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ABSTRACT Su ibity to systec lupus erythematosus
has been unequivocally e d to be an inherited trai, butthe
exact genes and how they confer susceptibility n largely
unknown. In this study of (NZB x NZW)F2 inte mice, we
used linkage analysis ofmarkers covering >90% ofthe automal
genome and idenified eit ptl ld (Lbwl to -8, cho-
mosomes 17, 4-7, 18, 1, 11, pectively) ated with anti-
chromatin autoantibody production,gm nphris, and/or

it. Only one locus, the major his patibt complx,
was linked to all three traits. Two other loci were ed with
both glomerulonephitis and mortalt, whereas the remaining
loci were linked to one of the above traits. Two adial loci
(Sbwl and -2) that conibut to p m were also iden-
ted. The Sbw2 locus mapped to the identical region as Lbw2, a
locus on chromosome 4 linked to glomerulonephritls and mor-
tafit, s g a single locus with pleotropic effects. The results
indicate that theimmunpatlg fea o lupus are affected
by distinct, but additive, genetic contributions. Studies to deter-
mine the nature ofthe genes a ated with these loci should help
define the genetic me I involved in this systemic autoim-
mune disease.

Studies of families and twins with systemic lupus erythema-
tosus (SLE) have documented the importance of genetic
predisposition and suggested a complex multifactorial mode
of inheritance, but the genetic basis for disease susceptibility
is still undefined (for review, see ref. 1). Given the size of the
human genome, polygenic control of disease, low pene-
trance, and the heterogeneity of disease, the task of identi-
fying the loci relevant to human SLE will be formidable.

Several strains ofmice that spontaneously develop SLE have
provided important information on the pathogenesis and genet-
ics of this disease, including findings on the inheritance of
autoimmune traits, the complementarity of genetic back-
grounds among lupus strains, and the roles of accelerating,
major histocompatibility complex (MHC), immunoglobulin,
and T-cell receptor (TCR) genes (for review, see refs. 2 and 3).
The exact genes and/or their chromosomal locations, however,
have yet to be identified. Studies in mice may provide a more
manageable alternative to direct studies in humans.
Among the murine lupus strains, the (NZB x NZW)F1

(BWF1) hybrid has clinical features most closely resembling
human SLE with markedly accelerated disease compared
with parental strains and a striking female predilection (2).
Conventional genetic studies indicate that each of the paren-
tal strains contributes at least one or two genes (3, 4), one of
which is linked to the MHC locus, with heterozygosity
(H-2dz) conferring maximal susceptibility (5, 6).
The recent identification of thousands of polymorphic

dinucleotide repeats (microsatellites) that can be used to
create dense linkage maps between inbred strains (7, 8) has
made it feasible to systematically search the entire mouse

genome for susceptibility gene loci. We have used this
approach to map the genes predisposing to early disease in
the BWF1 hybrid and report the identification of several loci
predisposing to mortality, glomerulonephritis (GN), anti-
chromatin antibody production, and splenomegaly.

MATERIALS AND METHODS
Mice. NZB/BlScr, NZW/LacScr, BWF1, and (NZB x

NZW)F2 (BWF2) intercross mice were bred and maintained
in our animal colony. Female mice from 6 mo of age were
examined daily for disease, bled monthly for sera, and
sacrificed at either 1 yr of age or earlier if moribund.
Phenotyping of Mice. Autopsies and histologic examina-

tions were done as described (9). Severity ofGN was graded
from 0 to 4+ (9), and mice were considered to have severe
GN ifthey were 4+ at 12 mo or .3+ ifmice eitherdied earlier
or had anasarca. Survival comparisons and cumulative anti-
chromatin antibody levels were analyzed with the general-
ized Wilcoxon test. Comparisons of spleen size were done
with the Mann-Whitney U test for small sample sizes and the
Student's t test for larger samples. ELISA for chromatin was
done as described (10). For linkage analysis, BWF2 mice with
antichromatin antibody levels of OD > 0.5 by 11 mo were
considered positive.
Cbromosoma Markers and Genotyping of Mice. Chromo-

somal markers consisted of simple-sequence-length polymor-
phisms (SSLPs) identified by PCR (refs. 7, 8; Whitehead
Institute/Massachusetts Institute of Technology Center for
Genome Research, Cambridge, MA). PCRs were performed by
using standard reagents (Perkin-Elmer) with 1.5mM MgCl and
0.4 M primers. Reactions were 40 cycles at 920C for 20 sec, 420C
to 600C (depending on primers) for 1.5 min and 729C for 2 min.
Products were run on a 5% NuSieve/1% regular agarose gel
(FMC) and stained with ethidium bromide.
Linkage Analysis. Linkages of chromosomal SSLPs to

traits were analyzed with x2 tests for goodness-of-fit against
the expected distribution for markers unlinked to disease
traits. The size of the genome and location of marker loci
were based on the GBASE mouse genetic map (The Jackson
Laboratory). Recombination fractions were calculated using
the MAPMAKER program (11).

RESULTS
SSLP Markers Di shibng NZB and NZW Strains. To

establish an exclusion linkage map, 315 microsatellite SSLPs
were screened, and 91 markers were selected (Table 1).
Coverage of the autosomal genome based on the percentage

Abbreviations: MHC, major histocompatibility complex; GN, glo-
merulonephritis; SLE, systemic lupus erythematosus; TCR, T-cell
receptor; SSLP, simple-sequence-length polymorphism; cM, centi-
morgans; BWF1, (NZB x NZW)F1; BWF2, (NZB x NZW)F2.
*To whom reprint requests should be addressed at: Immunology
Department, The Scripps Research Institute, 10666 North Torrey
Pines Road/IM3, La Jolla, CA 92037.
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Table 1. Coverage of NZB/NZW genomes
Longest
intervalt

Chromosome Coverage,* % cM No.*
1 93 28 5
2 98 22 6
3 92 28 5
4 89 30 8
5 97 22 5
6 100 18 5
7 100 14 5
8 100 19 5
9 94 25 5
10 92 26 4
11 100 19 8
12 96 23 3
13 100 19 3
14 97 22 3
15 100 20 5
16 100 17 4
17 100 15 6
18 100 16 4
19 90 24 2

Total 97 91
Distances are based on the GBASE mouse genetic map.

*Coverage is estimated by the percentage of each chromosome
within 20 cM of marker loci.
tLongest predicted interval in cM of a gene locus to a chromosomal
marker.
*Number of marker loci. The names of polymorphic SSLP markers
used are available upon request.

of each chromosome within 20 centimorgans (cM) of marker
loci was estimated at 97%. The order of marker loci and
recombination distances were similar to the GBASE genomic
map (The Jackson Laboratory; data not shown).

Mortality and Association with MHC. Mortality is a qual-
itative trait that is the most unambiguous evidence for severe
disease. Immune complex-mediated GN is considered the
most dominant cause, but other pathologic sequelae includ-
ing lymphoid malignancies, myocardial infarction, and vas-
culitis may contribute (2). Loci strongly associated with
overall mortality may represent genes with pleiotropic effects
that contribute fundamentally to disease development.

Cumulative mortalities at 1 yr for NZB, BWF1, and BWF2
mice were consistent with previous studies (2). By 12 mo,
mortality was 80% (16/20) for the BWF1, but only 16% (3/19)
for the NZB and 11% (1/9) for the NZW mice. The one NZW
death was very unusual because this strain typically has
minimal disease and only marginally shortened lifespan (2).
For BWF2 mice, the mortality was 25% (35/143) at a year.
Thirty BWF2 mice had severe GN, two mice died from
lymphoid malignancy, and three were found dead and not
autopsied.
The contribution of the MHC locus (which we will desig-

nate Lbwl, for Lupus-NZB x NZW) to 12-mo mortality ofthe
BWF2 mice was analyzed. Mortality was greatest for mice
with H-2dz (33%, 25/76), intermediate for H-2zz (21%, 7/33),
and lowest for H-2dd (6%, 2/33), which agrees with previous
conclusions (2, 5, 6). Among H-2dz BWF2 mice, however, the
12-mo cumulative mortality was lower than for BWF1 mice (P
< 0.003), suggesting that additional susceptibility genes are
required.
Lnkage ofMarkerLI to Mortality. Analysis ofBWF2 mice

for mortality rate at 12 mo revealed linkage to six marker loci
on chromosomes 17, 4,5, 6, 7, and 18: TNFa orMHC locus (2
df, X2 = 9.5, P < 0.01), D4Nds2 (2 df, x2 = 23.5, P << 0.001),
DSMitJOI (2 df, x2 = 14.1, P < 0.001), D6Mit25 (2 df, x2 = 10.0,
P < 0.01), Ngfg (2 df, x2 = 10.6, P < 0.01), and D18Mit8 (2 df,

X2 = 10.9, P < 0.005) (Table 2). These loci are designated Lbwl
to -6, respectively. Because a large number of events were
analyzed, significance at P < 0.001, as seen for Lbw2 and -3,
would be a conservative criterion for linkage, whereas signifi-
cance atPbetween 0.01 and 0.001, as observed forthe otherloci
(Lbwl, 4, -5, -6), would be highly suggestive of linkage (7, 12).
Given the fact that the MHC locus (Lbwl), which is known to
contribute to disease susceptibility, has linkage at significance
P < 0.01 suggests that these associations represent true link-
ages, as is indeed the case for the locus on chromosome 18 when
analyzed for linkage to GN (see below). Based on their geno-
type distributions, Lbw2 appears to contribute a dominantNZB
autoirnmune susceptibility allele, Lbw3 and Lbw6 to contribute
a recessive NZW allele, Lbw4 to contribute a recessive NZB
allele, and LbwS to contribute a dominant NZW susceptibility
allele.
Lbw2 Association with Mortality and Mapping of the Locus.

The Lbw2 locus appeared to play a very important role in
survival because all early mortality mice had theNZB allele
(Table 2), a finding consistent with epistatic interaction
between this locus and the other susceptibility loci. Never-
theless, among BWF2 mice with this allele, mortality re-
mained lower (33%, 35/105) than BWF1 mice (P < 0.002),
indicative of the requirement for other genes. The additive
effect of susceptibility genes can be seen by examining
subsets of BWF2 mice that have one, two, or three of the
dominantly inherited susceptibility genes: H-2dz at the MHC
(Lbwl), NZB at the Lbw2, and NZW at the LbwS. Mortality
with at least one gene was 29%o (25/86, LbwS), 33% (35/105,
Lbw2), and 33% (25/76, Lbwl); mortality with two genes was
37% (19/51, Lbwl + LbwS), 40%t (22/55, Lbw2 + LbwS), and
43% (24/56, Lbwl + Lbw2); and with all three genes mor-
tality was 56% (18/32). Contributions from additional sus-
ceptibility loci, however, are likely required for mortality to
reach the 80%o level of BWF1 hybrids.
Given the apparent requirement for theNZB Lbw2 allele for

early mortality, we attempted to more precisely map it by
analyzing only phenotype-positive (early death) individuals.
Segregation of chromosome 4 haplotypes and early mortality
are shown in Fig. 1. Based on 10 informative crossover events
(WW to either a BB or BW genotype) between marker loci
D4MUitl7 and D4Mit48, Lbw2 maps to a 9-cM span between
D4Mitl6 and D4Mit28. Four of these crossovers are within
this 9-cM interval, which will allow more accurate mapping of
the location of Lbw2 locus with additional markers.

Linkage of Marker Loci to GN. Thirty-eight (28%) of 136
autopsied BWF2 mice had severe GN (mice sacrificed for
nonrenal causes were excluded). Linkage analysis of severe
GN to marker loci identified three loci on chromosomes 4, 17,
and 18 (P < 0.001, Table 2): D4Nds2 (2 df, x2 = 13.8), Hsp68
within the MHC locus (2 df, x2 = 17.4), and D18Mit8 (2 df,
X2 = 15.1). These loci are most likely the same as Lbw2,
Lbwl, and Lbw6, respectively, because they map to the
same locations and have the same susceptibility allele gen-
otype and GN is the major cause of early mortality. The
greater level of significance for Lbwl and Lbw" to GN
compared with mortality may indicate that these genes are
primarily GN susceptibility genes. In contrast, Lbw2, which
is less strongly linked to GN compared with early mortality,
may play a more fundamental role in the development of
early-onset disease.
Linkage of Marker Loci to Antichronatin Andtibody Pro-

duction. BWF1 mice had an accelerated cumulative incidence
of antichromatin antibody production compared with both
parental strains [NZB (10/19) vs. BWF1 (19/20), P < 0.003;
NZW (3/10) vs. BWF1, P = 0.003]. Linkage analysis of
BWF2 mice to antichromatin antibody production revealed
linkage to the MHC locus (TNFa, 2 df, x2 = 17.3, P < 0.001)
and to two other loci on chromosomes 1 and 11: Dlfit36 (2
df, x2 = 12.0,P < 0.005)andIL4 (2 df, x2 = 10.7,P < 0.005),
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Table 2. Linkage of marker loci to mortality, GN, or antichromatin antibody production
+ phenotype - phenotype X2t

Chr cM* Marker locus BW BB WW BW BB WW 2 df Ho:B Ho:W

Mortality at 12 mo
4 41 D4Mit9 25 6 4 40 28 40 13.4 0.7 7.0
4 43 D4Mit205 25 6 4 41 28 39 12.6 0.7 7.0
4 46 D4Mit28 26 6 3 42 27 39 14.5 0.5 8.4
4 53 D4Nds2 29 6 0 42 28 38 23.5 0.7 15.0
4 55 D4Mitl6 27 7 1 42 26 38 18.2 0.1 12.7
5 88 DSMitlOI 14 5 15 63 29 15 14.1 1.5 12.0
6 60 D6Mit25 11 18 5 52 25 27 10.0 8.7 1.0
7 22 Ngfg 26 2 8 52 35 20 10.6 9.0 0.0
17 19.5 Tnfa 26 2 7 51 30 26 9.5 6.3 0.1
18 49 D18Mit8 15 6 13 63 31 14 10.9 1.1 9.1
18 57 D18Mit36 16 5 14 56 33 18 9.2 2.9 6.8

GN
4 41 D4Mit9 24 10 4 37 23 38 11.1 0.0 9.0
4 43 D4Mit205 24 10 4 38 23 37 10.4 0.0 8.0
4 46 D4Mit28 26 9 3 38 23 37 13.4 0.0 10.4
4 53 D4Nds2 27 8 3 38 25 35 13.8 0.1 9.2
4 55 D4Mitl6 25 10 3 39 22 35 11.6 0.0 9.6
17 18 D17Mitl6 28 4 5 35 34 28 17.0 6.6 2.2
17 19.2 Hsp68 29 2 5 38 29 27 17.4 7.8 2.3
17 19.5 Tnfa 30 2 5 42 30 25 16.2 8.2 1.7
17 24 D17MitlO 27 4 2 46 25 24 11.4 2.1 4.5
18 26 D18Mit39 5 2 11 28 18 15 8.6 1.6 6.8
18 49 D18Mit8 16 6 15 58 29 11 15.1 1.9 13.0
18 57 D18Mit36 14 7 17 53 30 14 14.2 1.6 12.5

Antichromatin antibody production
1 52 DiNdsl 42 23 15 20 4 16 8.9 4.4 5.0
1 61 DlMit36 48 28 13 19 6 17 12.0 3.5 9.0

11 30 IL4 38 31 12 15 8 16 10.7 3.0 8.7
11 35 DllMit26 28 17 6 15 3 11 9.9 4.1 6.1
11 42 DllMit29 47 30 11 24 5 13 10.5 6.0 5.3
17 10 D17Mit46 45 16 21 10 16 15 10.8 4.4 1.1
17 18 D17Mitl6 47 16 21 9 21 12 16.8 11.5 0.0
17 19.2 Hsp68 51 12 21 11 18 11 16.6 12.3 0.0
17 19.5 Tnfa 55 12 20 13 19 10 17.3 13.7 0.0
17 24 D17MitlO 50 12 17 13 17 11 13.2 8.8 0.2

Only chromosomal loci with linkage at significance P < 0.01 are shown. Chr, chromosome; Ho, homozygous.
*Estimated map distances in cM from centromere (GBASE genomic map).
tx2 contingency tables 3 x 2 (2 df) and 2 x 2 (1 df) were analyzed. Ho:B = BB x BW/WW; Ho:W = WW x BW/BB.
significant at P < 0.01; boldface data was significant at P < 0.001.

designated Lbw7 and -8, respectively. Both appeared to
contribute dominant NZB susceptibility.
Linkage of Marker Loci to Splenomegaly. Spleen size, a

phenotype that could be a quantitative measure of abnormal
lymphoid hyperplasia and hyperactivity, differed strikingly
between NZB andNZW mice (611 ± 250 mg vs. 134 ± 49 mg,
P << 0.001). This trait appeared to exhibit incomplete
dominant inheritance, as evidenced by intermediate spleen
sizes in BWF1 hybrids (220 ± 135 mg, P < 0.02 compared
with NZW), which was even more evident at 12 mo (389 ±
197 mg, P < 0.006 compared with NZW). Mean spleen
weights ofBWF2 mice surviving 12 mo was 261 ± 217 mg and
ranged in size from 65 to 1281 mg. For linkage analysis, a high
threshold was selected to decrease the possibility of false-
positive associations; splenomegaly was defined as 4 SDs
above the average NZW spleen weight (>332 mg) in mice
surviving a year. Table 3 shows that two loci were linked to
splenomegaly, one on chromosome 1 (DlNdsl, 2 df, x2 =
13.0, P < 0.005) and the other on chromosome 4 (D4MiW, 2
df, x2 = 25.4, P << 0.001). These loci will be designated
Sbwl (for Splenomegaly) and Sbw2, respectively. The gen-
otype distributions suggest that a recessive NZB Sbwl allele
and a dominantNZB Sbw2 allele contribute to splenomegaly.
The locus on chromosome 4 appeared to be required for

Underlined data were

splenomegaly, and an additive inheritance pattern was ob-
served, with average spleen weights for BB, BW, and WW
genotypes at D4Mit28 being 402 ± 243, 269 ± 244, and 155 ±
65 mg, respectively.
Sbw2 and Lbw2 Map to the Same Region. Sbw2 on chro-

mosome 4 appeared to map slightly centromeric to Lbw2
(Table 3). To more precisely determine its location, segre-
gation of splenomegaly to chromosome 4 haplotypes was
examined (Fig. 2). Because there was incomplete penetrance,
animals without splenomegaly were excluded from this anal-
ysis. To maximize the number of crossovers, all mice with
splenomegaly were analyzed, regardless of age. Five infor-
mative crossovers localized Sbw2 to a 7-cM region between
markers D4Mitl6 and D4Nds2, strikingly within the same
segment containing Lbw2, indicating thatLbw2 and Sbw2 are
most likely the same susceptibility locus. This result raises
the possibility that susceptibility to early mortality, GN, and
splenomegaly is determined, in part, by a single gene with
pleiotropic effects.

DISCUSSION
In this study, several findings related to the genetics of SLE
in BW mice are presented. (i) We identified eight loci that
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Marker Chromosome 4 Haplotypes
loci Chr cM 1 2 3 4 5 6 7 8 9 10 11 12

DW#17 4 31 LJ* LJ* Ln * LJ* LJ*

D4Mi9 4 41 WEE

D4MW28 4 46 * E EZE LZ

D4Nds2 4 53 * In

D4MffI6 4 5 * E L*I

D4Mit48 4 65 * *

DEATH BY 12 MO
ALIVE AT 12 MO

27 0 0 2 0 1 0 3 1

54 13 9 2 0 1 6 7 2
0 3 0
2 4 9

FIG. 1. Mapping of the Lbw2 locus to chromosome (Chr) 4. Segregation of chromosome 4 haplotypes to 12-mo mortality of BWF2 mice.
o, NZW genotype; *, NZB or BW genotype; WW and BW/BB genotypes were analyzed. Columns 3 and 12 include one surviving mouse with
a double-crossover event, and columns 4 and 11 include two early mortality mice with double crossovers.

contribute to SLE susceptibility and two that predispose to
splenomegaly. (ii) We show that genetic susceptibility con-
tributes to different levels of SLE pathogenesis from au-

toantibody production to specific organ destruction to mor-

tality. (iii) We identified a locus on chromosome 4 (Lbw2) that
appears to play a major role in mortality. (iv) We found a

dominant phenotype, splenomegaly, that maps to the same
region as Lbw2. Our findings, along with the results of other
studies involving insulin-dependent diabetes in NOD mice (7)
and BB rats (12), and lupus in the MRL-lpr strain (13),
demonstrate the effectiveness of using linkage analysis with
markers covering the entire genome to study the complex
genetics of autoimmunity.
Three loci, Lbwl, -7, and -8, on chromosomes 17, 1, and 11,

respectively, were linked to antichromatin antibody produc-
tion. Lbwl (MHC) was also linked to GN and mortality,
which may be related to its effect on autoantibody production
(this study; refs. 5 and 6). GN was linked to three loci, Lbwl,
-2, and -6 on chromosomes 17, 4, and 18, all ofwhich also had
linkage to mortality, consistent with GN being the major
factor contributing to early mortality (2). The two non-MHC
loci had no linkage to autoantibody production, suggesting
that their contribution to GN involves a stage beyond au-

toantibody formation. Six loci, Lbwl-6 on chromosomes 17,
4-7, and 18, respectively, were linked to early mortality, only
three of which were also associated with GN. The loci that
are unlinked to GN may play a role in other pathologic
conditions such as vascular disease, lymphoid hyperplasia,

and neoplasia, which may contribute to overall mortality (2).
As noted, one of these loci, Lbw2, appeared to play a major,
if not essential, role in early mortality.
Two NZB allele loci, Sbwl and -2, on chromosomes 1 and

4 were linked to splenomegaly and map near Lbw7 and -2,
respectively. Pathologic studies of the NZB spleen has re-
vealed two stages of lymphoproliferation (for review, see ref.
2), an extensive development of large lymphoid follicles with
multiple germinal centers in the white pulp from 3 to 11 mo
of age and a later stage involving additional nonmalignant
hyperplasia of plasma and reticulum cells. Lymphoprolifer-
ation and splenomegaly may be a manifestation of an ongoing
activation encompassing a large set of B and T cells related
to overall hyperactivity of these cells in lupus mice (14, 15).
Splenomegaly in NZB mice has also been associated with
chromosomal hyperdiploidy (16). The relationship of these
pathologic and functional abnormalities to Sbwl and -2 may
provide important clues to the pathogenesis of SLE. That
Lbw2 and Sbw2 may be a single gene that contributes to
lymphoid hyperplasia, GN, and early mortality raises the
possibility that the basic defect produced by the Lbw2/Sbw2
locus is lymphocyte hyperactivity/hyperplasia, which then
gives rise to autoantibody production, immune complex
formation, GN, and death. Such a model would tie together
several of the major abnormalities seen in NZ mice.
Our study indicates that genetic contributions to a given

trait are additive but depend on specific combinations. Thus,
a multiplicative model of polygenic disease (dependent on

Table 3. Linkage of marker loci to splenomegaly
+ splenomegaly - splenomegaly x2*

Chr cM Marker locus BW BB WW BW BB WW 2df Ho:B Ho:W
1 52 DlNdsl 5 10 4 45 12 24 13.0 10.7 0.0
4 31 D4Mitl7 10 12 0 38 14 34 19.4 12.0 10.9
4 41 D4Mit9 8 14 0 32 14 40 25.4 18.1 14.3
4 43 D4Mit2O5 8 14 0 33 14 39 25.1 18.1 13.7
4 46 D4Mit28 9 13 0 33 14 39 22.8 14.9 13.7
4 53 D4Nds2 7 12 3 35 16 35 12.7 10.0 4.5
4 55 D4MitJ6 7 12 3 36 15 35 13.7 11.0 4.5
4 65 D4Mit48 7 11 4 40 17 29 8.7 7.1 1.3

Only chromosomal loci with linkage at significance P < 0.01 are shown. Splenomegaly is defined as less than mean ± 4 SD of NZW spleen
weights (>332 mg). Chr, chromosome.
*X2 contingency tables 3 x 2 (2 df) and 2 x 2 (1 df) were analyzed. Ho:B = BB x BW/WW; Ho:W = WW x BW/BB. Underlined data was
significant at P < 0.01; boldface data was significant at P < 0.001.

Immunology: Kono et al.
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Chromosome 4 Haplotypes

D4Mi205 4 43

D4Mit28 4 46 * z*u

D4Nds2 4 53 EW fl* ZL

D4MiE164 55EZOE*
>4SD (>332 mg) 27 0 0 0 3 1 1 0

<2SD (<232mg) 25 26 0 0 3 5 2 2

specific combinations) would be more applicable than an
additive one (independent of specific combinations). Similar
conclusions have been reached for insulin-dependent diabe-
tes in the NOD mouse (17). Furthermore, each locus con-
tributes to specific stages of SLE immunopathology, sug-
gesting that each stage has a separate threshold determined
by different sets of susceptibility genes. We can speculate
that these findings suggest a rationale for combination treat-
ment regimens tailored to affect genetic contributions at
different disease stages.

In addition to the MHC, previous genetic studies of BW
crosses mapped several traits to loci on chromosome 4 (3) and
the TCR (3-chain locus on chromosome 6 (18). Of the loci on
chromosome 4, only one, Imhl (19), a locus linked to IgM
hypergammaglobulinemia that mapped distal to the b coat-
color locus, is located near Lbw2. These loci may not be the
same, however, because renal disease is associated with Lbw2
but is not associated with Imhl (19). Two groups, using (BWF1
x NZW) backcross (20) or aNZB x NZW recombinant inbred
strain (21), have also identified a locus (at a slightly different
position) on chromosome 4 associated with lupus, and in the
latter study (21), susceptibility loci were also identified on
chromosomes 1 and 7 that map near Lbw7 and -5. As regards
the chromosome 6 locus, our data do not support the corre-
lation of disease susceptibility to the TCR (3-chain locus.
Several BWF2 susceptibility loci mapped to regions also
associated with either GN in MRL-lpr mice (13) or diabetes in
NOD mice (7), which may indicate shared genetic mecha-
nisms; LbwS was located near the MRL-lpr locus, Lrdml, on
chromosome 7 and Lbw4, -7, and -8 mapped near the NOD
loci, Idd6, IddS, and Idd4 on chromosomes 6, 1, and 11.
The chromosomal locations of BWF2 susceptibility loci are

only approximately defined, and additional backcross studies
will be required for more precise localization. Nevertheless,
for some loci, potential disease susceptibility genes can be
presumptively identified. Lymphocyte costimulatory mole-
cules Cd28 and Ctla4 (22), Bc12, an apoptosis-inhibiting gene
postulated to play a role in systemic autoimmunity (23), and
interleukin 10 (110) have been mapped close to Lbw7 and
Sbwl on chromosome 1. For Lbw2/Sbw2 on chromosome 4,
B-cell maturation factor responsiveness 1 (Bmfrl) (24), a locus
associated with B-cell response to maturation factors, has
been mapped to the interval encompassing these loci but has
yet to be cloned. The interleukin 5 receptor (IL5r) and the
tumor necrosis factor receptor 1 (Tnfrl) genes have been
mapped near Lbw4 on chromosome 6. Interleukin 4 and 5 (I4,
115), interferon regulatory factor 1 (Irfi), a transcription reg-
ulator of interferon (25), and transformation-related protein 53
(TrpS3) have been mapped nearLbw8 on chromosome 11. The
exact nature of genes associated with these susceptibility loci
is still to be discovered. Through the use of syntenic (homol-
ogous linkage group) relationships between mouse and human
chromosomes, a search can now be undertaken to determine

FIG. 2. Mapping of the Sbw2 locus to chro-
mosome 4. Segregation of chromosome 4 hap-
lotypes to BWF2 mice with spleen weights
greater than the mean + 4 SD of 1 yr-old NZW
spleens (>332 mg). o, NZW genotype; *, NZB
orBWF1 genotype. WWand BW/BB genotypes
were analyzed. For comparison, segregation of
BWF2 mice with spleen weights less than the
mean + 2 SD of 1-yr-old NZW spleens (<232
mg) is shown.

the relevance ofour findings to human disease. Our prediction
is that some of these mouse lupus susceptibility loci will also
be relevant to the human disease.
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