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To investigate the manner in which B cells with � light (L) chains
undergo receptor editing, we have studied hybridoma panels from
56R��-deleted (kdel) mice. 56R�kdel mice only produce four L
chains (�1, �2, �3, and �X). They also have a simplified heavy (H)
chain repertoire: All B cells start out with a 56R anti-DNA H chain.
A few frankly autoreactive 56R �1 cells appear to escape into the
periphery, but the majority of the peripheral B cell repertoire in
56R�kdel is made up of B cells expressing the 56R H chain with the
�X L chain. Surprisingly, 56R �X B cells are multireactive, binding to
a variety of self and nonself antigens, including dsDNA (albeit at
reduced affinity compared with the other � L chains). Another
significant population in the 56R�kdel mouse consists of allelically
included B cells that express �X along with another L chain. The
multireactivity of both 56R �X and 56R �X��1 receptors could
contribute to autoimmunity if these B cells were to become
activated. Also found among 56R�kdel hybridomas are clones that
have inactivated the H chain and secrete only L chains. These clones
may represent products of exhaustive rearrangement. Multireac-
tivity, allelic inclusion, and L chain secretion are three conse-
quences of editing at the � locus that may predispose toward the
development of autoimmunity.

autoimmunity � B cell � V(D)J recombination � antibody � anti-DNA

Tolerance to self-antigens can be achieved by replacing autore-
active heavy (H) chain and light (L) chain V genes with V genes

coding for nonself receptors, a mechanism called receptor editing
(1–4). Several recent studies support a pivotal role for receptor
editing in the generation of a tolerant B cell repertoire (5–7). The
� L chain locus uses the nested organization of V� and J� gene
segments for secondary rearrangements that can replace or inac-
tivate a V�J� that contributes to autoreactivity (Fig. 3 Top, which
is published as supporting information on the PNAS web site). �
editing can also delete and�or inactivate an autoreactive � chain by
rearrangement to the �de (human) or to RS (mouse) (8–10).
Secondary rearrangements to J� and deleting elements are pre-
sumed to be unidirectional; hence, editing enriches the repertoire
in J�5 rearrangements. Editing also increases the frequency of B
cells that are rearranged at both � alleles (3, 11–13). Rearrangement
at the second L chain isotype, �, can rescue �-inactivated and
�-deleted B cells (1, 14).

� L chain genes also contribute to autoreactivity and require
editing. The mouse � locus has two separate clusters, each consist-
ing of V� and J�C� gene segments (Fig. 3 Middle) (15, 16). In one
cluster, V�1 rearranges either to J�1 or J�3. In the other cluster,
V�2 or V�X rearranges to J�2 (15). Rearrangements that leapfrog
across clusters (for example, V�2 to J�1) are very infrequent (15).
Thus a B cell with a � rearrangement that yields a self-reactive
receptor is in a dangerous position because of its inability to delete
the primary � rearrangement.

H chain variable region gene segment (VH) genes can also be
edited because a VDJ gene can be replaced by secondary rear-
rangement of an upstream VH to a partial RSS embedded in VH
genes (16–19). This mechanism of replacement is similar to hep-
tamer-�nonamer-mediated rearrangement and can lead to both
productive and nonproductive products. Hence, VH replacement

can also inactivate an H chain and may play a role in tolerance
induction (20). The 56R anti-DNA VH has been introduced into the
H chain joining gene segment (JH) locus by homologous recombi-
nation and can serve as a substrate for VH replacement and D
invasion (Fig. 3 Bottom) (21). This study differs from our previous
studies (11, 12, 16, 22) in which the H chain transgene (tg) was not
targeted to the H chain locus.

We have further simplified the 56R transgenic mouse by crossing
it to mice without a � locus (23). This model, 56R��-deleted (kdel),
allows us to study the process of editing at the � locus and the
repertoire of edited anti-DNA B cells. We have analyzed hybridoma
panels derived from these mice and found that the � chain
repertoire has a high frequency of the anti-DNA editor, V�X. In
addition, a significant number of hybridomas express �X along with
�1 or �2. Editing by �X yields 56 R-expressing B cells with
multireactive receptors. We also provide genetic and biochemical
evidence that some 56R�kdel B cell hybridomas only secrete L
chains. In sum, � editing produces by-products (allelic inclusion, �X
expression, and free L chain secretion) that contribute to multire-
activity and may promote autoimmune dysfunction.

Results
Most 56R�kdel Hybridomas Produce �X. The mouse model used in
these studies, 56R�kdel, has a simplified V gene repertoire con-
sisting of a tg-encoded 56R H chain and only four different L chains
(�1, �2, �3, and �X). The 56R H chain was derived from the 3H9
H chain, which, in turn, was derived from a diseased MRL-lpr�lpr
mouse and is typical of lupus anti-DNA antibodies (24, 25). 56R
differs from 3H9 by a substitution of arginine for aspartate at
position 56 of complementarity determining region 2 (CDR2),
which confers a 10-fold higher affinity for dsDNA (26). Arginine
residues in 3H9 and 56R provide most of the interaction with DNA,
and these H chains bind DNA when paired with most L chains (11,
27). Of particular relevance in these experiments is that �1 and �2
sustain dsDNA binding when paired with 56R, whereas �X signif-
icantly reduces the affinity of 56R for dsDNA, i.e., it ‘‘edits’’ DNA
binding (11). The CDRs of �X are highly acidic (pI � 4.62
compared with pI of 10.9 for �1 and �2). The low pI can be
attributed to a high frequency of aspartate residues, a property
shared with � anti-DNA editors. These aspartate residues may
interact with the arginine CDR residues to reduce or prevent DNA
binding.

�X is barely detectable in normal mouse sera. Even sera from
kdel mice (with wild-type H chain loci) have �X levels that are low
compared with �1 and �2 (12, 28). Hybridomas from kdel mice also
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have a low frequency of �X rearrangements compared with �1 and
�2 rearrangements; the observed frequency of �X rearrangements
in hybridomas with a single � rearrangement is 5% (Table 1 and
refs. 12 and 29). Of note, half of the hybridomas with �X rear-
rangements also have rearrangements to other � L chains (5�10),
whereas less than one-fourth of hybridomas with �1 rearrange-
ments (20�86) have other � rearrangements. The low frequency of
�X in the peripheral repertoire could be because of late rearrange-
ment of �X, a lower frequency of in-frame �X joins (30), or to
selection events favoring �1 over �X after rearrangement.

Compared with kdel mice, 3H9�kdel and 56R�kdel mice have
significantly increased �X usage (Table 1 and ref. 12). The higher
affinity anti-DNA tg, 56R, has a repertoire that is more skewed
toward �X. Furthermore, the frequency of �X usage among clones
with one � rearrangement is higher in hybridomas that retain the
56R tg DNA (‘‘56R�’’ in 86%) than in hybridomas that lack 56R
(‘‘56R�’’ in 23%; Table 1). However, even among 56R� hybrid-
omas, there is an increased frequency of �X usage compared with
kdel (23% vs. 5%).

�X Usage Predominates Among 56R�kdel Hybrids with Multiple �
Rearrangements. 3H9�kdel and 56R�kdel mice also exhibit in-
creased frequencies of clones with multiple � rearrangements
(Table 1). The increased frequency of clones with multiple �s is
suggestive of an increased level of ongoing L chain rearrangement
(editing). The theoretical basis for this increase is that most
developing B cells in a 56R�kdel mouse will initially rearrange �1,
�2, �3, or a nonproductive �X. Because 56R� cells with nearly all
�s either express autoreactive or nonfunctional B cell receptors,
they are subjected to further recombination. Among kdel hybrid-
omas, the observed ratio of clones with multiple rearrangements
that include a V�X rearrangement to clones with multiple rear-
rangements that do not is 1:3.6 (Table 1). Hybridomas with multiple
rearrangements from the 3H9 and 56R transgenic mice have higher

frequencies of �X rearrangements: 95% and 100%, respectively
(Table 1). Therefore, most 56R B cells that do not eventually
rearrange a productive �X L chain probably undergo negative
selection. Another finding consistent with selection against non-�X
clones is the ratio of 56R� clones with one �X rearrangement to
clones with multiple rearrangements. In 56R�kdel, this ratio is 1.3
to 1 (Table 1), which is very close to the expected ratio of 1.34 (see
Materials and Methods).

H Chain Editing and Loss. A B cell can also edit by replacing the 56R
VH gene with an upstream VH. Alternatively, the 56R VH can be
inactivated by D invasion or an out-of-frame VH replacement. A
third pathway of 56R VH inactivation occurs via somatic muta-
tion and�or deletion. In the hybridoma S43, the 56R sequence
has multiple mutations and two deletions (20 and 33 nucleotides
in length) when compared with the 56R tg sequence (Fig. 4,
which is published as supporting information on the PNAS web
site). These mutations in 56R are not a result of analyzing the
germ-line version of the 3H9 H chain, because the sequenced H
chain shares the in vitro site-directed mutations of the 56R tg. We
refer to clones that have replaced or inactivated the 56R H chain
as 56R�. Thirty-two of 90 LPS hybridomas are 56R� (36%;
Table 1). Nineteen of 35 antibody-secreting spontaneous hybrid-
omas are 56R� (54%; Table 2).

The number and kinds of L chain rearrangements in 56R�
hybrids suggest that H chain editing occurs at two stages of B cell
development: early, at the pro-B stage, and late, during or possibly
after L chain rearrangement. 56R� clones with multiple � rear-
rangements are likely to have replaced or inactivated the 56R H
chain during or after L chain rearrangement. The higher frequency
of �X rearrangements among 56R� hybrids (34%) than among
nontransgenic kdel hybrids (8%) favors the idea that at least some
H chain editing is occurring after L chain rearrangement. On the
other hand, 56R� clones that lack �X rearrangements or have a
single �1 or �2 rearrangement may have edited the H chain before
L chain rearrangement.

H chain replacement can also lead to H chain loss by inactivation
of one or both alleles. Clones lacking serological evidence of H
chains (denoted HC�) comprise 40% of 56R�kdel spontaneous
hybridoma panel (Table 2). In ELISAs, these HC� hybridomas
produce no detectable levels of IgM, IgG, or IgA (data not shown).
Yet, clearly some HC� clones are B cells, because they harbor �
rearrangements (Table 2 and data not shown).

To confirm the absence of the H chain in HC� hybridomas,
Western blotting was performed on supernatants, using a poly-
clonal antibody that recognized free �X L chains as well as � L
chains that are associated with the 56R H chain (Fig. 1 and ref. 31).

Table 1. � L chain rearrangements in LPS hybridomas from three
different lines of kdel mice

56R�kdel (%)

� Genotype Non-tg�kdel (%) 3H9/kdel (%) 56R� 56R�

Single rearrangements
�1 66 (65) 14 (23) 11 (50) 4 (11)
�2 31 (30) 7 (11) 6 (27) 1 (3)
�X 5 (5) 40 (66) 5 (23) 30 (86)
Total 102 61 22 35

Multiple rearrangements
�1��X 0 (0) 18 (41) 3 (30) 12 (52)
�2��X 3 (13) 13 (30) 1 (10) 3 (13)
�1��2��X 2 (9) 11 (25) 2 (20) 8 (35)
�1��2 18 (78) 2 (5) 4 (40) 0 (0)
Total 23 44 10 23

The frequencies of different � rearrangements were measured by PCR on
genomic DNA in splenic hybridoma panels from 56R�kdel mice. Shown for
comparison are previously published data from hybridoma panels in 3H9/kdel
mice and non-tg kdel mice. [Data are reproduced with permission from ref. 12
(Copyright 1994, The Rockefeller University Press).] Numbers and percentages
of clones that have rearranged only one type of � L chain (single rearrange-
ment) or have rearranged multiple L chains (multiple rearrangement) are
shown. Single rearrangement assays are not sensitive to copy number (an
unknown fraction of clones may have rearranged the same L chain on both
alleles). The multiple rearrangement category includes clones with productive
as well as nonproductive L chain rearrangements. The PCR assays do not
distinguish �2 from �3 rearrangements. The 3H9 tg H chain is a conventional
tg; hence, it cannot be deleted by editing. In contrast, the 56R tg has been
knocked into the HC locus and can be inactivated and�or deleted by further
rearrangement (16). Therefore, clones from 56R tg mice comprise two cate-
gories, 56R� and 56R�.

Table 2. H chain and L chain rearrangements in 56R�kdel
spontaneous hybridomas

56R�kdel

� Genotype 56R� 56R� HC�

�1 0 9 (47) 1 (4)
�2 0 4 (21) 0
�X 10 (63) 1 (5) 2 (8)
�1��X 2 (13) 2 (11) 1 (4)
�2��X 0 0 0
�1 or �2 2 (13) 1 (5) 0
�� 2 (13) 2 (11) 20 (83)*
Total 16 19 24

� Rearrangements were typed by PCR and confirmed in ambiguous cases by
Western blotting or ELISA (see Materials and Methods). Clones marked �� fail
to amplify in any of the � genotyping PCRs.
*HC� clones lack evidence of � rearrangement and type negative in the 56R
genotyping PCR assay.
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The specificity of this antibody for �X is shown by its reactivity with
�X�IgM and its lack of reactivity with �1�IgM (Fig. 1). Of the four
HC� clones shown, one, �X HC� (fifth lane), has one band at 25
kDa and another at �50 kDa, consistent with a �X monomer and
dimer, respectively. There is no higher molecular weight band in �X
HC� that corresponds to H2L2 complexes, confirming its status as
an L chain-only secretor. Secretion of free L chain monomers and
dimers is not unique to �X (data not shown and refs. 32–35). In
contrast, the �1��X IgM antibody-secreting clones produce the
predicted �150 kDa band, corresponding to H2L2 (Fig. 1, lanes 1
and 8–10). However, free L chain monomers and dimers are also
seen in these clones. The ratios of free L chains to presumed dimers
and to H�L chain pairs appear to vary from one clone to the next,
even in clones with identical H and L chain genotypes. Also variable
are the relative amounts of �1 and �X L chains that are secreted in
the various types of complexes (monomer, dimer, and H2L2).

The genetic basis for the loss of H chain expression in the HC�
hybridomas is unresolved. None of the HC� clones types positive
in the 56R genotyping PCR, suggesting that a rearrangement event
has disrupted the H chain tg. The rearrangement may be some form
of D-invasion, because PCRs with degenerate VH primers and 56R
CDR3 or JH4 primers are repeatedly negative in these clones (see
Materials and Methods and Fig. 3 for a description of the H chain
PCR assays). HC� hybridomas are also found in B6.56R mice (36)
and in spontaneous hybridomas from wild-type B6 mice (L. Yunk
and E.T.L.P., unpublished data).

Editing at � and Multireactivity. The 56R�kdel mouse has a highly
restricted repertoire that is heavily biased toward the production of
anti-dsDNA antibodies. Despite these constraints, serum levels of
anti-dsDNA antibodies are not elevated in BALB�c 56R�kdel
compared with kdel littermate controls (data not shown). The
majority of spontaneous 56R�kdel hybridomas have evidence of H

chain editing (19 secretors are 56R�, 24 clones are HC�, and only
the remaining 16 are 56R�) (Table 2).

If 56R is left unmodified, L chain editing is insufficient to
abrogate DNA binding. 56R in combination with any � chain,
including �X, produces antibodies that are multireactive. Tables 3
and 4 show the reactivity profiles of 56R� hybridomas with
different L chain phenotypes. The binding results from these assays
are not normalized for Ig concentration and are not quantitative.
Semiquantitative comparisons, based on three independent assays
of individual clones and selected subclones, yield a spectrum of the
most probable binding activities for each clone. The overall level of
reactivity is estimated with an index shown in the rightmost column
of the table.

Tables 3 and 4 reveal multiple classes of cells, each with different
reactivity profiles. In the most polyreactive group are cells that
appear to have escaped tolerance altogether. They express 56R and
�1 and lack �X. Also highly multireactive are allelically included
cells with multiple productively rearranged L chains. Cells with 56R
and �X rearrangements exhibit moderate to low levels of multire-
activity. Low reactivity is not due to low levels of antibody secretion,
because these cells secrete comparable or higher levels of antibody
than the more multireactive 56R �X clones (data not shown). Some

Fig. 1. Western blot analysis of 56R�kdel hybridoma supernatants. 56R�kdel
hybridoma supernatants were run in nonreducing conditions and probed with
anti-�X antibody (see Materials and Methods). Sample loading was normal-
ized for L chain band intensity and overall protein content. Lanes 1–3, previ-
ously characterized clones that are known to express �1�IgM, �X�IgM, and no
antibody (Sp2�0). Lanes 4–7, the H chain deficient (HC�) clones. Lanes 8–10,
allelically included clones (coexpressing �1 and �X). Estimated sizes in kilodal-
tons (based on molecular mass standards; data not shown) are shown on the
left of the gel. Predicted sizes of an L chain monomer, dimer, and fully
assembled antibody (H2L2) are 25 kDa, 50 kDa, and �150 kDa, respectively.

Table 3. Reactivity profile of 56R� kdel hydridomas

The � phenotype is based on the following assays: � 1/2 ELISA, �1 PCR, �2
PCR, and �X PCR. PCR was performed on DNA and did not distinguish func-
tional from nonfunctional rearrangements. Only clones with unambiguous
phenotypes are shown. The functional status of �X was confirmed in a subset
of clones by Western blot analysis (data not shown). Reactivity in solid phase
ELISAs for dsDNA, myelin basic protein (MBP), chromatin, insulin (Ins), cyto-
chrome c (Cyt c), and thyroglobulin (Thyro) are coded as follows: black (OD �
1.0), gray (OD 0.20–0.99), and white (OD � 0.2). OD values used represented
the average of triplicate determinations. The index is an estimate of the
overall strength of reactivity. OD values of �1.0 are given 1 point, OD values
between 0.20 and 0.99 are given 0.5 points, and OD values �0.2 get no points.
S, spontaneous 56R�kdel panel; L, LPS 56R�kdel panel.
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minimally reactive clones may have productively rearranged the
endogenous H chain allele or undergone somatic mutation of the
56R. Cells lacking 56R appear to have a lower level of multireac-
tivity (Table 4). Alternatively, the heterogeneity observed in these
reactivity patterns could be because of differences in the compo-
sition of the secreted L chain pool. Perhaps secreted L chains (L or
L2) modify or compete with fully formed antibodies (H2L2) for
antigen binding.

Discussion
Pathways of Editing in 56R�kdel Mice. This study focused on receptor
editing at the � locus in 56R�kdel mice. The highly simplified
immune repertoire of these mice was advantageous because it
allowed us to characterize the full range of � editing pathways and

to correlate these with receptor structure and specificity. The
repertoire in 56R�kdel includes nonself-reactive B cells (NS or
‘‘complete editing’’) most likely consisting of H chain edited cells,
partially edited B cells (PS, consisting of different classes of L chain
edited 56R� cells), and an occasional unedited cell (AS; Fig. 2). L
chain editing in this model results either in 56R� cells that express
�X or 56R� cells that express �X along with other � L chains. The
56R �X antibody has anti-DNA activity; however, the relative
affinity is low compared with V�1 and V�2 (11). In contrast to �X,
certain � editors (such as V�21D) completely veto DNA binding of
56R (21). On the other hand, other � editors (V�38c and V�20)
behave more like �X: They permit DNA binding but not to the
degree that the cell is deleted from the peripheral repertoire in a
self-tolerant mouse.

The extent to which different editor L chains contribute to the B
cell repertoire may depend on the lupus-susceptibility of the mouse
strain. For example, the lupus-susceptible strain, B6.56R, has a high
frequency of incompletely edited B cells, whereas the lupus-
resistant strain, BALB�c.56R, has mainly completely edited B cells
(36). Incompletely edited B cells may serve as direct precursors of
lupus anti-DNA antibodies, as in the case of the 3H9 anti-DNA
antibody (26), and�or they may play a role in activating an auto-
immune response. For example, the incompletely edited B cell
could serve as a multipotential, antigen-presenting cell (37).

A second class of ‘‘incompletely’’ edited B cells expresses more
than one �. Allelically included B cells are ordinarily present at a
relatively low frequency, �1–7% (5, 38), but are a significant part
of the B cell repertoire of anti-DNA transgenics (4). The � locus is
a set-up for allelic inclusion, because of the low frequency of
leapfrogging between the gene clusters (15). Isotypic inclusion can
also be seen in 56R �-sufficient mice that have B cells that express
a � editor and an autoreactive �1 L chain (39). The included cells
in 3H9�kdel and 56R�kdel produce �1 and �X. These B cells, as in
the case of 56R ��� double expressers, are partially autoreactive.
Recent findings in the 3–83Igi model further support the idea that
editing contributes to the development of autoreactive, allelically
included B cells (13). However, 56R� B cells that coexpress �X and
�1 appear to be tolerant because anti-DNA antibodies are not
found in abundance in the 56R�kdel serum. Perhaps autoantigen
fails to activate dual receptor B cells or targets the cell to a site in

Table 4. Reactivity profile of 56R� kdel hybridomas

The � phenotype is based on the following assays: � 1/2 ELISA, �1 PCR, �2
PCR, and �X PCR. PCR was performed on DNA and did not distinguish func-
tional from nonfunctional rearrangements. Only clones with unambiguous
phenotypes are shown. The functional status of �X was confirmed in a subset
of clones by Western blot analysis (data not shown). Reactivity in solid phase
ELISAs for dsDNA, myelin basic protein (MBP), chromatin, insulin (Ins), cyto-
chrome c (Cyt c), and thyroglobulin (Thyro) are coded as follows: black (OD �
1.0), gray (OD 0.20–0.99), and white (OD � 0.2). OD values used represented
the average of triplicate determinations. The index is an estimate of the
overall strength of reactivity. OD values of �1.0 are given 1 point, OD values
between 0.20 and 0.99 are given 0.5 points, and OD values �0.2 get no points.
S, spontaneous 56R�kdel panel; L, LPS 56R�kdel panel.
*Clones secreted IgG. All other clones secreted only IgM.

Fig. 2. Hypothetical pathways and fates
of edited B cells in 56R�kdel. 56R�kdel B
cells start out with a 56R anti-DNA H chain
and can rearrange �1, �2, �3, or �X, result-
ing in one of three outcomes: AS (fully
autoreactive in red, for example 56R �1), PS
(partially self-reactive in pink, for example
allelically included cells such as 56R �X��1),
or NP (nonproductive). AS cells can un-
dergo additional L chain rearrangement
(editing, depicted with the circular arrow).
PS cells can emigrate from the bone mar-
row but may be sequestered in specialized
compartments rather than participating
fully in immune responses. 56R�kdel B cells
can also undergo H chain rearrangement
on the 56R allele or the endogenous allele.
Successful H chain editing results in NS
(nonself reactive) (green) B cells. Such NS
cells likely predominate in immune re-
sponses in self-tolerant 56R mice (62). The
route to fully activated AS cells (autoimmu-
nity) is unclear. Possible sources for such
cells included PS cells that have undergone
somatic mutation or unedited AS cells.
HC� cells (those lacking H chains) may rep-
resent terminal receptor editing products.

Doyle et al. PNAS � July 25, 2006 � vol. 103 � no. 30 � 11267

IM
M

U
N

O
LO

G
Y



which they are unable to differentiate to a B cell that secretes a
pathogenic autoantibody. One such site is the marginal zone, and
most of the 56R ��� population resides in this site (39). Another site
to which partially autoreactive B cells may home is the interface
between B cell and T cell zones of the spleen. Autoreactive B cells
in other systems have been shown to accumulate at the T cell–B cell
interface (40–42), and the TB interface has been shown to include
�1 B cells in 3H9 transgenics (43). A recent repertoire analysis of
peripheral blood B cells in healthy human subjects suggests that
fewer IgM�CD27� (‘‘memory’’ cells) express autoantibodies than
naive IgM� B cells (44). Furthermore, a detailed study of rheu-
matoid factor (RF) B cells reveals that RF B cells readily form
germinal centers in healthy mice but infrequently become antibody
forming cells (45). In contrast, on the MRL�lpr background, RF B
cells not only produce antibody-forming cells but undergo more
extensive intraclonal somatic mutation (45). These studies and
findings in the 56R mouse model (refs. 36 and 46 and this paper),
indicate that autoreactive B cells can survive in the periphery but
are subjected to additional tolerance checkpoints to prevent them
from participating in (auto)immune responses.

A Consequence of Incomplete Editing Is Multireactivity. Incomplete
editing can account for the acquisition of new autospecificities.
Edited antibodies with a high ratio of aspartate to arginine residues
may have unsequestered aspartate residues that can access basic
proteins, for example. �X antibodies might bind myelin basic
protein (MBP) if the VH arginine content is low. To determine
whether the interaction between �X and MBP is simply because of
an excess of asparate residues (without regard for conformation),
we tested �X antibodies for binding to other proteins. As summa-
rized in Tables 3 and 4, 56R �X antibodies bind a variety of proteins.

In the same sense that anti-DNA reactivity of 56R is edited by
pairing with a negatively charged L chain, �X, the anti-MBP, or
other self-protein binding of �X may be edited by the positive
charges in 56R. But just as incomplete H chain editing leads to
antibodies with residual anti-DNA activity, editing of the MBP
activity may also be incomplete. These antibodies may also be
subject to negative regulation. Indeed selection against B cells with
editor L chains might explain the low serum levels of �X and other
multireactive editor L chains (J.H. and M.G.W., unpublished data).

The special properties of partially edited B cells, including
multireactivity, may provide the structural basis for what are
referred to as natural autoantibodies (47, 48). Natural autoanti-
bodies, by virtue of their ability to recognize conserved bacterial
and, in some cases also self-antigens, play an important role in
innate immune defense. Cells expressing natural autoantibodies are
characteristically found in regions of the body where immune cells
play a sentinel role (body cavities, the gut, and the marginal zone
of the spleen, for example). Natural IgM autoantibodies also appear
to play a protective role in autoimmunity (49), promoting the
clearance of apoptotic debris and potentially decreasing inflamma-
tion and atherosclerosis (50–52). The production of natural auto-
antibodies and expansion of marginal zone or B1 B cells may be
favored in the setting of a highly restricted B cell repertoire and may
also occur in the 56R�kdel mouse (53).

It will be of interest to determine which cells within the 56R�kdel
repertoire correspond to those that cause autoimmunity on an
autoimmune-prone genetic background. By their sheer frequency,
one might expect extensively L chain edited B cells [the PS cells in
Fig. 2] to pose the most significant risk: In humans, an accumulation
of autoreactive B cells confers an increased risk of autoimmune
disease (54). On the other hand, among the most multireactive were
56R �1 cells that had failed to edit AS cells in Fig. 2. A failure of
editing could result in autoimmunity and a repertoire enriched in
AS cells with primary rearrangements (55). On the other hand, if
editing is operative and driven by autoreactivity, then edited PS cells
should dominate the autoreactive population. It is unresolved how

or if partially edited cells serve as substrates for progression to
full-blown autoimmunity.

Terminal Editing Products? The analysis of 56R�kdel also revealed
a significant population of HC� cells. HC� hybridomas did not
secrete detectable quantities of H chains and lacked the 56R H
chain DNA. On the other hand, � L chain expression persists in
some of these HC� cells because the organization of the � locus
does not allow deletion or replacement. HC� hybridomas are
not unique to the 56R�kdel model and may represent a popu-
lation that has undergone prolonged division and rearrange-
ment. HC� cells may be prevalent in autoimmune individuals,
and mice and could account for the serum free L chains that are
found in autoimmune diseases (refs. 56–60 and C.M.D. and
M.G.W., unpublished observations).

Materials and Methods
Mice. Transgenic mice were crossed to homozygous kdel mice to
produce mice with the 56R�kdel genotype and genotyped as
described (21). To type mice for the � locus deletion, two separate
PCR assays were performed as described (23). All mice used in
these experiments have been backcrossed at least 10 generations
onto the BALB�c background and are 6–12 weeks old.

Hybridomas. B cell hybridomas were prepared from spleens of
56R�kdel mice. Spontaneous hybridomas were produced by fusing
splenocytes with Sp2�0 myeloma cells (61) immediately on har-
vesting from the mouse. For the LPS panel, splenocytes were
harvested and cultured for 3 days in the presence of 20 �g�ml
Escherichia coli LPS (Sigma). Hybridomas were plated and se-
lected, and DNA was prepared as described (8, 12).

PCR Assays. � Genotyping was performed as described (12). 56R
PCR amplifications were carried out by using 3H9 LD, a VH leader
primer, and a tg-specific CDR3 reverse primer as described (22). To
detect the presence of the 56R tg allele in 56R� hybridomas,
amplification by using a tg-specific CDR3 forward primer and a JH4
or H constant (JHCH) region reverse primer were used as de-
scribed (16).

Sequencing. 56R, V�X, and V�1 were amplified from genomic
DNA, and products were separated by agarose gel electrophore-
sis and purified by using a QIAEX II gel extraction kit (Qiagen).
The primers used for amplification and sequencing of the 56R
HC were VH5.3, a degenerate H chain (FW1) primer, and JH4
or H constant (JHCH) (16). PCR products amplified by VH5.3
and JHCH were also sequenced by using the tg-specific CDR3
forward and reverse primers. �X was amplified by using VLXup
(31) and J�2 (using the same PCR conditions as V�X and J�2)
and sequenced by using V�X and J�2. �1 was amplified and
sequenced by using V�1�2 � J�1.

ELISA. For H chain isotyping of hybridoma supernatants, Immulon
2 plates (Thermo Electron, Waltham, MA) were coated with 3.3
�g�ml unlabeled goat anti-mouse Ig H and L chain antibody
(Southern Biotech, Birmingham, AL) in coating buffer (15 mM
Na2CO3, 35 mM NaHCO3, and 0.004% NaN3, all at pH 9.6). Plates
were blocked with 1% BSA in PBS for 1.5 h at 37°C. Undiluted
hybridoma supernatants were added and incubated for 1–2 h at
37°C. After washing, alkaline phosphatase-conjugated goat anti-
mouse IgM, IgG, or IgA (Southern Biotech) was added and
incubated for 1–2 h at 37°C. Plates were developed with alkaline
phosphatase substrate (Sigma) at 1.0 mg�ml in 0.1 M carbonate
buffer (pH 9.6) and 10 mM MgC12. Alkaline phosphatase-
conjugated anti-mouse � (Southern Biotech) was used as the
secondary antibody in the � ELISAs. The same method was used
to detect binding to MBP, chromatin, cytochrome c, thyroglobulin,
and insulin. Plates were coated overnight with 5 �g�ml of each
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antigen (except for MBP, which was at 10 �g�ml) and blocked with
8% casein in PBS for 1–2 h at 37°C. Supernatant was added, and
binding was detected by using alkaline phosphatase-conjugated
anti-mouse IgM or anti-mouse IgG secondary. dsDNA binding was
detected by a solution phase ELISA, as described (26). Samples
were tested in all assays on the same day. Negative controls include
Sp2�0 supernatant, binding to the blocked plate (without antigen),
and the use of an irrelevant anti-H chain antibody (anti-IgG for an
IgM antibody). Assays were performed in duplicate or triplicate in
three independent experiments. Readings (not normalized for
antibody concentration) are presented by using a semiquantitative
scale in Tables 3 and 4. Strength of binding was analyzed in a subset
of clones by titrating the supernatant in each of the antigen-binding
assays and standardizing the results between clones based on H
chain concentration. In some supernatants, a high level of back-
ground binding was observed when the supernatant was applied
directly to the blocked plate.

Western Blot. Hybridoma supernatants, diluted 1�10 and 1�25,
were resolved in nonreducing conditions on a 4–20% polyacryl-
amide gradient gel (Cambrex, Rockland, ME) and transferred to
a poly(vinylidene difluoride) membrane. �X proteins were de-
tected by using a polyclonal anti-V�X antibody (31) followed
by horseradish peroxidase (HRP)-conjugated goat anti-rabbit
antibodies (Bio-Rad) and developed by using SuperSignal
West Pico chemiluminescent substrate (Pierce). �1, �2, and �3
proteins were detected by using an alkaline phosphatase-
conjugated goat anti-mouse V�1�2 (Southern Biotech) or an
HRP-conjugated anti-mouse V�1�2 (Southern Biotech). Hy-

bridoma supernatants were monitored for overall protein
concentration using Ponceau S staining, and loading volumes
were adjusted based on serial analysis of the same samples on
a reducing gel, such that each lane had comparable levels of the
25-kDa �X band.

� Rearrangement Probability Calculations. To calculate the predicted
ratio of �X-only clones to clones with �X plus other L chains, we
assume that a B cell has an equal chance of rearranging each of the
four � L chains, that the chance of a productive (in-frame)
rearrangement is 33%, that there is no allele preference, that there
is prompt termination of rearrangement if a productive �X rear-
rangement is obtained or that rearrangement is continued for one
more cycle if �X is not expressed, that cells that fail the first round
automatically go on to the second round, that allelic and isotypic
inclusion are permitted, and that only cells with a productive �X
rearrangement survive to be counted among our hybridomas. With
these assumptions, the following ‘‘survival’’ genotypes and corre-
sponding probabilities for two cycles of � rearrangement are as
follows: X (0.33); X, X (0.0367); 1, X (0.11); 2, X (0.055); 3, X (0.11).
Clones with (1, X), (2, X), or (3, X) genotypes can have either
functional or nonfunctional rearrangements to the non-�X L chain.
Based on these probabilities, the ratio of ‘‘�X only’’ (including
clones with two �X rearrangements) to ‘‘�X � other’’ is 1.34.
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