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haemopoietic cells via receptors other than the MHC-I-specific
receptors, yet reject only those cells that fail to engage their
MHC-I-specific receptors. This model accounts for several
observations, including hybrid resistance and the striking finding
that B6 mice transgenic for the D MHC-1I gene reject B6 marrow
grafts’. A second model has MHC-I proteins on the cell surface
masking non-MHC-I antigens that serve as targets for marrow
graft rejection. This ‘masking’ model was proposed in a different
context'®!®, to account for the finding that loss of MHC-I
expression by tumour cell lines augments their sensitivity to
natural killer cells'®"*". The ‘missing self” model can also explain
these results. Finally, it has been proposed that haemopoietic
cells express target antigens encoded by allelically variable
recessive genes (Hh-1 genes) in the MHC that are distinct from
conventional MHC genes®"*.

Our data on rejection of MHC-I-deficient marrow are most
consistent with the ‘missing-self” or ‘masking’ models. Either
could have evolved to eliminate variant cells that lose MHC-I
expression by mutation or as a result of viral infection®, thereby
evading conventional cytotoxic T lymphocyte immunity>?***.
Because it is hard to reconcile all marrow rejection data with
any one model, it is possible that rejection of haemopoietic cells
by NK1.1* cells involves several mechanisms.

Tt is interesting that —/— mice fail to reject their own marrow,
as evidenced by their lack of haemopoietic deficiencies, and by
the experiment shown in Fig. 2d. One interpretation of this is
that the definition of ‘self” with respect to marrow transplanta-
tion is determined by the environment in which the effector cells
mature, by a tolerance-inducing and/or positive-selection pro-
cess. Differentiation of the effector cells mediating rejection may
require interaction with MHC-I molecules, as we found for
CD8" mature T cells, which fail to develop in —/— mice’. We

are currently investigating the role of MHC-I expression in the
development of natural killer cells and its influence on the
rejection of allogeneic marrow transplants. O
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SELF-REACTIVE B cells can be regulated by either deletion or
inactivation'. These manifestations of self-tolerance have been
dramatically shown in transgenic mice in which the number of
self-reactive cells has been artificially expanded®>. We have now
extended these models to ask if B-cell tolerance as described for
non-disease-associated antigens also operates for the targets of
autoimmunity. The target we have chosen is DNA. Anti-DNA
antibodies are diagnostic of certain autoimmune syndromes in
humans and are a characteristic of the murine model of systemic
autoimmunity, the MRI/lpr mouse®. Antibodies to both single-
stranded and double-stranded DNA have been implicated in dis-
ease™, By generating anti-DNA transgenic mice, we have
addressed the question of whether DNA-specific B cells are regu-
lated in normal (non-autoimmune) mice. We indeed found that
most transgenic B cells bind DNA, yet we failed to detect secreted
anti-DNA. We suggest that as a consequence of their self-reactivity
these B cells are developmentally arrested.

Transgenic mice were constructed using the heavy (H) chain
variable (VH) gene of a monoclonal anti-DNA antibody, 3H9,
which arose spontaneously in a diseased MRL/lpr mouse’. The
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VH gene coding for 3H9 is repeatedly used in anti-DNA anti-
bodies from this autoimmune strain where it is associated with
a variety of light (L) chains including representatives of the
Vx4, Vk8, Vk9, and Vk23 groups (ref. 8 and J. E., manuscript
in preparation). The variety of L chains which can combine
with the VH3H9 to yield an anti-DNA antibody has been
extended by transfection to include members of Vk3 and Vk21
groups and VA1 (ref. 30). Most of these VH3H9/VL combina-
tions result in antibodies that bind both single-stranded (ss) and
double-stranded (ds) DNA®**, but one combination,
VH3H9/V«k8, binds only ssDNA. The dominant role of the 3H9
H chain in determining DNA binding allows us to study the
regulation of different kinds of anti-DNA antibodies. For
example, by mating the VH3H9 transgenic to a pre-existing Vk8
transgenic (C.C., S.A.C,, J. J. Mackle, W. U. Gerhard and M.W.,
manuscript submitted) we would expect to generate a mono-
specific anti-ssDNA transgenic mouse’’. In a VH3H9-only trans-
genic, in which the VH3H9 is combined with many endogenous
L chains, we would expect both anti-ssDNA antibodies as well
as antibodies that bind both ss and dsDNA. This report focuses
on two transgenic lineages: the VH3H9 H-chain-only transgenic
and the progeny (VH3H9/Vk8) of mating this VH3H9 transgenic
to the Vk8 transgenic.

The H-chain transgene dominates the preimmune repertoire
in both the VH3H9 and VH3H9/V«8 transgenics, as shown in
three separate analyses. First, VH3H9 messenger RNA com-
prises the majority of splenic immunoglobulin mRNA (Fig. 1b).
Second, lymphocytes from these mice lack surface IgD (Fig.
2a). As the VH transgene construct does not include the IgD
constant region gene (Fig. 1a), had IgD expression been
observed it would have originated from endogenous genes.
Finally, few, if any, complete endogenous immunoglobulin gene
rearrangements are found among hybridomas from either the
VH3H9 or VH3H9/Vk8 transgenics (Table 1). Hybridomas
derived from VH3H9/Vk8 also showed little endogenous k chain
rearrangement (Table 1).
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FIG. 1 The VH3H9 transgene construct and its transciption. g, The restriction
map of the VH3H9 construct. The productive H-chain gene from the 3H9
MRL/Ipr anti-DNA hybridoma was joined to the BALB/c IgM constant region®.
This construct includes the secreted and membrane exons and 3’ untrans-
lated sequences of [gM but does not include IgD. Unique restriction enzyme
sites and enzymes cutting only once in the VDJ region are indicated. b,
Expression of the transgene was evaluated by primer extension analysis of
spleen cell poly (A)™ RNA. Identical amounts of poly (A)* RNA were annealed
to the framework region (FR3) primer, homologous to a conserved region
of VH J558 genes (lanes 1), or the complementarity-determining region
(CDR3) primer, homologous to the junctional diversity region of the VH3HO
transgene (lanes 2). in a normal mouse the J558 family comprises the
majority of splenic immunoglobulin mRNA (~50%)23, yet the VH3H9-specific
RNA is undetectable: no signal in CDR3 lanes is seen with BALB/c RNA, RNA
from a non-transgenic littermate (41-182) or from a hybridoma that uses
a different J558 gene (DP7). Extension with both primers is seen only when
RNA from a transgene-positive mouse (41-183) or RNA from the 3H9
hybridoma is used. The majority (62%) of J558 mRNA in transgenic spleen
41-183 is transcribed from the transgene. Therefore, at least 31% of total
mRNA is 3H9 derived. This is certainly an underestimate. We think it is
unlikely that the VH3HO transgene exerts its influence just on the J558
family. Furthermore, plasma cells contribute disproportionately to splenic
immunoglobulin MRNA levels®* and may overrepresent endogenous VH
genes.

METHODS. a, The productively rearranged 3HQ VDJ region was isolated from
a size-enriched A\ phage library as a 4.4-kilobase EcoRI fragment. Sub-
sequently, the 5’ EcoRl site was removed using exonuclease Il and mung
bean nuclease, and a Sall restriction site linker was inserted. The 3HS VDJ
region was joined to the 11.6-kb EcoRI-Xhol Cp. fragment from BALB/c*2.
The Sall-Xho! fragment containing the entire VH3HO construct was purified
from plasmid sequences and microinjected into pronuclei of fertilized
(C57BL6 X SJL} embryos®®. Thirteen founder animals were obtained; the
progeny of one of these (no. 41) is described in this report. b, Poly (A)*
RNA was prepared from spleens or hybridoma cells. RNA (3 wg) was annealed
to 5 pg 3°P-labelled oligonucleotides using either the FR3 (5'-TCTTGCACAGT-
AATAGACTGCAGAGTC-3’) or the CDR3 primer and converted to cDNA. Reac-
tion products were analysed by PAGE and autoradiography. Full-length cDNA
was quantitated for each RNA sample by digitized image scanning of the
FR3 and CDR3 lanes. The proportion of VH3H9-derived message among the
J558 transcripts in transgenic mice was calculated from the FR3/CDR3
cDNA signal ratio of 3H9 hybridoma transcripts (A), and the corresponding
ratio of signals obtained using 41-183 splenic transcripts (B) according to
the formula: X=1—(B - A)/B.
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TABLE 1 Summary of transgenic hybridomas

VH3H9/Vk8 VH3HO
(a) Immunoglobulin™ total (%) 80 88
Transgene™/immunogiobulin*(%)
VH3HO 83 95
Vk8 93 NA*
HO/HO, HO/HF H /7 H /-~ 16,17,12,9% 17,33,17,18%
KO/K®, KO/-§ (%) 83 NA*
(b) Specificity
ssDNA (%) 84 52
dsDNA (%) 0 0
Cardiolipin (%) 84 30

Hybridomas were derived from LPS-stimulated spleen cells from both the
VH3H9/Vk8 and the VH3H9 transgenics. One-hundred-and-sixteen
hybridomas were analysed from the VH3H9 transgenic and seventy-five from
the VH3H9/Vk8 transgenic. Immunoglobulin-secreting hybridomas were
assayed for the presence of the transgene(s) and for the extent of
endogenous immunoglobulin gene rearrangement. a, VH3H9 transgene posi-
tive animals were first identified by Southern blot analysis and subsequently
using polymerase chain reaction (PCR}'® with the following primers: 5-
CTGTCAGGAACTGCAGGTAAGG-3' (VH3H9 leader intron), and 5'CATAAC-
ATAGGAATATTTACTCCTCGC-3' (VH3HO CDR3). Vk8 transgene animals were
identified using PCR with V«k8-specific primers: 5'-GGTACCTGTGGG-
ACATTGTG-3' (Vk8 leader), 5-AGCACCGAACGTGAGAGG-3' (Vk8-JK5).
Hybridomas were generated from VH3H9/Vk8 and VH3HS transgenic spleen
cells 3 days after an injection of 50 pg LPS as described!”. The presence
of the transgene(s) and the extent of endogenous immunoglobulin gene
rearrangement was determined using Southern blot analysis as described"®,
Messenger RNA sequence analysis was performed on three of the
VH3H9/Vk8 hybridomas and four of the VH3H9 hybridomas, establishing
that the transgenes are expressed and that the expressed transgene(s) are
unaltered®. Messenger RNA primer extension analysis from 32 additional
VH3HS hybridomas confirmed the use of the VH3H9 transgene in 31 of the
32 hybridomas (data not shown). b, The hybridoma monoclonal antibodies
were assayed for their ability to bind ssDNA, dsDNA, and cardiolipin. Only
hybridomas which had retained the transgene(s) DNA are included. The
secretion and specificity of the monoclonal antibodies was determined in
the enzyme-linked immunoabsorbent assay (ELISA) essentially as described
for dsDNA?®, ssDNA2°, and cardiolipin®®.

*NA, not applicable.

+Number of hybridomas with the following genotype: H°/H®, both
endogenous heavy chain alleles are in germ-line configuration; H°/H', one
allele is in germ-line configuration and the other is rearranged; H'/H', both
alleles are rearranged; H'/-, one allele is absent, presumably owing to
chromosome loss in the hybridoma, and the other is rearranged.

1 33% of the endogenous heavy chain rearrangements identified in the
VH3H9 hybridomas and 43% in the VH3H9/Vk8 hybridomas have restriction
fragments similar in size to those identified as incomplete, D to JH rearrange-
ments*®.

§ K°/K°, both endogenous kappa alleles are in germ-line configuration;
K®/-, one endogenous « allele is in germ-line configuration, the other is
absent, presumably as a result of chromosomal loss.

The overwhelming degree of endogenous gene exclusion pre-
dicts that the VH3H9/Vk8 transgenic mice should essentially
produce monospecific anti-DNA immunoglobulins. This predic-
tion was tested by examining the specificity of spleen cell surface
immunoglobulins as well as antibodies produced by hybrids
derived from the transgenics. In these mice the majority (60-
69%) of the IgM™*™ cells bound ssDNA (Fig. 2b). Similarly,
most hybridomas derived from lipopolysaccharide (LPS)-acti-
vated spleen cells express anti-DNA antibodies (Table 1).
Moreover, these antibodies have the features of the antibodies
expressed by the VH3H9/ V8 transfectoma®’, in that they bind
ssDNA and cardiolipin but not dsDNA. The frequencies of
anti-DNA expression are substantially higher than those found
in non-transgenic littermates (Fig. 2b) or among LPS hybrids
from normal mice®'’.

Despite the high frequency of anti-DNA B cells in the
VH3H9/Vk8 transgenics, anti-DNA serum titres are not higher
than those found in normal mice (Fig. 3a). In this regard our
mice are different from other immunoglobulin transgenics, such
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as the anti-lysozyme and anti-H-2* transgenics, which have high
serum levels of the transgene-encoded antibody®”. That the
VH3H9/Vk8 mice show no increase in anti-DNA titres over the
background levels observed in normal mice, and also display
reduced serum IgM levels (Fig. 3b), suggests that the anti-DNA
B cells are blocked in their ability to differentiate into antibody-
secreting cells. In this respect the VH3H9/Vk8 B cells are similar
to the anti-lysozyme B cells in mice that also carry a transgene
coding for the neo-self-antigen, hen-egg lysozyme''. By analogy
with the lysozyme/anti-lysozyme tolerance model, we propose
that the anti-DNA B cells have encountered antigen, for
example, DNA or DNA-protein complexes, and this encounter
has left them functionally silent. It is possible that the inability
to detect anti-DNA activity, along with the abnormally low level
of IgM, is due to immune complexes and/or tissue deposits
being formed between the transgenic antibody and self-antigen,
thereby masking serum anti-DNA activity. We think this is
unlikely because anti-DNAs are readily detectable in autoim-
munity’. Future studies on the expression of the VH3H9/Vk$
antibodies on the genetic background of the autoimmune mouse
should resolve this issue.

Comparison with the lysozyme/anti-lysozyme transgenics
shows a difference in phenotype of self-reactive B cells. Whereas
B-cell anergy in the lysozyme/anti-lysozyme transgenics corre-
lates with a low density of membrane IgM'!, this is not the case
for the VH3H9/V«S8 transgenic B cells. Here the B cells which
bind ssDNA have a high density of surface IgM (Fig. 2b). This
indicates that B-cell anergy is not always correlated with down-
regulation of membrane IgM.

The VH3H9-only transgenic mice provide a model for survey-

FIG. 2 Fluorescence-activated cell sorter (FACS) a

transgene (—) control

ing the potential range of specificities that result from pairing
VH3H9 with the endogenous L-chain pool. As discussed, natural
and transfectoma antibodies in which this H chain is paired
with a variety of L chains bind both ds and ssDNA, and when
paired with other L chains, bind only ssDNA*°, Specificity
analysis of VH3H9-only transgenic spleen cells shows that 63%
(range 38-86%) of the IgM** B cells bound ssDNA, and that
the remainder did not bind DNA at all (Fig. 2b). This latter
category shows that association with certain L chains can abolish
DNA binding. Similarly, hybridomas from the VH3H9 mice
express both DNA-binding and non-DNA-binding antibodies
(Table 1). Although there are a variety of L chains which in
combination with the VH3H9 can bind both ss and dsDNA*°,
we found no dsDNA-binding monoclonal antibodies. One poss-
ible explanation is that B cells with this specificity (as opposed
to anti-ssDNA only) are deleted. Alternatively, anti-dsDNA
lymphocytes may exist but escape our notice because they are
expressed in a population of cells refractory to LPS activation'?
and/or fusion. If this population is deleted or nonfunctional
then we would expect the remaining Vk repertoire to be reduced.
In fact it is: mRNA sequence analysis of L-chain genes from
32 hybrids reveals use of a limited variety of L chains in both
the non-DNA-binding and the ssDNA-binding hybrids (M.Z.R.,
J.E. and M.W., manuscript in preparation).

Fifty-two per cent of the VH3H9 hybrids secrete anti-ssDNA
antibodies, a frequency similar to the average number of DNA-
binding spleen cells (Fig. 2b), yet, like the VH3H9/Vk8 trans-
genics, the VH3H9 mice show no increase in anti-DNA serum
titres above those seen in normal mice (Fig. 3a). Therefore,
anergy applies not just to the VH3H9/Vk8 anti-DNAs, but also

V;3H9 \;3H9/V, 8

analysis of spleen cells. g Cell-surface analysis
shows that splenic cells from a non-transgenic
animal express both IgM and gD isotypes®®
whereas cells from the VH3H9/Vk8 and VH3H9
transgenic mice express IgM alone. On the basis
of the distribution of B220, Ly-1, Thy-1, CD3, CD4
and CD8, the B- and T-cell composition of these
transgenics is equivalent to normal mice (data not
shown). Non-transgenic animals express a range
of IgM and IgD cell-surface densities. The majority
of the IgM* cells in the VH3H9/Vk8 mice have a
high density of surface IgM. Although the VH3H9
mice also have many cells with a high IgM surface
density, there are also cells with lower levels of
IgM. b, Spleen lymphocytes were analysed for b

cell-surface binding to ssDNA and IgM. The inset

panels display DNA binding on the x-axis and »,
relative cell number on the y-axis. Threshold for
detection in the FACS DNA assay is dependent on

7,

surface immunoglobulin density. Therefore, only
IgM** cells (defined as >50 fluorescence units
on the IgM scale) were quantitated. The left inset
shows DNA binding in the IgM™ cell population and
the right inset is for the IgM™*™ cell population.
Non-transgenic animals showed very little binding
(8-17%) to ssDNA in either cell population. In the
example shown here, 67% of IgM*™ cells in the
VH3HI/Vk8 transgenic bound ssDNA (range 60-
69%). The VH3H9 transgenics have two populations of IgM*™ cells: 40%
that bind ssDNA and 60% that do not. There was considerable variation in
the precentage of DNA™* cells among VH3H9 transgene animals, range
38-86%. All the DNA-binding cells in both transgenics were IgM*, ruling
out the possibility that the (non-immunoglobulin) DNA receptor that has
been reported on splenic T cells was being detected®’.

METHODS. a Offspring from matings between F, (VH3H9*C57BL6/SJL X
MRL+/+) and V8" BALB/c mice were genotyped as described in Table 1.
Spleen cells from animals either negative for both transgenes, positive for
both (VH3H9/Vk8), or positive for only the VH3HO transgene were stained
simultaneously with fluorescein-conjugated anti-IgD? allotype (AMS 15.1),
biotin-anti 1gD® allotype (AF6-122) (revealed by Texas-Red avidin) and
allophycocyanin (APC)-anti-igM (331.1.2), and then analysed using a dual-
laser FACSTAR™" (refs 28, 29). A total of eight negative, nine VH3H9, and
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five VH3H9/Vk8 animals were analysed. The examples shown are stained
with anti-IgD? the anti-lgD® showed no staining for this set of mice. In all
FACS analyses, only celis falling within normal lymphocyte values for both
forward and large-angle scatter were included (eliminating granular and dead
cells). Propidium iodide was also included to exclude dead cells. Staining
intensities are expressed in arbitrary fluorescence units on four-decade
logarithmic scales. b, Spleen cells were stained simultaneously with APC-
anti-IgM and 10 pg biotin-ssDNA (revealed by Texas Red-avidin) and ana-
lysed by FACS. Biotinylated DNA was prepared as previously described'®.
Independent experiments using the following sources of DNA gave similar
results: S1 or mung-bean nuclease treated sonicated salmon sperm DNA;
S1 or mung-bean nuclease-treated Xbal-digested A phage DNA; S1-treated
Haelll-digested salmon sperm DNA. DNA was prepared by heating to 95°C
for 5min and then rapidly chilled before use.
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to the variety of anti-DNA antibodies formed by VH3H9 plus
endogenous L chains. In contrast to the VH3H9/Vk8 mice, the
VH3H9 mice have near normal levels of serum IgM (fig. 3b).
We presume that the population of non-DNA-binding cells,
identified in Fig. 2b and Table 1, is responsible for the normal
levels of serum IgM.

These results show that anti-DNA antibodies are regulated
in normal (non-autoimmune) animals. Most B cells in
VH3H9/Vk8 and roughly half in the VH3H9 transgenics are
specific for ssDNA, but they apparently do not differentiate into
immunoglobulin-secreting cells. As these B cells retain a high
density of surface IgM, the immunoglobulin on these cells may
be uncoupled from the immunoglobulin signalling pathway'*-'
rendering them functionally silent. Hybridomas from the VH3H9
transgenics have suggested an additional mechanism of regulat-
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FIG. 3 Relative anti-DNA titres and IgM concentrations in serum from trans-
gene-negative (tg(~)) littermates and VH3H9, V8 and VH3HI/Vk8 trans-
genics showing: &, at a given IgM concentration there is no increase in
anti-DNA titres in the transgenics above the background observed in non-
transgenic mice. O, Value obtained from one of the LPS-induced VH3H9/V«k8
hybrids at the equivalent I1gM concentration. Each symbol represents values
obtained for a single mouse. b, IgM levels in the non-transgenic, VH3H9 and
Vk8 mice are similar whereas those in the VH3H9/Vk8 mice are depressed.
METHODS. Offspring from matings between F, (VH3HO™ C57BL6/SIL X
MRL+/+) and Vk8* BALB/c mice were assayed as described in Table 1 for
the presence of transgenes and bled between 8 and 16 weeks of age. Sera
were diluted in 1% BSA in PBS and assayed by ELISA for binding to
polyspecific anti-immunoglobulin goat antibodies or heat-denatured calf
thymus DNA (50 ug mi™) absorbed on protamine sulphate (200 pg mi~?)
coated plates?®. Anti-DNA titres represent dilutions required to achieve
absorbance of 0.1. Standard IgM concentrations were prepared by dilution
of purified antibodies from the murine myeloma 3741. Antibody levels were
measured using an ELISA plate reader at 405 nm following incubations with
goat anti-mouse 1gM-conjugated alkaline phosphatase and substrate.
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ing anti-DNA B cells. Here we find anti-ssDNA antibodies but
fail to find anti-dsDNA antibodies.

Most importantly, the results demonstrate that B-cell toler-
ance to DNA is manifested in ways similar to those described
in experimental models of tolerance'~®. This observation, that
normal mice regulate disease-associated antibodies, implies that
autoimmune disease results from a breakdown of regulation of
autoantibody expression. O
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Expression of recombinant
dystrophin and its
localization to the cell membrane

Cheng Chi Lee, Joel A. Peariman,
Jeffrey S. Chamberlain* & C. Thomas Caskey
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DUCHENNE’s muscular dystrophy (DMD) is an X-linked pro-
gressive myopathy caused by a defect in the DMD gene locus™>.
The gene corresponding to the DMD locus produces a 14-kilobase
(kb) messenger RNA that codes for a large cytoskeletal membrane
protein, dystrophin®*. DMD and Becker’s muscular dystrophy are
the consequences of dystrophin mutations™*. The exact biological
function of dystrophin remains unknown but it has been demon-
strated that it is localized to the cytoplasmic face of the cell
membrane and has direct interaction with several other membrane
proteins®’. We report here the synthesis of a 14-kb full-length
complementary DNA for the mouse muscle dystrophin mRNA and
the expression of this ¢cDNA in COS cells. The recombinant

* Present address: Department of Human Genetics, University of Michigan, Ann Arbor, Michigan
48109-0618, USA.
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