �g of p185(378–394) MAP peptide emulsified
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1:1 (v/v) with complete Freund’s adjuvant (n � 5) or with 100
�g of p185(378–394) MAP peptide in saline without adjuvant
(n � 5). Control groups of mice receivedMAP lysine backbone
either emulsifiedwithCFA (n� 5) or in salinewithout adjuvant
(n � 5). The mice were boosted on days 7, 14, and 21, with
incomplete Freund’s adjuvant being substituted for CFA. At
each immunization, half the dose was administered subcutane-
ously, and half was given intraperitoneally. The mice were tail-
bled on days 11, 30 and 74 and sacrificed on day 107 with kid-
neys collected for analysis. All procedures were conducted in
accordance with the Animals (Scientific Procedures) Act of
1986.

Anti-DNA Activity

Mouse sera were evaluated for the presence of anti-DNA
antibodies by a standard ELISA and a pull-down ELISA as
described below.
Anti-DNA Antibody ELISA—Mice sera were tested in an

anti-DNA antibody ELISA involving a biotinylated 35-mer oli-
gonucleotide in its single- or double-stranded form (11).
Pull-down ELISA—Biotinylated or nonbiotinylated 35-mer

oligonucleotides (5�-biotin-CCGAATCAGTTCACTTCCAG-
CCCAGGTATTTAGCC-3� and its nonbiotinylated comple-
mentary strand) (11) were annealed to generate dsDNA.
Hybridization of the equimolar concentrations of the two
nucleotides was performed in 1 M NaCl, 20 mM monosodium
phosphate, 0.1 mM ethylenediaminetetraacetic acid, pH 7 (1 h,
37 °C) as recommended by Pharmacia Biosensor AB (Applica-
tion Note 306, 1995) to achieve the final dsDNA concentration
of 4 �g/�l. Two microliters of each serum were mixed with 50
�l of PBS containing 2�g of dsDNAand incubated overnight at
room temperature. The volume of the mixture was then raised
to 500 �l and applied in duplicate (250 �l/well) to the polysty-
rene plates precoated (4 °C, overnight) with streptavidin (10
�g/ml, 250 �l/well) and blocked with 10% FCS (2 h, 37 °C), and
the levels of anti-dsDNA antibodies pulled out by biotinylated
dsDNA were detected.

Anti-peptide Antibody ELISA

Binding of the serum IgG (1:150) to p185(378–394) peptide
was evaluated as described above for the Fab fragments.
Titration—Mouse sera diluted in PBS (1:150, 1:300, 1:600,

1:1200, and 1:2400) were applied to polystyrene plates pre-
coated with biotinylated dsDNA via streptavidin.
Inhibition Assay—Mouse sera (1:250) mixed with calf thy-

mus dsDNA (final DNA concentration ranging in doubling
dilution from 1 to 0.0625 mg/ml) or PBS (controls) were incu-
bated (37 °C, 3 h) and applied to the polystyrene plates pre-
coated with p185(378–394) via streptavidin.

Antibody Specificity ELISA

Purified cardiolipin and lysozyme were obtained commer-
cially. The 96-well microtiter plates were coated with cardioli-
pin (50 �g/ml in ethanol, dried overnight, 4 °C) or lysozyme (5
�g/ml in bicarbonate buffer, pH 9.6, overnight, 4 °C). The
plates were blocked (PBS plus 10% FCS, 1 h, 37 °C), and the
mouse sera were applied (1:150, 1 h, 37 °C). The binding was

detected using an alkaline phosphatase-conjugated goat anti-
body to the mouse Fc region.

Antinuclear Antibodies by Immunofluorescence

The binding of serum antibodies to the dsDNA polar body of
Crithidia lucilae (Biodiagnostics, Worcestershire, UK) was
determined by indirect immunofluorescent assay (11).

Detection of Anti-dsDNA Antibodies in the Kidney

For the anti-DNA ELISA, kidney homogenates prepared in
PBS containing 0.1% Tween 20 (0.45 g of tissue per 2 ml of
PBS-Tween) were spun in a microcentrifuge (14,000 rpm, 4 °C,
1 h), and the supernatants were filtered (0.22 �m) and applied
to polystyrene plates precoated with goat anti-mouse IgG (Fc-
specific) (250 �l/well, overnight, 4 °C) and blocked (10% FCS in
PBS-Tween, 37 °C, 2 h). Plates were washed (six times, PBS-
Tween), treated with DNase I (Type IV, 37 °C, 1 h) washed
again (six times, PBS-Tween), and treatedwith 2 MNaCl (37 °C,
three washes of 30 min each) to remove any substances bound
nonspecifically by charge interactions to the immunoglobulins.
Plates were washed (six times, PBS-Tween), and biotinylated
dsDNAwas applied (1�g/ml, 37 °C, 1 h). Binding of the dsDNA
to the captured kidney immunoglobulins was detected using
alkaline phosphatase-conjugated streptavidin.

Renal Deposition of Immunoglobulins

Four-micrometer-thick renal sections using frozen kidneys
from mice immunized with peptide-MAP or MAP backbone
alone were cut and stained with goat anti-mouse IgG conju-
gated to fluorescein isothiocyanate (1:40; Southern Biotechnol-
ogy; room temperature, 30 min). The slides were washed in
PBS,mounted in 10%glycerol, and viewedunderUV light (filter
set at 530 nm) using anMRC600 scanning system connected to
image analysis software (Bio-Rad).

Detection of Serum Anti-p185(378 –394) Antibody Activity

Sera from SLE Patients and Healthy Individuals were
obtained as follows. Thirty-nine sera from SLE patients with
known clinical history and 20 sera fromnormal healthy individ-
uals (controls) were analyzed for the presence of the reactivity
against p185(378–394). The female/male ratios in the two
groups were as follows: 35:4 and 20:0 (controls). The ages
(mean � S.D., years) of the patients in the three groups were as
follows: 36.47 � 12.46 and 40.15 � 8.8 (controls).

For the anti-peptide antibody ELISA to detect the anti-
p185(378–394) activity of human lupus serum IgG, p185(378–
394) and a control peptide of similar length (p185(1238–1255),
KGTPTAENPEYLGLDVPV; Alta Bioscience, Birmingham,
UK) with N terminus biotin conjugation were utilized. The
serum anti-p185(378–394) activity was determined using the
ELISAs. The polystyrene plates were coated (4 °C, overnight)
with streptavidin (5 �g/ml, half of the wells). The two biotinyl-
ated peptides (p185(378–394) and p185(1238–1255)) were
applied to the streptavidin-coated wells (5 �g/ml, 1 h, 37 °C).
The platewas then blocked (2% each casein andBSA inPBS, 1 h,
37 °C), and sera (1:300, diluted in the casein-BSA blocker) were
applied in duplicate. The binding of serum IgG was evaluated
using a monoclonal anti-human IgG antibody conjugated to
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alkaline phosphatase andp-nitrophenyl phosphate as substrate.
Optical density was measured at 405 nm.

Detection of Serum Activity to Intact p185

Preparation of Intact p185 was as follows. The p185-overex-
pressing SKBR-3 cell line was obtained from the Cell Line
Resource of the Institute of Cancer Research (London, UK).
SKBR-3 cells were grown in RPMI 1640 (containing glutamine;

Invitrogen) supplemented with 10% FCS and allowed to reach
confluence. The cells were then harvested by centrifugation
(1500 rpm, 15 min, 4 °C) and lysed using n-octyl �-D-glucopy-
ranoside (30 mM) (34). The cell lysate was dialyzed against PBS
and centrifuged (13,000 rpm, 10 min, 4 °C). The supernatant
supplemented with glycerol (10% of final concentration) was
filtered through a 0.22-�mmembrane. The amount of protein
was determined using Lowry’s method (56). The cell extract
was stored at �20 °C.

Anti-p185 Antibody Assay

The serum reactivity to the intact p185 molecule was deter-
mined using an ELISA. The polystyrene plates were coated (1
�g/ml, 4 °C, overnight) with a mouse monoclonal antibody
(Sigma/Genosys, Cambridge, UK) to the cytoplasmic domain
(residues 1238–1255) of p185. The SKBR-3 cell extract was
applied to half of the wells (10 �g/ml, 1 h, 37 °C). The plate was
then blocked (2% each casein and BSA in PBS, 1 h, 37 °C). Two
sera earlier determined to possess anti-p185(378–394) activity,
one representative of immunized mice and one human (serum
number 23) (1:300, diluted in the casein-BSA blocker) were
applied in duplicate to p185-coated or non-coated wells.

Inhibition Assay

Theabovedescribedmouse andhumansera (1:250)mixedwith
calf thymusdsDNA(finalDNAconcentration ranging indoubling
dilution from 0.5 to 0.125 mg/ml) or PBS (controls), were incu-
bated (37 °C, 3 h) and applied to the polystyrene plates precoated
as described above, with intact p185. The binding of serum IgG
was evaluated using alkaline phosphatase-conjugated goat anti-
mouse or monoclonal anti-human IgG antibody.
All chemicals were purchased from Sigma unless otherwise

mentioned. Polystyrene plates (Maxisorp) were purchased
fromNunc (Roskilde, Denmark).Mo�-HLwas from Immunos-
tics (London, UK).

FIGURE 1. a, quantitative comparative assessment as percentage of binding
in relation to total binding to anti-human � monoclonal antibody, of the
recombinant Fab proteins in their native and hybrid forms, in ELISA, to an
immunodominant peptide (p185(378 –394)) derived from the extracellular
domain of human c-erbB2. b, inhibition of the binding of the antibody BB to
p185(378 –394) by calf thymus dsDNA in ELISA. B and U, B3 and UK4, respec-
tively; the first of the two letters that name the Fab construct denotes the light
chain, and the second of the letters denotes the heavy chain.

FIGURE 2. Binding of p185(378 –394) peptide to the DNA repair enzyme Pa-UDG (a) or DNA polymerase Tgo (c) in its doubling dilutions starting from 80 �g/ml.
Shown is inhibition of the binding of the peptide p185(378 –394) used at 20 �g/ml to the enzymes Pa-UDG (b) or DNA polymerase Tgo (d) by three doubling
concentrations of calf thymus dsDNA starting from 6.25 �g/ml (shown as 1:04).
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RESULTS

Only B3 exhibited significant anti-p185(378–394) activity
(Fig. 1a). The anti-p185(378–394) activity of hybrid Fab BU
containing B3 light chain andUK4 heavy chainwas comparable
with that of BB. The anti-p185(378–394) activity of BB was
inhibited in the presence of dsDNA in an inhibitor concentra-
tion-dependent manner (Fig. 1b). Both of the DNA-binding
proteins (Pa-UDG, Fig. 2a; Tgo, Fig. 2c) tested, especially Pa-
UDG, exhibited significant binding to the peptide. These reac-
tivities were inhibited by dsDNA in a concentration-dependent
manner (Fig. 2, b and d). BALB/c mice immunized with
p185(378–394) peptide mixed with saline (Fig. 3, a and c) or
FCA (Fig. 3, b and d), developed significant titers of IgG anti-
dsDNA antibodies (Fig. 3, a and d) as determined by traditional

(Fig. 3, a and b) or a novel pull-down (Fig. 3, c and d) anti-
dsDNA antibody ELISA. Although both of the immunoassays
yielded consistent results, the pull-down ELISA was observed
to be more sensitive, yielding significantly higher OD values.
The mice also developed significant titers of IgG anti-ssDNA
and anti-peptide antibodies (Fig. 3, a and b). Although the anti-
body titers were relatively higher in mice that received peptide
with CFA compared with those receiving the peptide in saline
on day 30, the titers of the two groups were generally compara-
ble on day 74. The mice also developed low titers of anti-cardi-
olipin antibodies; however, none of the sera exhibited convinc-
ing reactivity to lysozyme that was used as a negative antigen
control (Fig. 4a). Four representative sera, two from each group
of mice (receiving peptide in Freund’s adjuvant or in saline),
were further analyzed in the inhibition assays; the sera exhib-
ited a decrease in their binding to dsDNA in a concentration-
dependentmanner when applied in doubling dilutions (Fig. 4, b
and c). Interestingly, the anti-peptide and anti-dsDNA activi-
ties exhibited a similar pattern of antigen reactivity when plot-
ted in a decreasing order of anti-peptide activities of the sera
(Fig. 4d), indicating that the two activities were associated. The
anti-peptide activities in the four sera were inhibited by dsDNA
in a concentration-dependent manner (Fig. 5, a–c). The pres-
ence of anti-dsDNA antibodies could be detected in the
extracts of the kidneys only of the mice immunized with
the peptide (Fig. 4d). The sera from the mice immunized with
the peptide and not those from the controlmice receivingMAP
backbone alone also reacted with dsDNA in Crithidia assays,
and immunoglobulin deposition was present in renal glomeruli
only from these mice (data not shown). Two (serum numbers
23 and 31) of the 39 human sera from the patients with lupus
but none of the 20 sera from healthy individuals possessed sig-
nificant reactivity to p185(378–394) (Fig. 6a). None of the 59
sera possessed convincing reactivity to the control peptide (Fig.

FIGURE 3. Binding of the sera from mice immunized with MAP �
p185(378 –394) peptide or MAP alone constituted in saline (a and c) or
Freund’s adjuvant (b and d), to dsDNA, ssDNA, or p185(378 –394) pep-
tide in traditional (a and b) or pull-down (dsDNA) (c and d) ELISAs. MAP �
P, MAP � p185(378 –394) peptide. Vertical bars represent the mean of (and
S.D. is based on) five data points obtained for five mice.

FIGURE 4. a, quantitative comparative assessment as a percentage of binding in relation to binding to p185(378 –394) peptide of the sera from mice immunized
with MAP � p185(378 –394) peptide or MAP alone constituted in saline or Freund’s adjuvant, to dsDNA, ssDNA, cardiolipin, or lysozyme in ELISAs. Shown is
binding of four representative sera (two from each group of mice receiving MAP � p185(378 –394) peptide in saline (b) or in Freund’s adjuvant (c) in their
doubling dilutions to dsDNA. Anti-peptide and anti-dsDNA activities of the four sera are plotted in decreasing order of their anti-peptide activities (d),
indicating that the two activities were associated.
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6b). One of the representative sera from mice exhibiting anti-
p185(378–394) activity and the human lupus serumnumber 23
were further analyzed for their ability to recognize the intact
p185 molecule derived from SKBR3 cells. Both of these sera
bound the intact p185 (Fig. 6c), and this reactivity was inhibited
by dsDNA (Fig. 6d).

DISCUSSION

Although anti-dsDNA antibodies are the hallmark of SLE, it
has been difficult to identify an antigen capable of eliciting this
specificity upon immunization. A number of studies have been

focused on investigating the importance ofDNA itself (6, 35, 36,
37) as the crucial antigen. However, immunization with DNA
has routinely failed to elicit anti-dsDNA antibodies in non-
autoimmune hosts (5). Immunization of nonautoimmunemice
with unmodified mammalian or bacterial dsDNA does not
elicit high affinity anti-DNA IgG antibodies that bind eukary-
otic DNA and are thus dissimilar to the anti-DNA antibodies
found in lupus (6, 7). Further, eukaryotic DNA alone is rela-
tively nonimmunogenic, althoughDNA (hapten) complexed to
a DNA-binding protein (carrier) has been shown to possess
immunogenic potential in some nonautoimmune models (35–
37). The DNA-binding protein was thus the requirement for
the recognition byT cells and to help elicit the B cell response to
dsDNA.
The recognition of the peptide p185(378–394) by the anti-

DNA antibody BB, by its hybrid BU with constituent BB light
chain previously shown to possess anti-DNA activity (11), and,
most importantly, by the two classical DNA-binding proteins
that use DNA as substrate for its replication (polymerase; Tgo
polymerase) or repair (Pa-UDG) in a DNA-inhibitable manner,
confirm the peptide to be a DNA “look-alike” (mimotope).
Using a randomdecapeptide phage display library, two consen-
sus motifs, (D/E)W(D/E)Y(G/S) and (D/E)G(D/E)WP, recog-
nized by two murine anti-DNA antibodies, have recently been
identified (26). (D/E)X(D/E) (highlighted in the peptides) is the
only common motif present in the two consensus peptides.
Interestingly, the peptide p185(378–394) (biotin-PESFDGD-
PASNTAPLQPE) possesses this commonmotif, in addition to a
G residue between the two D residues present in the second of
the two consensus peptides. Further, the residuesAPL andQPE
(present in the p185(378–394) peptide; shown in italic type)
have recently been found to be the constituents of the peptides
recognized by serum from a human lupus patient, using a hep-
tamer phage display library.3 The peptide thus possesses an
epitope/motif recognizable by a subset of anti-DNA antibodies
and also by non-sequence-specific DNA-binding enzymes.
Given that 5% of the lupus sera indeed possessed significant
reactivity to p185(378–394), by analogy, this epitope could be a
natural elicitor and/or the target antigen for a subset of anti-
DNA antibodies. p185 is known to be released from carcinoma
cells (38) andmay thus be accessible to the host immune system
to mount an immune response.
Peptide ligands recognized by mAbs (39) are rarely mimo-

topes for the original antigen eliciting the antibody response.
For example, mice immunized with such peptides isolated
using a neutralizing antibody against pertussis toxin (40), a neu-
tralizing mAb against HIV gp120 (41), or a protective anti-
Cryptococcus neoformans capsular glucoronoxylomannan anti-
body 2H1 (42) led only to a peptide-specific response without
reactivity against the original antigen. The present study dem-
onstrates that p185(378–394) is a peptide surrogate for dsDNA
and that not only was this peptide amimetic of the nucleic acid,
but it could also elicit anti-dsDNAantibody production. Immu-
nization with the peptide resulted in a lupus-like syndrome in
nonautoimmune mouse; these mice developed serological

3 A. Sharma, D. A. Isenberg, and B. Diamond, unpublished observations.

FIGURE 5. Inhibition of the binding of the four representative sera, two from
each group of mice receiving MAP � p185(378 –394) peptide in Freund’s
adjuvant (a) or in saline (b), to peptide p185(378 –394) by doubling concen-
trations of calf thymus dsDNA. Shown is binding of the IgG eluted in kidney
extracts of the mice immunized with MAP � p185(378 –394) peptide in
Freund’s adjuvant or in saline (c) to dsDNA.
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autospecificities of SLE and Ig deposition in the kidney. Inhibi-
tion studies demonstrate that antibodies induced by
p185(378–394) peptide immunization are broadly cross-reac-
tive because the anti-peptide activity of serum IgG could be
significantly inhibited by dsDNA.This observation suggests the
existence of common epitopes on these antigens and that the
p185(378–394) antigen could trigger the generation of a subset
of anti-dsDNA antibodies.
Increased levels of p185HER2 in breast, ovarian, stomach,

and colorectal carcinomas (43, 44) and elevated serum levels of
c-ErbB2 in 13–25%of the patients with these as well as lung and
prostate cancers (45) have been reported. Data from in vitro
experiments indicate that overexpression of either EGF recep-
tor or p185c-neu (or the human homolog c-erbB2) transforms
cell lines (43). The physical and functional interaction of p185c-
neu and EGF receptor leads to the formation of a highly active,
heterodimeric tyrosine kinase complex that synergistically acti-
vates cellular transformation. Anti-receptor antibodies have
shown potential utility in the down-modulation of these cell
surface proteins (46) and suppression of the malignant pheno-
type (47). p185 has been proposed to provide a useful target for
serotherapy (48). The cross-reactivity of anti-DNA and anti-
p185 we describe here has an important implication. The pro-
duction of such dual specific antibodies, following the onset of
SLE, might influence the incidence of the appearance of neo-
plastic phenotype among the patients overexpressing c-erbB2.

Given that p185(378–394)-induced antibodies could recog-
nize intact p185 (Fig. 6c), the onset of SLE with the associated
anti-DNA antibodies possessing anti-p185 cross-reactivity
could cause down-modulation of p185with the consequence of
suppression of the malignant phenotype. Such an occurrence
might explain the documented infrequent association of SLE
and solid tumors (49) and the significantly reduced cancermor-
tality among 2513 relatives of 56 Japanese patients with SLE
(50). The reduced cancer mortality in this study was suggested

to be associated with an increased immune surveillance in SLE
patients (50). Further, the patients with lupus (serum numbers
23 and 31) that possessed significant anti-p185 activity also did
not exhibit detectablemalignancy. In contrast, the onset of can-
cer with associated overexpression of p185, however, may lead
to the development of cross-reactive anti-p185(378–394) anti-
bodies, which, by inducing anti-dsDNA reactivity, may lead to
SLE. There indeed have been reports where the carcinoma of
the breast led to lupus-like syndrome (51) or Sjogren’s syn-
drome-like symptoms (52) in the course of the neoplastic dis-
ease. There is a dichotomy in the literature as to whether SLE is
associated with an increased risk of malignancy (53–55). It
would be of interest to determine whether the link, if it does
exist, is dependent upon the overexpression of p185.
In conclusion, lupus-like anti-dsDNA reactivity can be gen-

erated in nonautoimmune mice by immunization with a pep-
tide antigen derived from a naturally occurring extracellular
eukaryotic cell molecule. The present study identifies
p185(378–394) as a potential antigenic stimulus that might
trigger SLE and demonstrates that a subset of lupus sera possess
cross-reactivity to this epitope. The recognition of a DNA
mimetic protein molecule by key cell DNA polymerase/repair
enzymes has been demonstrated for the first time.
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