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ABSTRACT Nonautoimmune mice transgenic for the
heavy chain of an IgG2b anti-double-stranded-DNA antibody
express the transgene in lymphoid organs and display partial
allelic exclusion of this y2b transgene. The spleens ofthese mice
are characterized by marked B-cell depletion. Although there
are B cells in these mice that express the transgene and
recognize double-stranded DNA, they are anergic in vivo.
Recovery from the state of anergy occurs in vitro after lipo-
polysaccharide stimulation. Thus this transgenic model dem-
onstrates the induction ofselftolerance to an IgG autoantibody.

Anti-DNA antibodies are characteristic of the disease sys-
temic lupus erythematosus (SLE) and of the lupus-like syn-
dromes in autoimmune strains of mice. The pathogenic
autoantibodies of SLE are usually high-affinity IgG antibod-
ies that bind to double-stranded DNA (dsDNA) and are
encoded by somatically mutated immunoglobulin variable
region genes.

It is believed the presence ofanti-dsDNA antibodies in the
serum of patients with lupus is due to a defect in regulation
resulting in the breakdown of tolerance. Tolerance has been
attributed to three basic mechanisms: deletion, anergy, and
suppression. Deletion represents the elimination of autore-
active clones and is a major mechanism for negative selection
of autoreactive T cells in the thymus (1, 2). It has been
observed for B cells as well (3, 4). Anergy, defined as
long-term functional silencing or unresponsiveness, has also
been observed among autoreactive T (5, 6) and B cells (7, 8).
Although studies on suppression have been more controver-
sial, there appears to be a subpopulation of T cells that can
acutely down-regulate T- and B-cell autoresponsiveness (9,
10).

It has been difficult to study the regulation of B cells
secreting autoantibodies in vivo, since they comprise a small
percentage of the total lymphocyte population. Several
groups have used the transgenic mouse model to look at the
regulation of IgM autoantibodies and have observed anergy
or deletion depending, in part, upon whether the autoantigen
is soluble or membrane bound (3, 4, 7, 8). Tolerance induc-
tion is dependent on antigen-receptor-mediated crosslinking
and subsequent signal transduction (11, 12). IgM antibodies
can be expressed on the membrane only in association with
an a/p heterodimer. The a subunit is encoded by the mb-i
gene. IgG2b, however, does not need the mb-i gene product
for transport to the membrane and, hence, does not require
heterodimer association for surface expression (13). In ad-
dition, the glycosylation of the mb-i-encoded protein that
associates with IgM may differ from that ofthe mb-i-encoded
protein that associates with IgG. These differences between
membrane IgM and membrane IgG could affect transmem-
brane signaling and result in the use of different pathways of
regulation.

We have used the transgenic model to study the regulation
of a potentially pathogenic IgG anti-dsDNA antibody. This
laboratory has characterized (14) anti-dsDNA antibodies
from hybridomas derived from BALB/c mice after immuni-
zation with phosphorylcholine or with an anti-I-J antibody.
These antibodies were initially selected for their expression
of a member of the S107 heavy chain variable region (VH)
gene family, as the S107 family has been shown to be involved
in anti-DNA responses in (MRL x lpr) and (NZB x NZW)F1
mice (15-18). They are distinguished by the fact that they
bind dsDNA strongly, are IgG but do not display any somatic
mutation, and are derived from a nonautoimmune strain. We
have produced nonautoimmune transgenic mice containing
the R4A VH11 gene utilized by one of these anti-DNA
antibodies ligated to a 'y2b constant region gene. We now
discuss the regulation of anti-DNA antibodies formed by the
random association of this transgenic IgG heavy chain with
endogenous light chains and present evidence for the induc-
tion of self tolerance to autoreactive anti-DNA IgG antibod-
ies in these mice. This study demonstrates that B cells
producing an IgG autoantibody can be rendered anergic.

MATERIALS AND METHODS
Transgene Construction and Generation of Transgelc

Mice. A genomic clone containing a 3.5-kilobase (kb) EcoRI
fragment consisting of the rearranged VDJ (variable-
diversity-joining) region and the heavy chain enhancer region
was isolated from the R4A hybridoma, which secretes an
anti-dsDNA antibody, ligated to a 6.8-kb fragment containing
both the membrane and secreted forms of y2b, and cloned
into Bluescript. This entire 10.3-kb insert was removed from
the vector by digestion with Not I and Sal I restriction
enzymes, purified by electroelution, and microinjected into
the male pronucleus of C57BL/6 x CBA fertilized eggs, as
described (19).

Southern and Northern Blot Analysis. DNA was prepared
from tails of 4-week-old mice (19), digested with Kpn I,
transferred to nitrocellulose after electrophoresis, (20) and
probed with a 32P-labeled 312-base-pair Sst I fragment con-
taining most of the y2b CH3 heavy chain constant region
domain (21). TotalRNA was isolated from the spleen, kidney,
heart, brain, thymus, and liver ofa transgenic mouse and from
the spleen of a nontransgenic littermate, electrophoresed on a
denaturing formaldehyde gel, transferred to nitrocellulose
(22), and hybridized to a 'y2b CH3 probe (described above) or
to a probe specific for the S107 VH gene family.
Flow Cytometry Analysis. Spleen cells from 6- to 10-week-

old transgenic mice and their nontransgenic littermates were
depleted of erythrocytes and resuspended at 1 x 107 cells per
ml. Cells were incubated for 30 min on ice with the following
antibodies: fluorescein isothiocyanate (FITC)-conjugated
goat anti-mouse IgG F(ab')2 (Cappel Laboratories), biotiny-

Abbreviations: FITC, fluorescein isothiocyanate; LPS, lipopolysac-
charide; SLE, systemic lupus erythematosus; dsDNA, double-
stranded DNA; VH, heavy chain variable region.
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lated goat anti-mouse IgM F(ab')2 (Cappel Laboratories), or
phycoerythrin-conjugated anti-B220 (PharMingen, San Di-
ego). Biotinylated antibodies were counterstained with phy-
coerythrin-conjugated streptavidin (Fisher). Cells that were
to be double stained were incubated for another 30 min on ice
with a second antibody or with phycoerythrin-conjugated
streptavidin. Cells were then fixed overnight in phosphate-
buffered saline (PBS)/1% paraformaldehyde. Fluorescence
was analyzed using a FACScan flow cytometer (Becton
Dickinson) and LYSYS software programs.

Cytoplasmic Immunofluorescent Staining. Spleen-cell sus-
pensions were prepared as described above and resuspended
in PBS/5% (vol/vol) fetal calf serum at 0.5 x 106 cells per ml.
Slides were prepared using a Cytospin 2 (Shandon, Southern
Products Ltd., Cheshire, England). Cells were fixed in 95%
ethanol/5% acetic acid (vol/vol) for 20 min on ice and
immunostained for 30 min with goat anti-mouse IgG F(ab')2-
FITC or with goat anti-mouse IgM F(ab')2-rhodamine (Cap-
pel Laboratories) or double stained with both antibodies
diluted 1:100 in PBS/1% bovine serum albumin.

Lipopolysaccharide (LPS) Stimulation. Spleen-cell suspen-
sions from transgenic and nontransgenic littermates were
prepared as described. Cells were resuspended in RPMI 1640
medium supplemented with 10o fetal calf serum, 2 mM
glutamine, 1% penicillin/streptomycin, 1% nonessential
amino acids (GIBCO), 1% pyruvate, and 50 ,uM 2-mercap-
toethanol. Approximately 1.0 x 106 cells per ml were plated
per well in 24-well flat-bottom tissue culture plates. Wells
were cultured in duplicate in the absence of and presence of
LPS (Sigma) at 0.1-25 jig/ml. Supernatants were collected at
day 3 and day 6 of culture and assayed by ELISA for dsDNA
binding (14).

Quantitative IgG y2b ELISA. A 96-well polystyrene flat-
bottom ELISA plate (Costar) was coated with a 1:1000
dilution of either goat anti-mouse IgG (y2b) (Fisher) or goat
anti-mouse IgM (Fisher) for 2 h at 37°C. Plates were blocked
for 2 h with PBS/1% bovine serum albumin, washed with
PBS/0.05% Tween, and incubated for 2 h at 37°C with 1:10
dilutions of sera or with 1:2 dilutions of a commercially
purified 'y2b standard. Wells were incubated for 2 h with a
1:1000 dilution of goat anti-mouse IgG 'y2b conjugated to
alkaline phosphatase, washed, and developed with alkaline
phosphatase substrate tablets. Absorbance of triplicate wells
was measured at 405 nm.

RESULTS
R4A y2b Transgenic Mice. The R4A y2b construct encod-

ing both membrane and secreted 'y2b was injected into

(C57BL/B6 x CBA)F1 fertilized eggs (Fig. 1A). Southern
blot analysis on tail DNA digested with Kpn I and probed
with a 'y2b CH3 heavy chain constant region fragment dem-
onstrated the presence of the transgene integrated into the
genome at a single site (Fig. 1B). Densitometry revealed six
to seven copies of the transgene arrayed in a head-to-tail
fashion.

Spleen Histology. The weight of the spleens of all the
transgenic animals analyzed was 14-39% the weight of the
spleens of their nontransgenic littermates (Fig. 2). Fifty to
70%o fewer total cells were present in the transgenic spleens
than in the nontransgenic spleens. Furthermore, histopath-
ologic studies revealed a paucity of B cells in follicles in the
spleen oftransgenic mice and a skewing of the B cells toward
an immature stage of development.
RNA Expression. Expression ofthe R4A y2b transgene was

demonstrated by Northern blot analysis of splenic RNA
probed with a CH3 fragment and a fragment specific for the
S107 VH gene family (Fig. 3A). On an overexposed blot, we
observed RNA expression of both the membrane and se-
creted forms of y2b in the transgenic mouse spleen, corre-
sponding to molecular sizes of 3.9 kb and 1.9 kb, respectively
(data not shown). RNA from liver, kidney, brain, heart,
thymus, and spleen of a transgenic mouse was also probed
with the 'y2b fragment (Fig. 3B). RNA expression was highest
in the spleen but some 'y2b RNA was present in the thymus
as well. Expression ofa heavy-chain transgene in the thymus
has been observed by others and is probably due to the
presence of similar transactivating factors in both T and B
cells (23, 24). Low levels of y2b expression were observed in
other organs but this was presumably due to infiltration by B
cells and plasma cells.
Flow Cytometry Analysis. Flow cytometry analysis was

performed on splenic cells of 6- to 10-week-old mice to
quantitate the percentage of transgenic B cells that were
positive for membrane IgG. In one assay representative of
several others, 26% of transgenic splenic cells that were
positive for the B220 B-cell marker were surface-positive for
IgG and 10%o of the B220-positive splenic cells from their
nontransgenic littermates were IgG surface-positive.

Cytoplasmic Immunofluorescence Staining. Cytoplasmic
staining of splenic B cells with FITC-labeled goat anti-mouse
IgG F(ab')2 fragments demonstrated that 10-15% of total
transgenic spleen cells stained positively for IgG compared to
<1% of total cells from the spleens of nontransgenic litter-
mates (Fig. 4 A and B). Cells were double-stained with
anti-mouse IgG F(ab')2-FITC and anti-mouse IgM F(ab')2
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FIG. 1. (A) Map of the R4A y2b heavy chain transgene. A 3.5-kb EcoRI fragment containing the rearranged VDJ (variable-diversity-joining)
and heavy chain enhancer (EH) regions was ligated to a 6.8-kb EcoRI fragment containing the 'y2b constant (CH) region including the membrane
exons (Ml and M2). Solid boxes depict exons. Open boxes depict introns. B, BamHI; E, EcoRI; K, Kpn I; S, Sal I; N, Not I. (B) Southern
blot of tail DNA digested with Kpn I and hybridized to a y2b CH3 fragment. Lanes: 1, DNA from a transgenic mouse (the transgene is indicated
by a band at 9.3 kb); 2, DNA from a nontransgenic littermate. Molecular sizes in kb are shown.
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A

FIG. 2. (A) Spleen of a transgenic mouse (upper spleen) is smaller than that of its nontransgenic littermate (lower spleen). Hematoxylin and
eosin-stained spleen section from transgenic mouse (B) and a normal mouse (C). There are fewer mature cells and more cells with abundant
cytoplasm in the transgenic spleen than in the normal spleen. (x400.)

conjugated to rhodamine to determine whether the cells
expressing IgG were allelically excluded. Many of the IgG-
positive cells of the transgenic mice appear to be allelically
excluded, as they did not immunofluoresce with anti-IgM
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(Fig. 4 C and D). Although there is variability from mouse to
mouse, in most mice, 25-50%o of the cells expressing the
transgene display allelic exclusion.

Assays of Serum Immun bulu. Since the R4A transgene
encodes a heavy chain that associates with an unmutated VKl
light chain variable region to form an anti-dsDNA antibody in
the R4A hybridoma (14), we presumed that R4A y2b-K light
chain associations would occur in the transgenic mouse that
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FIG. 3. (A) Expression ofthe R4A y2b transgene as demonstrated
by Northern blot analysis. RNA was hybridized with probes specific
for the S107 VH gene family (lanes 1 and 2), y2b (lanes 3 and 4), and
actin (lanes 5 and 6). RNA from a transgenic spleen is in lanes 1, 3,
and 5, and RNA from the spleen of a nontransgenic littermate is in
lanes 2, 4, and 6. (B) Tissue-specific expression of the R4A y2b
transgene. Tissues are indicated.

FIG. 4. Cytoplasmic immunofluorescent staining of spleen cells.
Splenic cells from transgenic (A) and nontransgenic (B) mice were
immunostained with goat anti-mouse IgG F(ab')rFITC for detection
of the y2b transgene. Little immunostaining for IgG was observed in
the nontransgenic mouse (A), but 10-15% of the cells stained
positively for IgG in the transgenic mouse (B). (x25.) Allelic exclu-
sion of cells expressing the 'y2b transgene. Photographs in C and D
represent the same field shot with different filters to observe 1gM-
positive cells (C) and IgG-positive cells (D). Arrows in D indicate
allelically excluded B cells expressing IgG only. (x60.)
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would lead to DNA binding. We, therefore, used an ELISA
to assay sera from transgenic mice and normal controls for
their titers of circulating anti-DNA y2b antibodies (Table 1).
The concentrations of total y2b isotype in the sera of these
mice were determined. Table 1 presents results of one such
assay. It includes two mice with slightly elevated titers of 'y2b
anti-dsDNA antibody. They also showed elevated titers of
total 'y2b. Only one transgenic mouse had slightly elevated
y2b titers without any increase in y2b anti-DNA activity. No
other sera tested showed dsDNA binding. No transgenic
mouse had a titer of y2b anti-DNA activity similar to that
present in serum of (NZB x NZW)F1 mice, despite having
equivalent or higher titers of serum y2b. Transgenic and
nontransgenic mice showed similar concentrations of IgM in
their sera (-0.22 mg/ml).
LPS Stimulation. Splenic lymphocytes from transgenic

mice and from their nontransgenic littermates were cultured
with increasing concentrations of LPS to see whether B cells
could be activated to secrete anti-dsDNA antibodies (Fig. 5).
After 3 and 6 days in culture with LPS (0.1-25 pug/ml) only
the transgenic B cells could be stimulated to secrete y2b
anti-dsDNA antibodies. This indicates that at least some of
the transgenic B cells are present in a state of anergy from
which they can recover by mitogen stimulation.

Renal Pathology. Neither transgenic mice nor their non-
transgenic littermates displayed proteinuria or renal pathol-
ogy.

DISCUSSION
While it is clear there is a genetic predisposition to the
development of SLE, there is little evidence to date that
immunoglobulin gene polymorphisms play a role in the
genetic predisposition. Furthermore, it is clear that the
immunoglobulin genes of a nonautoimmune animal can en-
code autoantibodies but do so in vivo only in an animal with
a genetic background that predisposes to autoimmunity (25).
These observations and others provide strong support for a
regulatory defect in SLE. It has, however, been difficult to
study autoantibody regulation because even in an animal with
autoimmune disease, only a very small percent of the B cells
are producing autoantibodies (26). Transgenic mice have
provided an important approach to studying regulation of
autoreactive B cells and mechanisms of B-cell tolerance.

Autoreactivity can be expressed not only by IgM antibod-
ies but also by IgG. Indeed, some antibodies will not acquire
autospecificity until they encounter the T-cell factors that
lead to somatic mutation and heavy chain class switching

Table 1. Serum levels of anti-DNA antibodies in transgenic and
nontransgenic mice

Mouse

Tg+
1
2
3
4
5
6

Tg-
7
8
9

(NZB x NZW)Fl

IgG2b, Anti-DNA
mg/mil (IgG2b), A405

2.50
1.90
0.42
0.40
0.65
0.47

0.42
0.26
0.35
0.35

0.375
0.346
0.130
0.093
0.113
0.077

0.062
0.088
0.095
1.197

0 10 20
LPS, ,ug/ml

30

FIG. 5. Measurement of y2b anti-DNA antibody secreted into
culture supernatants after LPS stimulation. Curves: 1, nontransgenic
(day 3); 2, nontransgenic (day 6); 3, transgenic (day 3); 4, transgenic
(day 6).

(27-30). We have established a transgenic mouse expressing
a y2b heavy chain of an anti-dsDNA antibody to study the
regulation ofIgG autoantibodies. Because IgG antibodies are
produced by activated B cells or at least by B cells that are
more mature than IgM-producing B cells and because mem-
brane IgG associates with different cytoplasmic proteins than
membrane IgM, it is possible that IgG-producing B cells are
regulated differently from IgM-producing cells. Just as mech-
anisms of central tolerance and mechanisms of peripheral
tolerance exist for T cells, central and peripheral tolerance
may exist for B cells also. The R4A transgenic mouse
provides a model for studying the breakdown in peripheral
B-cell tolerance that regulates IgG autoantibodies, just as the
IgM transgenic animals previously reported have provided
insights into central B-cell tolerance. The defect in SLE
appears to be manifest in peripheral B-cell tolerance as the
pathogenic antibodies are IgG and appear to be made by B
cells activated by antigen and helper T cells.

In the R4A y2b transgenic mouse, the transgene is ex-
pressed in B cells and T cells in the thymus. B cells expressing
the transgene display partial allelic exclusion. Allelic exclusion
has been seen in ,u transgenic mice when the membrane form
of the ,t chain is present (31). There are few data relevant to
allelic exclusion in y heavy chain transgenic mice. A lack of
allelic exclusion has been reported in mice transgenic for a yl
transgene (32) and generally in mice transgenic for a y2b
transgene (33). Roth et al. (34) have found a single founder that
did display allelic exclusion of a 'y2b transgene. The degree of
allelic exclusion we see is variable from animal to animal but
in general 30-50o ofthe IgG-producing B cells do not produce
an IgM heavy chain. Partial allelic exclusion has also been
demonstrated by assaying hybridomas from a R4A 'y2b trans-
genic mouse. Thirty percent of clones secrete an IgG y2b
heavy chain that has been demonstrated by sequence analysis
to be the transgene. Ofthese y2b-expressing hybridomas, 70o
were shown to secrete only one heavy chain.

It is not yet clear why some mice expressing an IgG
transgene display allelic exclusion and others do not. It is
critical, however, that at least a percentage of the B cells
expressing the transgene display allelic exclusion for studies
in B-cell regulation to proceed. B cells that do not display
allelic exclusion and secrete both protective and potentially
pathogenic antibodies may receive contradictory signals re-
garding immunoglobulin secretion and tolerance induction
and not represent a physiologic B-cell subset. Avoidance of

Serum levels of anti-DNA y2b antibodies in transgenic (Tg+) and
nontransgenic (Tg-) mice as measured by ELISA and quantification
of IgG 'y2b concentrations in these sera. Serum from NZB x NZW
mouse was a positive control for anti-DNA y2b binding.
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the simultaneous production of protective and pathogenic
antibodies may underlie the need for allelic exclusion.
Most ofthe mice do not display serum titers ofanti-dsDNA

antibody. Those that do display low titers show no renal
pathology, suggesting either that the titers are too low to
mediate tissue injury or that the secreted anti-dsDNA anti-
bodies are nonpathogenic. Studies of the serum anti-dsDNA
antibodies in these mice should help elucidate characteristics
of autoantibodies that escape tolerance such as the anti-
mouse erythrocyte antibodies secreted in transgenic mice
generated by Okamoto et al. (35). It is possible that the
expressed y2b anti-dsDNA antibodies may have somatic
mutations that permit them to escape normal regulatory
mechanisms. Alternatively, the secreted anti-dsDNA anti-
bodies may be produced by B cells that are not allelically
excluded and, because they express two distinct membrane
immunoglobulin receptors, may befuddle normal mecha-
nisms of tolerance induction.
The mice we have generated have small spleens that are

substantially depleted of B cells. In vitro transfection exper-
iments show that the R4A 'y2b heavy chain in association with
several light chains forms an anti-nuclear antibody (unpub-
lished results). We believe that the B cells expressing these
autoreactive heavy and light chain combinations are anergic
or deleted in the transgenic animal, thus accounting for the
diminished size ofthe spleen. That anti-dsDNA activity could
be induced by LPS stimulation of B cells demonstrates that
at least some of the B cells with "forbidden" heavy and light
chains are anergic in vivo and not deleted. It remains possi-
ble, however, that the anergic B cells represent only a
fraction of the R4A y2b-light chain combinations that encode
autoreactivity and that B cells with other combinations are
indeed deleted. The answer to this question awaits a detailed
examination of the light chains present in B cells secreting the
R4A 'y2b heavy chain in vivo and in those B cells that are
anergic in vivo. If there are light chains that can associate with
the R4A y2b heavy chain in vitro but are not seen in either the
expressed or anergic antibody repertoire, it is possible that
the B cells expressing such light chains are deleted.

Radic et al. (36) also demonstrated that the heavy chain of
an anti-DNA antibody may bind DNA when associated in
vitro with a spectrum of light chains. The heavy chain they
studied bound single-stranded DNA and dsDNA in associa-
tion with a number of light chains. In studies of transgenic
mice expressing that heavy chain, it appears that any B cell
expressing a light chain that leads to DNA binding in com-
bination with the transgenic heavy chain is rendered tolerant
through anergy or deletion (8). Cells binding single-stranded
DNA could be rescued by fusion, but no dsDNA binding cells
were detectable. Perhaps the difference between those mice
and the mice we describe is that a larger number of germ-
line-encoded light chains can associate with the R4A heavy
chain to encode dsDNA binding. Thus, dsDNA binding B
cells are more frequent and more easily detectable. Alterna-
tively, there may be differences in antigenic cross reactivities
or fine specificities or in idiotypic regulation that lead to
anergy of dsDNA binding B cells in R4A y2b transgenic
animals and not in those described by Erikson et al. (8).
The mice reported here confirm the utility of transgenic

models for the study of peripheral tolerance. They demon-
strate the regulation of an IgG autoantibody heavy chain and
show that mechanisms of tolerance exist for IgG autoanti-
bodies and for IgM.
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