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Abstract

MHC-linked genes strongly influence susceptibility to autoim-
mune diseases and also regulate responses to exogenous anti-
gens. To begin to understand the mechanism of this MHCef-
fect on disease, we have investigated MHC-congenic mouse
strains that develop spontaneous autoimmunity because of the
Ipr gene. C57BL6/lpr (B6/lpr) mice (H-2b) are known to
have substantial levels of autoantibodies to chromatin, single
stranded DNA(ssDNA3), and IgG of different murine sub-
classes (rheumatoid factor). Wehave crossed the H-2d and the
H-2bil2 (la mutant) haplotypes onto the B6/lpr background.
Surprisingly, levels of all of the autoantibodies were markedly
lower in B6/lpr.H-2d, but levels in B6/lpr.H-2b l2 were no
different from those in B6 /lpr mice. The downregulating influ-
ence of the H-2d allele was dominant, and there was no effect on
autoantibody fine specificities. The genetics of the H-2d effect
and its diffuse influence on multiple autoantibody specificities,
in addition to the lack of effect of the bml2 mutation, which
modifies the peptide-binding groove of I-A, together raise the
question of whether MHC-linked genes other than classical
(IR) genes may be responsible for MHCdisease associations
in this model. (J. Clin. Invest. 1993. 91:2761-2768.) Key
words: systemic lupus erythematosus - autoantibody - major
histocompatibility complex - murine models * immune response
genes

Introduction

Susceptibility to many autoimmune diseases is influenced by
genes of the MHC(reviewed in reference 1). For human SLE,
certain alleles of genes encoded by the HLADR, DP, DQ, and
C4 loci result in enhanced risk of disease and may be associated
with particular autoantibody specificities (1-4). In murine
SLE, data also indicate an association between MHCalleles
and disease. In the (NZB X NZW) Fl model, H-2 is one of
several genetic loci that contribute to disease severity (5). For
NZBmice (H-2d), the substitution of the H-2bml2, but not the
H-2b, haplotype results in production of greater levels of anti-
body to double- and single-stranded DNA (dsDNA and
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ssDNA, respectively) ', and to a shortened lifespan due to glo-
merulonephritis (6). In addition, the autoimmune disease of
the BXSBmouse is less severe in animals expressing H-2d in-
stead of the H-2b allele normally present in this strain (7).

The autosomal recessive lpr gene, recently demonstrated to
be a nonexpressed mutant form of the Fas apoptosis-inducing
cell surface receptor (8), causes lymphadenopathy and autoan-
tibody formation. The nature and severity of disease are depen-
dent on background genes (9), and lpr accelerates any underly-
ing autoimmune proclivity. For example, MRL/Mp-lpr/lpr
mice develop massive lymphadenopathy; antibodies to multi-
ple autoantigens including dsDNA, ssDNA, chromatin, IgG,
Su, ribosomal P protein, and Sm, as well as severe renal disease.
In contrast, C57BL/6-lpr/lpr (B6/lpr) mice develop more
modest lymphadenopathy and antibodies to chromatin,
ssDNA, and IgG (9), but fail to develop antibodies to Smor
dsDNA, and do not have vasculitis or renal disease. Intercross
analysis has shown that multiple background genes are respon-
sible for the differences in the lpr-induced autoimmunity, and
it has thus far not been possible to demonstrate an MHCeffect
on renal disease or autoantibody production (10). Wehave,
therefore, sought a system free of the influence of other genetic
differences to study the effects of MHCgenes on systemic auto-
immunity. Wethus took advantage of the existence of H-2
congenic C57BL/6 strains to derive new lpr strains that differ
only at MHCloci. The results indicated that substitution of the
H-2d allele for H-2b resulted in diminished autoimmunity, but
that H-2bml2 did not influence autoantibody production. Sur-
prisingly, the reduction in autoimmunity observed in B6/lpr-
H-2d reflected a generalized lowering of autoantibody produc-
tion rather than an effect on autoantibody fine specificity.

Methods

Mice. C57BL/6 (B6) and C57BL/6-lpr/lpr (B6/lpr) mice (H-2b);
and HWl9 (H-2d-congenic B6) mice were originally obtained from
the Jackson Laboratory (Bar Harbor, ME) and maintained in our
breeding colony at the University of North Carolina at Chapel Hill.
B6.C-H-2bml2 (bm 12) mice were originally obtained from Dr. Roger
Melvold, Northwestern University (Evanston, IL) and have been bred
in our colony.

To produce H-2d-congenic B6/lpr mice, we crossed B6/lpr and
HW19. Fl hybrid mice were intercrossed, and the F2 generation was
screened for lpr homozygosity by assessing antichromatin autoantibod-
ies and rheumatoid factors by ELISA. H-2 phenotype was determined
by immunofluorescence using AF6-88.5.3 (anti-H-2Kb) and SFl-1.1.I
(anti-H-2Kd), both from American Type Culture Collection, (Rock-

1. Abbreviations used in this paper: BBS, borate-buffered saline;
dsDNA, double-stranded DNA; EDF, equivalent dilution factor;
HGG, human gammaglobulin; IR, immune response; KLH, keyhole
limpet hemocyanin; ssDNA, single-stranded DNA.
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ville, MD). To obtain H-2d homozygous founder mice, it was neces-
sary to intercross one more generation. The B6/lpr.H-2d mice were
also crossed to B6 /lpr, and the F2 generation was tested for segregation
of H-2 phenotype and autoantibody levels (see text).

To produce the B6 /lpr.H-2bmI2 strain, B6 /lpr was mated to bm12,
and F2 mice screened in a fashion analogous to that described above.
Typing for I-Ab was accomplished by immunofluorescence using
D3137.5 (anti-I-Ab); as there is no I-Abm12-specific reagent generally
available, bm12 mice were identified by their lack of lab. Additional
intercrosses were necessary to generate B6/lpr.H-2bmI2 homozygous
founder mice. The identity of B6/lpr.IH-2lbml2 mice was also confirmed
by their characteristic response to immunization with insulin ( 11).

IgG antichromatin. Chromatin Ag was purified from chicken eryth-
rocyte nuclei ( 12). Polyvinyl chloride microtiter plates (Dynatech Lab-
oratories, Inc., Chantilly, VA) were coated with 100 pJ of a 3-Mg/ml
chromatin solution in borate-buffered saline (BBS), pH 8.4, for 5 h at
4°C. After washing with BBS and incubating with 200 ,l of coating
buffer (BBS, 0.5% BSA, 0.4% Tween 80) for 1 h at 4°C, serum samples
(diluted 1/500 in coating buffer) were added. After overnight incuba-
tion at 4°C, the plates were washed five times with BBS, and a 1/2,000
dilution of biotinylated affinity-purified goat anti-mouse IgG (pFc'
specific) was added for 1 h at 4°C. After washing, the plates were incu-
bated with avidin-alkaline phosphatase (Zymed Labs, Inc., South San
Francisco, CA) for 1 h at 4°C. After further washing, phosphatase
substrate (Sigma Chemical Co., St. Louis, MO) was added in 0.01 M
diethanolamine, pH 9.8, to each well. The plates were read with an
automated micro-ELISA reader at 1, 3, and 24 h after substrate addi-
tion. A standard curve was constructed using a high titer MRL/lpr
mouse serum, and EDF(equivalent dilution factor) values were calcu-
lated according to the following formula: EDF= (dilution of standard
reference sera that gives the equivalent ODof the test serum) x 106.
The standard dilution curves were usually linear and not steep in the
ODrange tested.

Anti-ssDNA. Calf thymus DNA(Sigma Diagnostics Co, St. Louis,
MO) was denatured at 100°C for 10 min, and 100 ML of a 10-,ug/ml
solution of ssDNA was added to each well. The antibodies were de-
tected with a biotinylated affinity-purified rat anti-mouse K monoclo-
nal antibody. A high titer MRL/lpr mouse serum was used for the
standard curve.

Anti-dsDNA. The indirect fluorescent antibody procedure for the
detection of anti-dsDNA antibodies was performed with substrate
slides of Crithidia luciliae (Kallestad Diagnostics, Inc., Chaska, MN).
The serum samples diluted 1 / 10 were incubated 30 min in a moist box.
After washing with PBS, anti-dsDNA antibodies bound to the Crithidia
kinetoplast DNAwere detected with a rabbit anti-mouse IgG linked to
a fluorochrome (FITC). 30 min later, the slides were read using a
fluorescence microscope at a magnification of 400. An anti-dsDNA
positive MRL/lpr hybridoma and an anti-dsDNA negative tissue cul-
ture supernatant were used as controls.

Rheumatoid factors and total IgM. Rheumatoid factor and total
serum IgM were tested in assays similar to those described above. The
plates were coated with monoclonal reagents rendered free of IgM by
previous absorption. Myeloma proteins used as antigen for detection of
isotype specific rheumatoid factors were as listed in ( 13) except for
IgGla (HB57) and the IgG2aa (P1.17). Antibodies to these plate-
bound IgGs were detected with biotinylated affinity-purified Bet-2 rat
anti-mouse IgM F(ab')2, followed by avidin-alkaline phosphatase and
substrate.

Immunizations. Mice were given 50 ,g of human gammaglobulin
(HGG) purified from Cohn Fraction II of human serum or keyhole
limpet hemocyanin (KLH) (Sigma Chemical Co.) subcutaneously in
CFA. They were boosted with 50 ,tg of antigen in incomplete Freund's
adjuvant 10 d later, and were tail-bled 1 wk later ( 17 d after immuniza-
tion).

HGGand KLHELISAs. IgG antibodies to HGGand KLH were
quantitated by coating microtiter wells with 3 Mg/ml of protein antigen
in BBS. The plates were then processed as above. Serum was added at a

1/200 dilution. Bound antibody was detected using biotinylated goat
anti-mouse IgG.

Immunoblotting. Chicken erythrocyte chromatin was dissolved at
0.55 mg/ml in Laemmli buffer containing bromphenol blue, sodium
phosphate, glycerol, SDS, water, and DTT. After heating for 3 min at
1000C, the diluted sample and S Ml of prestained molecular mass pro-
tein standards, 3,000-43,000 D, (Gibco BRL, Gaithersburg, MD)were
electrophoresed on a 10-20% gradient polyacrylamide gel with SDS.
The electrophoresis was performed at 20 mAfor 2.5 h. The separated
polypeptides were transferred to nitrocellulose paper by electroblotting
in transfer buffer (25 mMTris hydroxide, 192 mMglycine, 20%metha-
nol) at 100 V for 45 min on ice. Nitrocellulose paper was then cut into
strips and pressed overnight. The next day, the strips were incubated
with Tris-buffered saline 5% milk for 1 h. After washing, the serum
samples, diluted 3 Ml/ml in TBS, were added. After overnight incuba-
tion, the antibodies were detected with biotinylated affinity-purified rat
anti-mouse K diluted 1 / 1,000, followed by avidin-alkaline phospha-
tase. Antibody binding was visualized using nitroblue tetrazolium-
bromo-chloro-indolyl phosphate, Sigma Chemical Co.

Measurement of proteinuria. Protein was estimated in spot urines
from F2 mice (Albustix; Miles Inc., Elkhart, IN). Protein concentra-
tion in the urine was classified according to five categories (0-4+).

Results

Antichromatin in MHCcongenic lpr mice. Antichromatin anti-
bodies were quantitated by ELISA in sera from B6/lpr and
B6/lpr.H-2d mice at 5 moof age. In Fig. 1 a, it can be seen that
antichromatin levels in the H-2d mice were lower than those
measured in samples from H-2' individuals (P < 0.001 for
comparison of pooled male and female samples of each strain
by Student's t test). B6/lpr female mice had significantly
higher levels of antichromatin than males (P = 0.0001), but
there was no sex difference in antichromatin levels for B6/
lpr.H-2d (P = 0.8).

To ensure that the differences observed between the B6 /lpr
and B6/lpr.H-2d mice segregated with H-2, we mated B6/lpr
and B6/lpr.H-2d mice and intercrossed the Fl offspring. In the
F2 generation, there were 28 H-2 b/b mice, 43 H-2b/d mice, and
24 H-2d/d mice. As shown in Fig. 1 b, sera from the bb mice
contained significantly more antichromatin antibodies than
sera from dd individuals (P < 0.001 ). Antichromatin levels in
bd mice were not significantly different from those of dd mice
(P = 0.71).

Fig. 2 shows a comparison of antichromatin determina-
tions on the sera of B6/lpr.H-2bml2 and B6/lpr mice. In con-
trast to what was observed for B6/lpr.H-2d, there was no signifi-
cant difference in antichromatin between B6/lpr.H-2bml2 and
B6 /lpr.

Immunoblot analysis of antichromatin in lpr strains. The
ELISA results thus indicated significant differences between
B6/lpr and B6/lpr.H-2d, but not between B6/lpr and B6/
lpr.H-2 ml2. It was possible that the difference observed in the
former case was caused by the absence of reactivity to one of
the histone components of chromatin, with preservation of re-
activity to the remaining histone constituents of this antigen.
To approach this question, serum samples from B6/lpr, B6/
lpr.H-2d, and B6/lpr.H-2 bml2 mice with high levels of an-
tichromatin reactivity by ELISA were selected for further analy-
sis by immunoblotting. Western blot results (Fig. 3) indicated
that the antichromatin reactivity of B6 /lpr.H-2d mice was gen-
erally directed to the same histone components recognized by
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Figure 1. Antichromatin antibody distribution in B6/
lpr and in B6/lpr-H-2d sera. (a) Each point repre-
sents the ELISA optical density value of an individual
sample taken at 5 moof age. The numbers of B6 /lpr
and B6/lpr-H-2d mice studied were: 49 (26 males and
23 females) and 50 (25 males and 25 females), re-
spectively. (b) Antichromatin EDFlevels for a cohort
of F2(bb), F2(bd) and F2(dd) mice. The results
were standardized against a high titer MRL/lpr
mouse, so that antichromatin EDF titers could be
calculated. ., females; u, males.

Figure 2. Antichromatin antibody distribution in B6/
lpr and B6/lpr.H-2bmI2 mice. Each point represents
an individual mouse, 4-6 mo old. 42 sex- and age-
matched ( 16 males and 26 females) B6/lpr and B6/
lpr.H-2bml2 mice were studied. No significant differ-
ences between B6/lpr and B6/lpr.H-2bml2 were noted.
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Figure 3. Western blots of antihistone antibodies. Re-

N sults are for individual sera from 5-mo-old mice (di-
S luted 1/333). Histones H2Band H2A run closely to-

gether, just below H3. (a) The extreme left lane (lpr
8557 cn2) shows serum from a 5-mo-old MRL/lpr
mouse; the remaining sera are from B6/lpr individ-
uals. (b) B6/lpr.H-2d sera. (c) B6/lpr.H-2bmI2 sera.

Amido black staining to identify total proteins has
been included for the blots in Fig. 3 C.

B6 / lpr sera, with no selective reduction in reactivity to a single
histone or group of histones. These sera were selected for high
antichromatin levels, thus the immunoblots show no differ-
ence in staining intensity between strains. Because there was no

difference in the distribution of antibody directed toward the
histone components of chromatin in B6/lpr.H-2d sera, the de-
creased overall reactivity of these sera was caused by a general-
ized reduction in autoantibodies to several components of
chromatin. Fig. 3 also shows immunoblot results from repre-
sentative B6/lpr.H-2bmI2 sera. These sera showed patterns simi-
lar to what was seen with B6 / lpr sera. Therefore, the equivalent
ELISA results did not mask a difference in antichromatin speci-
ficity.

Anti-DNA in MHC-congenic lpr mice. As was seen for an-

tichromatin, anti-DNA titers were significantly lower in Ipr
mice expressing the d haplotype. This was ascertained by com-

paring anti-ssDNA levels in a cohort of parental B6/lpr and
B6/lpr.H-2d individuals (not shown). The data were con-

firmed in an analysis of F2 mice (Fig. 4 a). Those mice which
inherited the dd and bd haplotypes had significantly lower lev-

els of anti-DNA than bb individuals (P < 0.05). In contrast to
these results, B6/lpr.H-2bml2 mice showed anti-DNA levels
that were similar to those of B6/lpr. As seen in Fig. 4 b, al-
though there was a modest decrease in the female B6/lpr.H-
2bm12 mice, this did not achieve statistical significance. Wealso
measured anti-dsDNA in B6/lpr.H-2d and B6/lpr.H-2bml2.
None of these strains showed any positivity in the Crithidia
luciliae immunofluorescence assay.

Rheumatoidfactor levels in congenic lpr mice. B6/lpr mice
are known to produce substantial amounts of rheumatoid fac-
tor ( 14). Wedetermined the effect of MHChaplotype substitu-
tions on the amount and specificity of this autoantibody.
Rheumatoid factor in parental B6/lpr mice was present in sig-
nificantly higher levels than in B6/lpr.H-2d animals (data not
shown). As was done for the other autoantibody measure-
ments, results were confirmed in F2 mice. Fig. 5 a shows that
IgM anti-IgG 1b levels were markedly lower in bd and dd mice.
The same was true for anti-IgG2bb (Fig. 5 b). Levels in bd mice
were not significantly different from those measured in dd ani-
mals. In contrast to these data, there was no difference between
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Figure 4. (a) Anti-ssDNA antibody levels (EDF) in the same cohort
of F2 mice used for antichromatin measurements shown in Fig. 1.
H-2b mice showed a greater level of anti-ssDNA antibody compared
to H-2' (P < 0.001 ) and H-2b/d mice (P < 0.001 ). (b) Anti-ssDNA
EDF titers in B6/lpr and B6/lpr.H-2"''2 mice. The differences ob-

served were not significant (P > 0.05). ., females; *, males.

B6/lpr and B6/lpr.H-2bml2 rheumatoid factor titers against the
IgGIb and IgG2b isotypes (Fig. 6). In an effort to discern dif-
ferences in rheumatoid factor fine specificity between B6/lpr
and B6/lpr.H-2bml2, we measured IgM antibody against both a
and b allotype myeloma proteins representing all of the murine
subclasses (Fig. 6). There were no differences between the two
strains.

Responsiveness of congenic lpr mice to immunization. It
was possible that the lower autoantibody levels in B6/lpr.H-2d
mice reflect a generalized decreased responsiveness to antigenic
stimulation. This question was approached by assessing anti-
body responses to HGGand KLH. As seen in Table I, there
was no difference between B6/lpr and B6/lpr.H-2d mice in
antibody levels after immunization.

Other studies in MHC-congenic lpr strains. Wecompared
the total spleen and lymph node weights of 7-mo-old MHC-
congenic lpr mice (Table II). Spleen and lymph node weights
of F2 bb homozygous mice were significantly greater than
those observed for dd mice (P = 0.006 and 0.02 for spleen and
lymph nodes, respectively). For bb vs bd mice, differences ap-
proached statistical significance for spleen (P = 0.07) but not
for lymph node (P = 0.21 ). When bd mice were compared
with dd homozygotes, on the other hand, lymph node weights
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Figure 5. Isotype-specific rheumatoid factors directed against IgGl b
(a) and IgG2bb (b) in F2(bb), F2(bd), and F2(dd) mice. H-2b ho-
mozygous mice were significantly different from B6/lpr-H-2d and
from F2 (bd) for both specificities (P < 0.001). ., females; ., males.

were significantly greater in the bd mice (P = 0.04), yet spleen
weights were not significantly different (P = 0. 14).

We also tested for proteinuria in female mice of these
strains using the semiquantitative Albustix method and found

16,000

14,000

12,000

10,000

8,000

6,000

4,000

2,000

0

IgG1a 1gGlb IgG2aa IgG2ab IgG2ba IgG2bb IgG3 Toal 1gM

Figure 6. IgG subclass and allotype-specific rheumatoid factors and
total IgM in B6/lpr vs B6/lpr.H-2"1'2 mice. For each rheumatoid
factor specificity, B6/lpr and B6/lpr.H-2bmI2 mice were not different
(P> 0.1). ., B6/lpr; *, bml2/lpr.
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Table I. Responses of B6/lpr and B6/lpr.H-2d Mice
to Immunization

No. of Prebleed
Strain mice Antigen OD(SD) 4-wk OD

B6/lpr 7 HGG 0.024 (0.022) 0.409 (0.102)
B6/lpr.H-2d 5 HGG 0.076 (0.042) 0.464 (0.068)
B6/lpr 7 KLH 0.046 (0.009) 0.160 (0.047)
B6/lpr.H-2d 6 KLH 0.039 (0.005) 0.146 (0.020)

Three month old mice of both sexes were immunized subcutaneously
with 50 gg of antigen in CFA, followed 10 d later by a booster im-
munization of 50 ,g of antigen in incomplete Freund's adjuvant.
Mice were bled 17 d after initial immunization, and sera were tested
at a dilution of 1/200 in ELISA.

no significant urinary protein in any of the mice. Finally, we
measured anti-Sm autoantibodies by ELISA, and found no pos-
itive sera.

Discussion

We have created two congenic B6/lpr mouse strains: B6/
lpr.H-2d, which expresses the d allele of the H-2 complex in
place of the b allele expressed by B6/lpr; and B6/lpr.H-2bml2,
which is identical to B6 /lpr, except that it expresses the bm12
mutation at I-A13. B6/lpr.H-2d mice had substantially lower
levels of spontaneous autoantibodies to chromatin, single
stranded DNA, and mouse IgG. In contrast, B6/lpr.H-2bml2
mice were identical to B6/lpr mice in these assays.

The present data are consistent with earlier reports in the
NZB/NZWand NZB/SWRmodels implicating an MHC
gene effect on systemic autoimmunity (5, 15). The results
differ, however, from findings of an exacerbating effect of the
bm12 I-A phenotype on NZBautoimmune disease (6). It has
been suggested that the acceleration of autoimmunity imposed
by the bm12 haplotype may be caused by an amino acid substi-
tution at position 72 of I-A#3, a position also implicated as the
possible locus of the NZWcontribution to the autoimmunity
of NZB/NZW(6). The present results indicate that the bm12
effect on NZB is not generalizable to all strains. Our data also
differ in that the NZB (H-2d) and NZB.H-2b showed similar
levels of autoantibodies. The differences between our findings
and the effects of different H-2 haplotypes on NZBare likely to

Table II. Lymph Node and Spleen Weights
in MHCCongenic lpr Mice

H-2 Number Lymph Node Spleen
haplotype of Mice Weight (SD) weight (SD)

g

bb 27 1.310 (1.191) 0.315 (0.196)
bd 43 1.022 (0.698) 0.221 (0.208)
dd 23 0.669 (0.554) 0.154 (0.077)

(B6/lpr.H-2d x B6/lpr) F2 mice were typed by immunofluorescence
staining. At 7 mo of age, they were sacrificed and the weight of the
spleen and the total weight of the cervical, axillary, paraaortic, in-
guinal, and mesenteric lymph nodes were determined.

be caused by the many genetic differences between NZBand
the B6/lpr model, for instance at the level of T cell receptor
repertoire.

H-2 haplotype has recently been shown to affect the sys-
temic autoimmune disease of BXSBmice (7). The substitu-
tion of H-2d for the H-2" haplotype led to decreased autoanti-
body production, diminished glomerulonephritis, and en-
hanced survival. These results are analogous to ours, and may
reflect the similarities in background genes between B6 and the
related BXSBstrain.

It is possible that the observed differences in autoantibody
production by lpr strains with different MHChaplotypes are
caused by the allelic differences in class II MHCgene function,
analogous to the classic experiments demonstrating Ta control
of the response to exogenous antigens. This interpretation
would fit well into current paradigms of immunology. Like
exogenous antigens, autoantigens could be regarded as polypep-
tides that undergo processing and ultimately bind to surface
class II MHCantigens for presentation to T cells. In fact, in the
immune response (IR) gene literature, there is precedent for
immune responses to modified self antigens such as albumin or
IgA under such MHC-linked gene control ( 16). Allelic Ta poly-
morphisms might thus reflect the different efficiencies with
which certain Ia antigens bind peptides processed from particu-
lar autoantigens. The molecular basis of this phenomenon is
widely believed to be the three-dimensional structure of an
antigen-binding groove demonstrated on the exterior of MHC
molecules. It is also possible that the MHC-determined differ-
ences in autoantibody production reflect differences in the T
cell repertoire that develops in the presence of the MHCb
haplotype versus the d haplotype, or that the MHCdifferences
result in altered immune response because of suppressor cell
activity. Both of these latter mechanisms have been proposed
as explanations of classic MHC-linked IR gene phenomena
( 17 ). The greater lymph node and spleen size of the b haplo-
type mice, compared to the d haplotype individuals, might re-
flect a more intense T cell immune response in the former, with
consequent generation of increased numbers of double nega-
tive cells, or might be caused by interstrain differences in T cell
repertoire.

The observations concerning the d haplotype might alterna-
tively be explained by the expression in this haplotype of I-E
molecules, which are not expressed in B6/lpr or B6/lpr.H-
2bm12 because of the nonfunctional Ea gene of the b haplotype.
Such a mechanism would imply a suppressive effect of I-E
expression on autoimmunity, similar to the effect of I-E on
autoimmune diabetes in the non-obese diabetic model (18,
19), and on mercuric chloride-induced antinucleolar antibod-
ies (20). A potential finding of importance to these studies is
the recent observation that I-E-derived peptides may be de-
tected bound to purified I-A molecules (21 ). Mice expressing
I-E may thus generate peptides that bind to their surface I-A
and undermine its capacity to bind other peptides, perhaps
reducing immune responses. Any suppressive effect of I-E,
while of potential importance in the preceding models, clearly
would not be sufficient to alleviate systemic autoimmune dis-
ease in all cases, as severe autoimmunity is seen in the I-E+
(NZB x NZW) and (NZB X SWR) Fl mice, as well as in
MRL/lpr.

Nevertheless, I-E expression maywell have important influ-
ences on the nature of autoimmunity by shaping of the T cell
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repertoire or providing suppressive signals. In the BXSB
model, it was of interest that the expression of I-E in H-2d mice
led, as expected, to the deletion of T cells expressing V#5 and
V#I 1 (7). Nevertheless, it appeared unlikely that the loss of
these T cells was responsible for the ameliorating effect of
H-2 d, because H-2 bid mice developed a syndrome resembling
that of H-2b mice, despite the reduction in VI35- and Vf I1-
bearing T cells. These results also argued against a generalized
protective effect of I-E expression in that system. We are
currently exploring the influence of I-E in our model by exam-
ining other MHC-congenic B6/lpr mice that express I-E, and
by assessing autoimmunity in I-E. transgenic lpr mice.

Our data show that female individuals, particularly B6/lpr
mice, produce larger amounts of autoantibodies than males.
This observation is consistent with heightened systemic autoim-
munity observed in females. It is possible that the increased
levels of autoantibodies in the females are related to increased
numbers of autoreactive T cells, particularly in the H-2" strain.
In females, estrogens may favor extrathymic differentiation in
the liver of T cells with autoreactive characteristics, and thus
may lead to enhanced production of autoantibodies (22).

Another interesting aspect of our data is the lack of influ-
ence of the bm12 mutation on autoantibody levels. Although
only three residues in I-AI3 differ between H-2b"l2 and H-2",
these two alleles are generally associated with major differences
in immune responsiveness to foreign antigens ( 11 ) and in sus-
ceptibility to experimental myasthenia gravis (23), probably
because the altered amino acid residues lie within the peptide
binding groove of the I-A(3 chain. In addition, as discussed
previously, NZB.Iml2 mice have considerably higher titers of
autoantibodies than NZB.H-2" mice (6). It is thus surprising
that B6/lpr.H-2lIml2 mice and B6/lpr mice have no detectable
differences in autoantibody levels or in the specificities recog-
nized by antichromatin antibodies or by rheumatoid factor.

Yet another striking aspect of the present results is the re-
cessive nature of the high responder phenotype. In general,
MHC-linked IR genes are dominant, with Fl animals mani-
festing responses close to homozygous responders, or at least
intermediate between responders and nonresponders. Wehave
found that the responses of H-2 b/d lpr mice were not signifi-
cantly different from those of low responder B6/lpr.H-2d ani-
mals. This suggests that the influence of H-2-linked genes on
autoantibody production may not be caused by classical IR
gene effects mediated by allele-specific binding to class II mole-
cules of antigenic peptides. Our results differ from the findings
in the BXSBmodel, where Fl H-2 b/d mice expressed the high
autoantibody levels characteristic of their H-2b parents (7).

The general nature of the H-2d effect is also difficult to
understand as a manifestation of classic IR gene effects. The
low responder d haplotype appears to have diminished autoan-
tibody responses to an array of autoantigens, and not merely a
single autoantigen: chromatin (consisting of multiple histones
and DNA); single-stranded DNA; and rheumatoid factor di-
rected against IgGl and against IgG2b. In contrast, for most IR
gene controlled responses, the target antigens are either simple
synthetic polypeptides with limited numbers of epitopes, or are
modified self antigens. IR gene phenomena are usually discrete
and reciprocal; for instance, H-2b mice respond to the synthetic
amino acid copolymer (T,G)-A-L but not to the closely re-
lated (H,G)-A-L; the reverse is true for H-2" mice (24). IR
gene polymorphisms would not be expected to result in appar-

ently global changes in spontaneous autoantibody production
we have observed in our H-2 congenic lpr mice, but rather in
changes in the fine specificity of certain autoantibodies, with
perhaps increases in some specificities, along with decreases in
others. Wethus suggest that other genes in the MHCcomplex
may affect the lpr syndrome. Known genes include class I anti-
gens, which are surface glycoproteins involved in peptide anti-
gen binding and interaction with CD8+ T cells; tumor necrosis
factors a and f3, which have been reported to have a potent
influence on autoimmune and inflammatory phenomena
(25); C2 and C4 genes, also linked to disease susceptibility (2);
the HSP70 heat shock protein gene (26); a series of single copy
genes of uncertain function (27); and an array of highly inter-
esting recently discovered class II-linked genes that are respon-
sible for the intracellular transport of peptides and for the degra-
dation of protein antigens into small peptides for binding to
class I and class II molecules (28). It is possible that the sup-
pressive effect on autoantibodies resulting from the substitu-
tion of the d for the b MHCallele might involve any one of
these non-Ia genes. For instance, autoantibody formation
could be influenced by general differences in autoantigen pep-
tide binding or binding of an autoantigen peptide, which plays
a broad role in T-B collaboration; class I mediated suppressive
effects; variations in peptide transporter genes or in genes con-
trolling protein degradation (29, 30); or effects ofyet-undiscov-
ered genes that may also be encoded in the MHC. Recently, it
has been shown that peptide transporter gene polymorphisms
may influence the peptides bound by MHCgenes (31 ). Such
MHC-linked polymorphisms may prove to have clinical rele-
vance by exerting a broad effect on antigen presentation in
autoimmune disease.
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