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Abstract

We have investigated the genetic origin of autoantibody pro-
duction in several strains of mice that spontaneously develop a
systemic lupus erythematosus-like disease. Restriction frag-
ment length polymorphism analyses of gene loci encoding x
light chain variable regions (Igk-V’) demonstrated, as shown
previously for the Ig heavy chain locus, that autoantibody pro-
duction and disease occur in different Igk-V haplotypes. More-
over, autoimmune mice with known genetic derivation inher-
ited their Igk-V loci essentially unaltered from their nonau-
toimmune ancestors. New Zealand black lupus mice, with
unknown genetic derivation, had a possibly recombinant Igk-V
haplotype, composed of V, loci that were primarily indistin-
guishable from those of nonautoimmune strains from either of
the two potential donor haplotypes. The heavy and light chain
gene segments (variable, diversity, joining) encoding anti-
DNA antibodies were diverse and often closely related, or even
identical, to those found in antibodies to foreign antigens in
normal mice. Only 1 of 11 sequenced variable region genes
could not be assigned to existing variable region gene families;
however, corresponding germline genes were present in the
genome of normal mice as well. These data argue against ab-
normalities in the genes and mechanisms generating antibody
diversity in lupus mice and suggest a remarkable genetic
and structural diversity in the generation of anti-DNA bind-
ing sites.

Introduction

Systemic lupus erythematosus and related chronic inflamma-
tory disorders in humans and mice are closely associated with,
and possibly mediated by, circulating immune complexes that
deposit in various organs and cause tissue damage and disease.
At least part of the antibodies involved in immune complex
formation react with DNA and other self-antigens, which has
led to the notion that these diseases are autoimmune in nature.
Cell transfer studies in murine model systems have further
suggested that the underlying defect resides within the immune
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system. However, in spite of intensive investigations (reviewed
in reference 1), the exact cellular and molecular abnormalities
leading to B cell hyperactivity and autoantibody production
are still unknown. As suggested by the occurrence of similar
antibodies in normal individuals (2, 3), the autoantibodies ex-
pressed in these diseases may be normal components of the
immune system that become pathogenic when expressed at
high levels and for extended lengths of time, possibly because
of defective immune regulatory circuits, potent polyclonal or
antigenic stimulation, or insufficient immune complex re-
moval. Alternatively, disease-associated autoantibodies may
differ from those found in normal subjects and result from
abnormalities in the complex mechanisms generating anti-
body diversity (reviewed in references 4 and 5), including ab-
normal Ig germline genes, defective selection of variable (V)"
and diversity (D) gene segments during generation of the
preimmune repertoire, or defects in somatic antibody diversi-
fication. These not necessarily exclusive possibilities can be
distinguished by analyzing the genetic origin of disease-asso-
ciated autoantibodies. Such studies also address the primary
structure of autoantibodies, their clonal derivation, and the
contribution of somatic events to their diversification as well
as provide information about inducing agents, the develop-
mental stage at which B cells acquire self-specificity, and the
structural relatedness among such antibodies.

Corresponding studies have been initiated in murine lupus
models and have provided considerable insights into the ge-
netic origin of autoantibodies (reviewed in references 6 and 7).
Thus, the Ig heavy chain variable region gene complex (Igh-V)
of autoimmune mice investigated thus far appeared normal by
restriction fragment length polymorphism (RFLP) criteria,
and the disease is not associated with a particular Igh-¥ haplo-
type (8-10). However, possible associations with Ig « light
chain variable region gene complex (Igk-¥") haplotypes or with
abnormalities in the V, germline gene repertoire remain to be
determined. The gene segments encoding the autoantibodies
that typify lupus mice (anti-DNA, anti-Ig [rheumatoid factor,
RF], antihistone) have also been investigated. Our nucleic acid
sequence analyses revealed that such molecules may be en-
coded by a variety of V, D, and J (joining) gene segments, most
of which were closely related to those found in antibodies to
exogenous antigens (11, 12). Although these findings argued
against abnormalities in the generation of autoantibodies, they
provided only limited information about the individual anti-
self response characteristics, since only a single prototype was
analyzed for each of the above specificities. Recently, genetic
restriction has been reported for antibromelaine-treated red

J. Clin. Invest.

© The American Society for Clinical Investigation, Inc.
0021-9738/88/09/0852/09 $2.00

Volume 82, September 1988, 852-860

852 Kofleret al.

1. Abbreviations used in this paper: C, constant; D, diversity; Igh-V, Ig
heavy chain variable region gene complex; Igk-V, Ig « light chain
variable region gene complex; J, joining; RF, rheumatoid factor;
RFLP, restriction fragment length polymorphism; V, variable.



blood cell antibodies (13) and for RF from nonautoimmune
(14) and lupus mice (15), although results with regard to the
latter type of autoantibodies are controversial (16). Somewhat
restricted Vi gene usage has also been suggested by Ig gene
rearrangement analysis of anti-DNA-producing hybridomas
(17), however, only a small number of murine anti-DNA nu-
cleic acid sequences have been reported (11, 18, 19) and more
information regarding the genetic origin of this important
anti-self response is clearly needed.

The present study describes the organization of the Igk-V
gene complex in lupus mice and defines gene segments encod-
ing seve ral lupus-associated anti-DNA autoantibodies. Using
RFLP :inalysis, we determined the Igk-V haplotypes of all
major ' 1pus strains and showed that lupus disease is not asso-
ciated vith a particular Igk-V haplotype, and that abnormali-
ties in the V, germline gene repertoire do not appear to be a
prerec uisite for autoantibody production and disease develop-
ment. Subsequently, the gene segments encodmg monoclonal
anti- ONA heavy and light chains from MRL-Ipr/lpr and
(NZI X W)F, lupus mice were determined by cDNA cloning
and "iucleic acid sequence analysis. The six monoclonals (five
anal /zed in this study and one previously) were encoded by
five lifferent Vy genes from two Vy gene families and V, genes
from at least four families (one light chain sequence was not
determined) along with several D, all J;, and three of the four
known functignal J, gene segments. Their sequences were
closely related, or even identical, to those of corresponding
segments from antibodies to exogenous antigens in normal
mice. Only the Vy gene expressed in an MRL-/pr/Ipr anti—
DNA could not be assigned to existing Vy gene families. How-
ever, the germline gene organization of this small family in
lupus and Igh-V haplotype-matched nonautoimmune mice
was indistinguishable by RFLP analysis.

Methods

Mouse strains. The genetic origins, histologic, cellular, and humoral
characteristics of the various murine lupus strains have been reviewed
(1). Mice were bred and maintained at the Scripps Clinic and Research
Foundation Mouse Colony.

RFLP analysis. High molecular weight liver DNA (20) was di-
gested with restriction enzymes (BamH]I, Pstl, HindlIl, EcoRI), size-
separated on agarose gels, transferred to Zetabind filters (Cuno Inc.,
Meriden, CT) and hybridized to 3?P-labeled DNA probes as previously
described (8). The filters were washed repeatedly, including a wash in
0.2 X standard saline citrate (SSC, 1 X SSC: 150 mM NaCl, 15 mM
Na-citrate, pH 7.0) at 65°C for 30 min, and exposed to XAR film with
amplifying screen for 1-7 d. Filters were reused after probe removal by
a 30-min incubation at 42°C in 0.4 M NaOH followed by neutraliza-
tion in 0.1 X SSC, 0.1% SDS, 0.2 M Tris-HCI, pH 7.5, at 42°C.

DNA probes for V9 (VGAM3.8 [21]), V.8 (22), V.10 (23),
V,12-13 (24), and V,19 (25) have been described. A genomic subclone
containing the entire T15 V,/1,5 (26) and MPC167 V /1,5 (27) rear-
rangement was provided by S. C. Riley as probes for the V,22 and V,24
families, respectively. The following probes were generated in our labo-
ratory by subcloning cDNA fragments into pBS-M13* (Vector Clon-
ing Systems, San Diego, CA): VyDNAA4, a Pstl fragment corresponding
to the entire MRL-DNA4 V region—this probe defines a new Vy gene
family (28), termed Vy410; V,1, a Ddel fragment encoding the MRL-
DNAI10 V, region from the 5’ untranslated region to codon 80 (11);
V.2, a Sau3A fragment encoding a portion (5’ untranslated region to
codon 66) of the BXW-DNA 14 light chain; V.5, an Avall fragment (5
untranslated region to codon 68) of the MRL-DNA22 light chain
cDNA; V.9, a Rsal fragment containing the entire BXW-DNA16 V

region up to codon 95 (sequences for the latter four probes are reported
here); V,21, an Avall fragment (5’ untranslated region to codon 57)
from the nonfunctional transcript of the P3-X63-Ag8.653 myeloma
line (29); V.28, a PstI-MnlI fragment encoding the entire V region up
to codon 100 of the MRL-RF28 light chain (Kofler et al., manuscript
submitted for publication).

Generation and specificity of hybridoma autoantibodies. Hybrid-
oma cell lines originated from fusions of untreated female MRL-Ipr/Ipr
and (NZB X W)F; mouse spleen cells with the BALB/c nonsecretor
myeloma cell line P3-X63-Ag8.653, as previously detailed (30). Su-
pernatants were screened for reactivity with single-stranded DNA by
ELISA (31), and positive colonies were subcloned to establish mono-
clonality by limiting dilution. Three MRL-Ipr/Ipr and three (NZB
X W)F1 hybridomas were included in this study. Ig isotypes of sub-
cloned hybridoma supernatants were determined by subclass-specific
ELISA. Supernatants with defined Ig content were assayed for binding
to single-stranded DNA, synthetic polynucleotides, dextran sulfate,
heparan sulfate, protamin sulfate, cardiolipin, histones, and mouse Ig
in a direct binding ELISA as described (31). Briefly, monoclonals were
incubated in serial dilutions in the'presence (as a blocking control) or
absence of various single-stranded DNA concentrations in microtiter
plates containing the immobilized test antigen, and bound Ig detected
by subsequent incubation with an enzyme-linked secont antlbody
Results are expressed as percentage of total autoantlbody added (de-
termined in parallel by incubation with plate-bound antn—lg antibod-
ies) that is specifically bound to the test antigen. This percentage re-
flects the relative affinity of the autoantibody to the various test.antj-
gens. Reactivity with doubfe-stranded DNA was determined by
indirect immunofluorescence on Crithidia Luc1hae (Quantaﬂuor
Kallestad Laboratories, Austin, TX).

¢DNA cloning and nucleic acid sequencing. cDNA hbran&s were
prepared following the Okayama-Berg cloning procedure (32). cDNA
clones corresponding to Ig mRNAs were identified by hybridization to
heavy and light chain constant (C) region DNA probes of the respective
Ig isotype and sequenced by partial chemical degradation as described
(11). 5-20 heavy and light chain encoding clones were recovered from
each library and subjected to nucleic acid and/or restriction enzyme
analysis. All reported sequences derive from at least two independent
c¢DNA clones and were determined for both coding and noncoding
strands.

Computer-aided sequence comparisons. The nucleic acid and de-
duced amino acid sequences were compared with Ig sequences from
the Genetic Sequence Data Bank (Genbank), the National Biomedical
Research Foundation Database, and additional sequences not yet
contained in these collections using the MicroGenie Sequence Analy-
sis Program (33) (Beckman Instruments, Inc., Palo Alto, CA).

Results

Igk-V gene complex of lupus mice

The structural genes encoding Ig heavy and light chain V re-
gions show polymorphism among inbred strains of mice (34,
35). To determine possible Igk-V haplotype associations and
to scrutinize V, gene loci for possible irregularities that might
contribute to autoantibody generation, we subjected DNA
from all major lupus mice, their ancestors (if known), and
other nonautoimmune control strains to RFLP analysis using
four restriction enzymes and DNA probes corresponding to 12
V, gene families (Fig. 1). DNA from MRL-Ipr/Ipr mice whose
genome originated from LG/J, C3H/Di, AKR/J, and C57BL/
6, resulted in the same patterns as that from the ancestral
AKR/J strain (haplotype a) with all probes tested. BXSB lupus
mice (like their two nonautoimmune ancestors C5S7BL/6 and
SB/Le) and NZW were haplotype b. NZB also produced a
haplotype b-like pattern with probes for V.5, 8, 10, 12-13, 19,
21, 22, and 28. However, probes for families V.1, 2, 9, and 24
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Figure 1. Autoradiographs of restriction enzyme-digested, size-sepa-
rated liver DNA from several lupus and other inbred strains of mice
probed with 32P-labeled DNA corresponding to 12 V, gene families.
Lower case letters between bars above strain designation indicate
Igk-V haplotypes as defined by RFLP analysis (see Note Added in
Proof’), 1-kb size markers are on the left, and V, probes are on the
right of each blot. Shown are HindlII digests except for V,10, V,28
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(both Pstl), and V,19 (BamHI). However, in all instances, four re-
striction enzymes (BamH]I, EcoRI, Pstl, HindIII) have been used
with results leading to the same conclusions as derived from the pre-
sented examples. The additional restriction fragment in the BXSB
lane on the V,2 blot that is not present in other haplotype b lanes
was not seen in DNA from 14 other BXSB mice analyzed in analo-
gous fashion for a control and is probably artificial.
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Figure 1 (Continued)

detect a pattern clearly different from haplotype b but very
similar to that seen with C58 mouse DNA. The unique C58
and NZB haplotypes are referred to as d and e, respectively.

Structural genetic elements encoding anti-DNA
autoantibodies

To define the structural genetic elements (V/D/J gene seg-
ments) encoding autoantibody heavy and light chains, cDNA
clones encoding MRL-/pr/lpr and (NZB X W)F, hybridoma

anti-DNAs were prepared and their nucleic acid sequences
were determined. The isotypes and fine-specificities of the re-
spective monoclonals are depicted in Table 1. Their nucleic
acid and deduced amino acid sequences up to the C region-
encoding portion are shown in Fig. 2 along with the previously
analyzed MRL-DNA10 antibody (11). The sequences were
then compared with published Ig genes to determine their re-
lationship to genes used in exogenous responses in normal

mice.

Table I. Origin, Isotypes, and Fine Specificities of Murine Lupus Anti-DNA Autoantibodies*

Reactivity
Clone* Isotype ssDNA poly-dT poly-dU poly-dI poly-I dsDNA
%
MRL-DNAI10 IgM 100 60 0 10 0 -
MRL-DNA22 IgM 77 67 0 1 0 +
MRL-DNA4 1gG2a 51 46 2 42 0 -
BXW-DNA7 IgM 100 69 0 4 0 -
BXW-DNAI14 IgM 93 100 0 16 15 -
BXW-DNAI16 IgM 42 43 0 55 0 -

* Reactivity is expressed as percent of total added autoantibody that is bound by the respective substrate. Specificity of reactions was confirmed
by inhibition experiments with fluid-phase single-stranded (ss)DNA. The percentages indicated are means of two to three dilutions; standard
deviations were usually less than 20% of mean (not shown). No reactivity was observed with the additional substrates listed in Methods. Reac-
tivity with double-stranded (ds)DNA was determined by indirect immunofluorescence on Crithidia luciliae kinetoplasts. ¥ MRL-DNA 10 and

22 (same fusion) and MRL-DNA4 were derived from 3.5-mo-old MRL-/pr/ipr females.

(NZBXW)F, female.

All BXW-DNA clones were derived from a 6-mo-old

Genetic Origin of Autoantibodies 855
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Light chain genes. The MRL-DNA4 V, gene encoded se-
quence differed from the MRL-DNA10 prototype and the
identical BALB/c V,1A germline gene (36) by a single nucleo-
tide change. The V, gene encoding anti-double-stranded DNA
antibody MRL-DNA22 was assigned to the V.5 family, differ-
ing from the BALB/c germline gene H1 (37) by only five nu-
cleotides. The BXW-DNA 14 V, gene segment was identical to
that of a C57BL/6 antidextran antibody (42.4B.12 [38]), and
an antiarsonate amino acid sequence (1270.7 [39]) of the V,2
family (40). For the BXW-DNA16 V, gene, only a 88% match
was found in the data base (a V,9 gene encoding an
anti-[anti~(Glu® Ala*® Tyr'?), antibody [41]). Hence, with the
possible exception of BXW-DNA 16, all anti-DNAs expressed
V, genes that encode responses to exogenous antigens as well.
MRL-DNA4 and MRL-DNA22 J, segments differed from the
BALB/c germline J,2 and J,4 germline sequences (42) in three
and two positions, respectively. The same differences were ob-
served in other MRL-Ipr/Ipr J, segments previously (8, 43),
and are probably allelic. The J,1 and J,2 segments expressed in
BXW-DNA14 and BXW-DNA 16, respectively, were identical
to the corresponding BALB/c germline gene segments.

Heavy chain genes. All Vy genes, except that of MRL-
DNAA, revealed around or over 90% similarity to Vi genes of
the large J558 family: the MRL-DNA22 Vy gene was identical
to that of MRL-DNA 10 and showed over 94% match with Vg
sequences encoding antibodies to the hapten nitrophenyl (44,
45). The Vy genes encoding the (NZB X W)F,; anti-DNAs 7,
14, and 16 had their closest matches in germline genes V23
(89% [44]) and V{105 (92% [46]), and in the 45.21.1a anti-
dextran Vy gene (92% [38]), respectively. The MRL-DNA4
heavy chain was encoded by a novel Vy gene that defines a
new murine Vy gene family (28). However, the germline gene
organization of this small family in lupus and Igh-V haplo-
type-matched nonautoimmune mice was indistinguishable by
RFLP analysis (data not shown). The putative D segments of
the MRL-Ipr/Ipr anti-DNAs could not be assigned. All three
(NZB X W)F, anti-DNAs expressed D segments homologous
to the BALB/c FL16.1 D gene (47), although in two reading
frames, which resulted in quite different amino acid se-
quences. The J segments in MRL-DNA22 (Jy4), MRL-DNA4
(Ju3), BXW-DNA 14 (J;;2) were identical to the corresponding
BALB/c germline sequences (48) whereas the BXW-DNA16
Ju2 segment showed a single silent nucleotide difference in
codon 104. The BXW-DNA7 Jyl segment differed in two
nucleotides (codon 101 and 111) from the corresponding
BALB/c germline sequence. These differences may be either
allotypic or secondary to somatic mutation.

Discussion

In this study, we address possible associations of murine lupus
with abnormalities in the genes and complex mechanisms
generating antibody diversity and analyze genetic and struc-

tural requirements for anti-DNA reactivity. We first investi-
gated whether autoantibody production and lupus disease are
associated with particular Ig haplotypes or abnormal Ig germ-
line genes. Previous studies have not identified disease associa-
tions with any particular Igh-V haplotype, and the Vy genes of
lupus mice appeared normal by RFLP criteria (8-10). This
conclusion also appeared to be true for the new Vi gene family
(28) defined by MRL-DNA4, an anti-DNA autoantibody an-
alyzed in this study (data not shown). Since the Igk-V complex
is also polymorphic (35), we tested various lupus and nonau-
toimmune control strains for RFLPs with V, DNA probes
corresponding to 12 V, groups (40). These probes detect a
varying number of restriction fragment patterns in different .
inbred strains of mice, thus defining several Igk-V haplotypes
(Kofler et al., manuscript submitted for publication). As our
results show, spontaneous high level autoantibody production
and lupus disease occur in different Igk-V haplotypes. More-
over, based upon, and hence within the limitations of, RFLP
analysis, our study suggests that the Igk-V gene complex in
lupus mice may be essentially normal. This technique can
reveal recombinations, gene loss or duplication, and sequence
alterations, provided these changes detectably alter the length
of restriction fragments hybridizing to the labeled DNA
probes. Differences that do not fulfill these requirements (as is
frequently the case with small sequence changes and gene
conversions) will remain undetected, and yet might contribute
to the serological abnormalities associated with this disease.
However, the overall lupus autoantibody response employs a
large number of V, genes from different families (6) and causal
defects (such as lupus-specific V, genes, or sequence alterations
in multiple V, genes) should have become apparent. More-
over, our conclusion is supported by the lack of cosegregation
of autoantibody production and V, allotype in recombinant
inbred strains, and by the observation that lupus can be in-
duced in normal background mice (reviewed in reference 6).
The combined data provide compelling evidence that defects
within the Igh-V or Igk-V germline gene loci appear unlikely
causes for autoantibody expression in lupus mice.

We next investigated whether autoantibodies might result
from rearrangement of unusual gene segments during genera-
tion of the primary antibody repertoire. For this purpose, we
compared heavy and light chain sequences from randomly
selected anti-DNA autoantibodies from MRL-/pr/Ipr and
(NZB X W)F, mice with those of published Igs. The D seg-
ments expressed in the MRL-Ipr/Ipr anti-DNAs could not be
assigned to known D mini gene families and hence might
correspond to such unusual gene segments. However, the sig-
nificance of this finding is unclear since novel D segments have
been observed in antibodies to exogenous antigens and may be
attributed to allotypic differences, uncharacterized D families
in the murine genome or excessive alterations during V-D-J
joining (49). Moreover, the D segments in our (NZB X W)F,
anti-DNAs and in the recently reported MRL-/pr/lpr anti-
DNA autoantibody H130 (18) could be assigned to known D

Figure 2. (A) Nucleic acid and deduced amino acid sequences of
anti-DNA autoantibody light chain V regions. Dashes in sequence
indicate identity to the previously reported MRL-DNA 10 sequence
(11) in the top line; dots indicate gaps introduced for proper align-
ment. Complementarity-determining regions are boxed. Amino acid
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numbering is according to Kabat et al. (52). 5UT, 5’ untranslated re-
gion; LP, leader peptide. (B) Nucleic acid and deduced amino acid
sequences of anti-DNA autoantibody heavy chain V regions. Nu-
cleotides identical to the core sequence of the FL16.1 D segment
germline gene (52) are underlined. Remaining legend as for A.



gene families (47). Of interest, the length of the third comple-
mentarity-determining region, which is considered important
for antigen and antiidiotype recognition, differed from 7-14
residues. All anti-DNA V genes published thus far (11, 18, 19,
this report), originated from existing Vy or V, gene families
except that encoding the MRL-DNA4 H chain. However, cor-
responding Vy genes are present in the germline of normal
mice as well, and have been observed in hybridoma antibodies
of unknown specificity from lipopolysaccharide-stimulated
C57BL/6 splenocytes (Dildrop, R., personal communication).
Close similarity, or even identity, was observed with V genes
expressed in response to exogenous antigens, indicating that
the same V genes can be used to encode autoantibodies and
antibodies to exogenous antigens.

A question of considerable interest is that of genetic restric-
tion among autoantibodies. While the overall lupus-associated
anti-self response appears essentially unrestricted (6), there is
increasing evidence for genetic restriction among autoantibod-
ies with a given specificity (13-15), a finding also seen in exog-
enous responses. Our results and data from the literature sug-
gest that the degree of restriction of the anti-DNA response is
low: seven of eight murine anti-DNA Vy nucleic acid se-
quences published thus far (the nearly identical Vy sequences
encoding four clonally related hybridomas from reference 19
are here considered as one) probably originated from indepen-
dent germline genes since they differed from each other in 25
to over 50 nucleotides. The six anti-DNA V, genes known to
date (five from this report and one encoding four clonally
related anti-DNAs [19]) belonged to V, groups 1, 2, 4, 5, and
9. Moreover, evidence for involvement of additional Vy and
V, families in anti-DNA antibodies has been presented in the
literature, including Q52, 7183, S107, V.8, V.19, V.21 (6).
Hence, the variety of V genes that fulfill the structural require-
ments of participation in DNA-binding site generation is re-
markable. Human monoclonal anti-DNAs can also be en-
coded by dissimilar Vi genes (50), although such antibodies
may be genetically more restricted in humans than in mice
(51). The genetic diversity of anti-DNA autoantibodies agrees
with the serologic observation that anti-DNA antibodies rec-
ognize a considerable number of different epitopes (31). Addi-
tional possibilities may be that many combinations of different
V genes can generate similar binding sites, or that quite dissim-
ilar binding sites (with possible additional binding capacities)
react with DNA. Clearly, resolving these important issues will
require three-dimensional structure analysis of corresponding
immune complexes.

Note added in proof. During the processing of this manuscript, another
nomenclature for murine /gk haplotypes was proposed (D’Hoostelaere
et al. 1988. J. Immunol. 141:652-661). To avoid confusion in the
literature, we have adopted this nomenclature and expanded it by
adding two additional haplotypes (Kofler et al., manuscript submitted
for publication). Hence, haplotypes e, b, and g, depicted in this publi-
cation, have been renamed b, ¢, and h, respectively. Haplotypes a and d
remain unaltered.
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