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Abstract
Autoantibodies to diverse antigens escape regulation in systemic lupus erythematosus under the
influence of a multitude of predisposing genes. To gain insight into the differential impact of
diverse genetic backgrounds on tolerance mechanisms controlling autoantibody production in
lupus, we established a single lupus-derived nephritis associated anti-basement membrane Ig
transgene on each of four inbred murine lupus strains, including BXSB, (NZBxNZW)F1, NZB,
and MRL/lpr, as approved by the Duke University and the Durham Veterans Affairs Medical
Centers’ Animal Care and Use Committees. In nonautoimmune C57BL/6 mice, B cells bearing
this anti-laminin Ig transgene are stringently regulated by central deletion, editing, and anergy.
Here, we show that tolerance is generally intact in unmanipulated Ig transgenic BXSB,
(NZBxNZW)F1, and NZB mice, based on absence of serum transgenic anti-laminin
autoantibodies and failure to recover spontaneous anti-laminin monoclonal antibodies. Four- to
six-fold depletion of splenic B cells in transgenic mice of these strains, as well as in MRL/lpr
transgenic mice, and reduced frequency of IgM+ bone marrow B cells suggest that central deletion
is grossly intact. Nonetheless the four strains demonstrate distinct transgenic B cell phenotypes,
including endotoxin-stimulated production of anti-laminin antibodies by B cells from transgenic
NZB mice, and in vitro hyperproliferation of both endotoxin- and BCR-stimulated B cells from
transgenic BXSB mice, which are shown to have an enrichment of CD21-high marginal zone
cells. Rare anti-laminin transgenic B cells spontaneously escape tolerance in MRL/lpr mice.
Further study of the mechanisms underlying these strain-specific B cell fates will provide insight
into genetic modification of humoral autoimmunity in lupus.
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Introduction
Systemic lupus erythematosus (SLE) is a debilitating autoimmune disease with diverse
clinical manifestations. Glomerulonephritis is one of the most severe manifestations of SLE,
affecting up to 74% of patients and often leading to dialysis or transplantation. Yet
pathogenic mechanisms remain poorly understood. Newer immunosuppressive agents and
biologics (anti-CD20, anti-BLyS) have only recently begun to replace cyclophosphamide as
therapy, and relapses and serious side effects continue to plague patients. New disease- and
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mechanism-based interventions are urgently needed, but their rational design will require
better understanding of disease pathogenesis.

The autoantibodies and autoreactive T cells that contribute to kidney and other organ
damage in SLE arise as a result of failed tolerance, the fundamental immunologic
abnormality in lupus. Insights into the basis of tolerance defects are emerging from the
complementary study of human and murine lupus, although rapid progress has been
hindered by the genetic complexity and clinical and serological heterogeneity of this disease.
Genome-wide association studies have already identified approximately 40 lupus
susceptibility loci in man [1, 2], and a similar number of murine susceptibility loci have
been validated to date in congenic mice [3–5]. Of the individual genes established as risk
factors to date, many are involved in B and/or T cell signaling or survival [4, 6–11].
Assigning functions to genetic variants and mechanistic dissection has been slowed,
however, by reliance on lupus as a single phenotype in many studies, inconsistent phenotype
penetrance due to varied environmental exposures, or by tracking broad phenotypes such as
mortality, anti-DNA Ig production, or nephritis, that are polygenic in origin or absent in a
significant proportion of patients (e.g., anti-dsDNA Ig are found in only ~50% of patients)
[12].

It is in this context that we began a systematic approach to study failed tolerance in murine
lupus nephritis. We and others [13] have reasoned that the genetic complexity of lupus in the
outbred human population may be best modeled by integrated study of the major inbred
lupus strains, each of which has a unique constellation of lupus susceptibility genes. We also
reasoned that the influence of a given genetic background could be measured using
tractable, quantifiable tolerance phenotypes, such that deviations from normal phenotype
can be quantified and characterized, and ultimately analyzed for underlying mechanisms and
linked to genetic background and eventually to specific genes. For this purpose, we modified
New Zealand Black (NZB/BINJ, or NZB), NZBWF1/J [(NZBxNZW)F1, or BWF1], BXSB/
MpJ (BXSB), and MRL/MpJ-Faslpr/J (MRL/lpr) mice to express the identical lupus
nephritis-associated anti-laminin LamH Ig transgene (Tg), using at least 9 generation
backcrosses. We chose three classic lupus strains, BXSB, BWF1, and MRL/lpr, because
each develops accelerated nephritis, suggesting early and rapid loss of tolerance in
nephritogenic clones. The fourth lupus strain, NZB, develops kidney disease late in life but
carries multiple major susceptibility loci that contribute to severe nephritis in strains BWF1,
(SWRxNZB)F1 (SNF1), and NZM2410 [4].

The LamH Ig Tg was particularly suited for this purpose. It is derived from an MRL/lpr
lupus mAb and binds a kidney basement membrane antigen implicated in both mouse and
human SLE [14–19]. A pathogenic role is suggested by the ability of epitope-bearing
laminin peptides to suppress MRL/lpr lupus nephritis [17]. The LamH Tg encodes a
dominant Ig heavy chain capable of forming anti-laminin Ig when paired with a wide variety
of endogenous light chains [20]. B cells from multiple LamH Ig Tg lines are stringently
regulated in the non-autoimmune C57BL/6 (B6) strain by a combination of central deletion,
editing, and anergy, such that Tg-encoded anti-laminin antibodies are rarely detected in sera,
either spontaneously or after mouse exposure to endotoxin or antigen in adjuvant [21, 22].
Compared to their non-Tg B6 littermates, Tg B6 mice have 8-9-fold fewer spleen B cells
(mean 6 million total), a number that drops to a mere 1.2 million in LamH/Vk8Jk5 H+LL Ig
Tg mice in which kappa light chain editing is prevented by homozygosity at the targeted
kappa allele [21, 22]. Residual B6 Tg spleen B cells are shortlived and fail to secrete anti-
laminin Ig after endotoxin stimulation. This cell phenotype is preserved in the MRL/MpJ
strain [21], although notably microarray analyses reveal strain differences in anergic B cell
gene expression [23]. Thus, the LamH Ig Tg model provides a stable, well defined tolerance
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phenotype useful for the study of autoreactive B cell fates in the context of aggressive SLE
models.

Herein we report the fate of LamH Ig Tg cells in each of the four lupus strains, measuring
parameters previously used to analyze their fate in the B6 strain. We find that whereas
central deletion of a prominent subset of Tg B cells and peripheral tolerance checkpoints
appear grossly intact, each strain nonetheless demonstrates a unique Tg B cell phenotype,
distinct from each other and from the tolerance phenotype observed in non-autoimmune B6
Tg mice. In contrast to results in other strains, anti-laminin Tg Ig are readily recovered from
LPS-stimulated spleen B cells, and can be induced in vivo in a subset, of NZB Tg mice.
BXSB Tg B cells uniquely upregulate CD21 with an enhanced CD1d+ marginal zone B cell
subset, express high density surface Tg receptors, and hyperproliferate to both B cell
receptor crosslinking and LPS. Occasional Tg anti-laminin B cells are spontaneously
activated in vivo in a subset of MRL/lpr Tg mice, whereas the fate of Tg B cells in BWF1
Tg mice most closely resembles the tolerance phenotype observed in the non-autoimmune
B6 strain. Thus strain-dependent lupus susceptibility differentially modifies Tg B cell fate
and tolerance. Dissection of the molecular basis of these differences will provide further
insight into the complex genetics of lupus and hopefully assist in identifying additional
patient-specific therapeutic targets

Materials & Methods
Animals

Generation of the anti-laminin LamH IgM heavy chain construct and characterization of
LamH Ig transgenic (Tg+) mice on both the non-autoimmune B6 and the autoimmune MRL/
MpJ (MRL) backgrounds were described previously [21, 22, 24]. Hemizygous Tg+ and non-
transgenic mice were reared under conventional specific pathogen-free conditions in the
vivarium of the Durham Veterans Affairs Medical Center. All Tg+ mice used in these
experiments are hemizygous for the transgene.

The LamH-BXSB and LamH-NZB strains were generated by backcross of the transgene
from the B6 strain ≥9 generations using BXSB or NZB breeders. The LamH-MRL/lpr strain
was generated by two serial crosses of the LamH-MRL strain (9 previous backcross
generations onto MRL) with MRL/lpr breeders. The BWF1 strain was generated by crossing
LamH Tg+ NZB females of backcross generation 13–14 with NZW male breeders, with the
resulting progeny used experimentally. All lupus-strain breeders as well as BALB/c allotype
controls were from The Jackson Laboratory (Bar Harbor, ME, USA). The age range of mice
used in most of these studies was 1.5–9.0 months (mean ages are shown in Table 1,
footnote), with the exception of several older BXSB mice used where noted. These studies
and procedures were approved by the Duke University and the Durham Veterans Affairs
Medical Centers Animal Care and Use Committees.

Transgene determination
Presence of the LamH Ig transgene was determined by PCR using transgene-specific
forward and reverse primers:

5’- AGC TGC AAC AGT CTG GAC CTG A -3’ and

5’- GGC CCC AGT AGT CAA AGG TAC CAT C -3’.

Presence of the Fas mutation in LamH-MRL/lpr mice was determined as directed by the
Jackson Laboratories standard PCR for the Faslpr allele.
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Cell staining
Single-cell splenocyte, bone marrow, and peritoneal cell suspensions were analyzed by flow
cytometry as described [25] using the following fluorescent stains: anti-CD45R/B220-PE
and -PerCP, anti-IgMb-FTC, anti-IgMa-PE, anti-CD5-FTC, anti-CD86-RPE, anti-CD21/35-
FTC, anti-CD1d-biotin, anti-CD4-PE, anti-CD8-FITC, anti-CD3-FITC and anti-CD138-PE
(Becton Dickinson-Pharmingen, San Jose, CA, USA), and anti-CD19-PE, anti-IgM-FTC,
anti-lambda-FTC, anti-kappa-PE, anti-CD62L-FTC, anti-MHCII-FTC, and anti-CD23-
PE(Southern Biotech, Birmingham, Alabama, USA). Cells were analyzed on a
FACSCalibur (Becton Dickinson), and results analyzed using either CellQuest (Becton
Dickenson) or FlowJo (Treestar, Ashland, OR, USA). Lymphocytes were gated based on
FSC and SSC properties. B cell counts were determined as %B220+ × % lymphocytes ×
number of splenocytes, except in MRL/lpr mice in which presence of abundant abnormal
B220+ T cells required use of CD19 as the B cell marker.

To identify plasma cells and plasmablasts, splenocytes were first stained as above with
CD138-PE × B220-PerCP, then fixed in 1% paraformaldehyde containing 0.5% Tween-20
for 30 minutes to permeabilize the cell membrane. Following rinsing, cells were then stained
for IgMa, IgG, or total IgM using FITC-conjugated reagents, and fixed again in 1%
paraformaldehyde prior to acquisition. BXSB mice used for these experiments were 14–15.5
months of age.

Antibody isotype, allotype, and laminin binding ELISA assays
Ig concentrations and isotype- and allotype-specific laminin binding in serum and in
hybridoma and transfectant supernatants were determined by ELISA as described [25] with
the following additions: Cell culture supernatant was assayed undiluted in laminin binding
assays, and lambda concentration was measured against Ig standard MOPC104e (Sigma)
and detected with alkaline-phosphatase conjugated anti-lambda antibody (Southern
Biotech).

To assay for laminin binding activity, Immulon II plates were coated overnight at 4C with
10 μg/mL laminin EHS (Sigma). Plates were blocked, rinsed, and detected as above using
sera diluted 1:20. Control Ig is anti-laminin mAb A10C supernatant [24]. Results were
recorded as the mean sample binding OD to laminin after subtraction of mean OD on
diluent-coated plates. For all strains except MRL/lpr, in which IgM-j allotype crossreacts
with Tg IgM-a, laminin binding by transgene-encoded Ig was confirmed using biotin-
labeled anti-allotype (IgM-a)-specific second-step reagents (BD Biosciences) detected with
Streptavidin- alkaline phosphatase (Southern Biotechnology Associates) as above. In MRL/
lpr, detection of LamH idiotype-specific serum antibody was performed as described [21].

In vivo cell labeling with BrdU
Newly generated B cells were identified by BrdU incorporation by adding 0.8 mg/ml BrdU
(Sigma-Aldrich) to drinking water for 30 days. BrdU-containing water was shielded from
light and changed twice weekly. BrdU-labeled splenocytes were identified as described [22].

In vivo LPS stimulation
Four LamH Tg+ NZB mice and four non-Tg controls were injected i.p. with 25–50 μg
lipopolysaccharide. Serum was collected after 3 days (n=2/grp) or 8 days (n=2/grp) and
assayed for Tg-encoded anti-laminin reactivity as described above.
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Hybridoma generation
Hybridomas were derived from unmanipulated or LPS stimulated splenocytes of transgenic
mice using standard procedures as described [24]. Supernatants were screened by ELISA for
Ig isotype, allotype, and laminin binding as described above, and selected lines subcloned by
limiting dilution.

B cell proliferation and differentiation
B cells were purified from RBC-lysed splenocytes using CD43 microbead depletion of non-
B cells (Miltenyi Biotec, Auburn, CA, USA). Purified B cells were labeled with 2.5–5.0 μM
carboxyfluorescein succinimidyl ester (CFSE, Molecular Probes, Eugene, OR, USA) per the
manufacturer’s protocol. Labeled cells were cultured at 1.25×106 cells/mL in proliferation
media (RPMI supplemented with 10% fetal bovine serum, 2 mM L-glutamine, beta-
mercaptoethanol, and 100U/mL penicillin-streptomycin), 200 μl per well in a 96-well plate
+/− 50 μg/mL lipopolysaccharide (LPS, #L6386, Sigma) or 80 μg/mL goat-anti-mouse IgM
F(ab’)2 (Fab, Pierce/Thermo Scientific, Rockford, IL, USA). Following 2.5 days in culture,
cells were collected and stained with B220-PE and assessed by flow cytometry as detailed
above. The percent of divided cells was calculated for the B220+ population using FlowJo.

To assess differentiation into antigen-secreting cells (ASC, plasma cells and plasmablasts),
purified B cells were cultured at 1×106 cells/mL in 200 μL per well in a 96 well plate +/− 50
μg per mL LPS. Following 3 days in culture, cells were collected and stained for flow
cytometry using the CD138 antibody paired with intracellular staining for Ig as described
above.

To assess antibody secretion, purified B cells were plated at 1×106 cells/mL in 1 mL per
well of a 24-well plate, with and without stimulation by LPS as above. Mature supernatants
were harvested following 8–10 days of culture and were assayed for laminin binding by
ELISA as described above.

Apoptosis and cell death assays
Splenocytes were prepared as described above for flow cytometric staining. One million
RBC-depleted splenocytes were rinsed twice in PBS containing 2% FBS, followed by a
wash in 1X binding buffer supplied (BD Pharmingen). Cells were stained as directed by the
manufacturer using annexin V-FITC, 7-AAD, and either anti-CD19-PE or anti-IgMa-PE.
Annexin V and 7-AAD positive cutoffs were set based on the dead cell gate using FSC vs.
SSC properties. BXSB mice used in the apoptosis assays were 14–15.5 months of age.

Cloning of MRL/lpr laminin-binding kappa light chain 11.5.E
Poly-A RNA was isolated from hybridoma cells using the RNEasy mini kit (Qiagen,
Valencia, CA, USA) followed by the Oligotex mRNA Mini kit (Qiagen). RNA was reverse
transcribed using oligo-dT primers and the Universal RiboClone cDNA Synthesis kit
(Promega, Madison, WI, USA). The light chain sequence was determined by PCR
amplifying cDNA using the degenerate primer, 5’- RRT ATT KTG MTR ACY CAR -3’,
designed to amplify genes from multiple kappa V gene families, paired with the kappa
constant region primer, 5’-CTG CTC ACT GGA TGG TGG GA-3’. Amplified products
were then sequenced directly using the kappa constant region primer.

Forward and reverse primers containing Not I and Sal I restriction sites, respectively, were
designed for amplification of clone 11.5.E VκJκ and cloning into kappa-targeting vector
(KTV) generously provided by Dr. Klaus Rajewsky via Dr. Thereza Imanishi-Kari (Tufts
University). The forward primer (5’- CAT GCG GCC GCA GGA AAA CAA GAA ACA
GAT AAT GC -3’) lies 689 bp upstream of framework region 1 and was designed using
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mouse genomic BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi) by incorporating upstream
sequence of the germline Vκ gene (GenBank accession NT_039343) most closely matching
the sequence of 11.5.E. The sequence of the reverse primer (5’- ATA GTC GAC AGA CCA
CGC TAC CTG CAG TCA GAC -3’), which lies 292 bp downstream of Jκ5, was provided
with vector KTV. The 2.3 kb amplicon was gel-purified and cloned into vector pCR2.1-
TOPO using the TOPO TA Cloning kit (Invitrogen, Carlsbad, CA). The 5’, 3’, and VκJκ
regions were verified by sequencing with vector- and Vκ-specific primers. This 2.3 kb
fragment containing the 11.5.E L chain and all upstream regulatory sequences was excised
from vector pCR2.1-TOPO by digestion with Not I and Sal I (New England Biolabs,
Beverly, MA) and ligated with Not I/Sal I-digested vector KTV using T4 DNA ligase (New
England Biolabs).

Transfection
The light chain from laminin-binding Ig 11.5.E, cloned into the KTV expression vector, was
cotransfected with the LamH (transgenic) heavy chain into lambda L chain-expressing
J558L cells [26] by electroporation using a BioRad Gene Pulser. The LamH/J558L
transfectant Ig does not bind laminin [20]. Ten million cells were electroporated in 300 uL
PBS along with 10 ug linearized plasmid DNA and 1 ug of the coselectable G418-resistance
marker KJ-1 [27], and selected using 400 ug/mL G418.

Sequencing and sequence alignment
LamH H chain DNA from hybridoma clones was sequenced at the Duke University DNA
Analysis Facility following PCR amplification for the transgene as described above. The
11.5.E H chain was additionally sequenced following PCR amplification using primer set:
5’- TGT GAA CAT AGC CC AGA GTG AC -3’ with 5’ GAC TCA CCT GAG GAG ACT
GTG AG – 3’.

Light and heavy chain family designations and homologies were determined using the
ImMunoGeneTics (IMGT) Information system website at www.imgt.org (28).

Statistical analyses
All data are shown as mean values ± standard deviation (SD). Comparisons between two
groups were performed using the nonparametric Wilcoxon test. Comparisons between paired
samples in the BrdU assay were performed using the paired t-test. Analyses were performed
with JMP software (SAS Institute, Cary, NC). A value of p < 0.05 was considered to be
significant.

Results
Lack of transgenic anti-laminin antibody in LamH Ig Tg BXSB, BWF1, and NZB mice

Endogenous BXSB, BWF1, and NZB IgM is b-allotype, making expression of the Tg IgM
a-allotype easily discernable in these strains. Because the MRL/lpr endogenous j-allotype
IgM crossreacts with IgMa-detecting reagents, findings in this strain are considered
separately. Results for males and females are presented together, except where stated
otherwise.

In mice carrying the LamH Ig Tg on the BXSB, BWF1, or NZB autoimmune backgrounds,
we found negligible circulating transgenic anti-laminin antibody (Figure 1A). This absence
of serum Tg anti-laminin autoreactivity occurs despite the presence of readily detectable
serum Tg-encoded antibody (a-allotype IgM) in all transgenic mice of each strain (Figure
1B). In the BXSB strain, serum IgMa levels were significantly higher in male Tg+ as
compared to female Tg+ mice (39.2 ± 25.0 and 26.6 ± 24.9 μg/ml, respectively, p<0.05).
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LamH Tg is a conventional, not site-directed, IgM Tg, and the likelihood of class-switched
Tg-encoded IgG is quite low. To examine whether class-switched Tg-encoded IgG was
detectable in these subjects, we tested sera for anti-laminin IgG. Of 42 sera tested [NZB: 10
Tg+, 4 non-Tg; BXSB: 9 Tg+, 5 non-Tg; BWF1: 9 Tg+, 5 non-Tg], the large majority were
negative for anti-laminin IgG. The 4 positive sera, including one Tg+ mouse (NZB,) and
three non-Tg mice (2 BXSB, 1 NZB), had measurable but low level anti-laminin IgG.

To further investigate anti-laminin autoantibody production at the single cell level,
hybridomas were generated by fusion of unstimulated splenocytes from 2–3 Tg+ BWF1,
BXSB, and NZB mice. These fusions yielded few hybridomas, including 12 IgM-producing
clones from Tg+ BXSB, 2 from Tg+ NZB, and 3 from Tg+ BWF1. None of these
spontaneous hybridomas produced laminin-binding antibodies. These outcomes are
reminiscent of our previously reported inability to recover anti-laminin monoclonal
antibodies from either tolerant LamH Ig Tg B6 mice or LamH/Vk8Jk5 H+L Ig Tg mice [21,
22], and in striking contrast to the numerous anti-laminin Tg mAb recovered from the
aberrant M07 LamH Ig Tg line with disabled surface Tg expression in which B cells are not
subject to BCR-mediated tolerizing signals [20].

Depletion of Tg+ anti-laminin B cells in four lupus strains
In BXSB, BWF1, NZB, and MRL/lpr backgrounds, transgenic mice had significantly fewer
splenic B cells than their non-transgenic counterparts (Figure 2). Overall, the total number of
splenic B cells per mouse was reduced 76–83% (Table 1). This approaches the 88–89%
reduction seen in the Tg B6 strain [21, 22], including in Tg B6 mice carried concurrently in
our colony (unpublished data). BXSB males showed the greatest reduction in B cell
numbers, with 90% fewer spleen B cells in male Tg+ than male non-Tg mice (not shown).
In the three strains expressing b-allotype endogenous IgM (BXSB, BWF1, NZB), the
majority of surviving splenic B cells expressed exclusively transgene a-allotype IgM (Table
1A and Figure 3A).

Tg+ males had significantly fewer splenic B cells than Tg+ females in two strains: BXSB
(7.3 ± 3.1 vs. 11.9 ± 5.4 million, p<0.05), and NZB (2.9 ± 1.5 vs. 4.3 ± 1.4 million, p<0.05).
There were no differences between the sexes in B cell counts in Tg+ BWF1 or MRL/lpr
mice.

The reduction in B cell number was also observed in the bone marrow (Table 1B and Fig.
3B). Tg+ BXSB, BWF1, and NZB mice had a significantly lower percentage of IgM+ B
cells in bone marrow than did their non-transgenic counterparts. These results are similar to
our observations in Tg B6 mice [22]. The lower percentage IgM+ B cells in Tg+ MRL/lpr
mouse bone marrow did not reach statistical significance.

Evidence of secondary Ig rearrangements in anti-laminin B cells in BWF1, BXSB, and NZB
mice

In Tg+ mice in the BWF1, BXSB, and NZB backgrounds, endogenous heavy chain (b-
allotype IgM) was coexpressed on the surface of a minority of B cells (Figure 3A and Table
1A), indicating secondary rearrangements at the endogenous loci despite presence of the
rearranged Tg H chain in a subset of cells. Endogenous IgMb was similarly generally
excluded on the surface of B cells in Tg B6 mice (21). Among Tg+ mice, only BXSB
demonstrated a significant sex-bias in spleen B cell expression of endogenous b-allotype
IgM (9.9 ± 4.2% for males, 14.1 ± 4.6% for females, p<0.05). Endogenous IgMb was also
detected among a subset of hybridoma supernatants: 7 of 12 hybridomas derived from Tg+
BXSB mice secreted endogenous IgM-b, of which 4 coexpressed Tg IgMa, and endogenous
IgMb was coexpressed with Tg by one of three Tg+ BWF1 and both Tg+ NZB hybridomas.
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In the BXSB and NZB backgrounds, a significantly higher proportion of splenic B cells
expressed lambda light chains in Tg+ mice as compared to their non-Tg counterparts (Table
1A), suggesting multiple attempts at light chain rearrangements in these strains. Lambda
light chains were expressed by 3 of 12 Tg+ BXSB-derived hybridomas. In contrast, Tg+
BWF1 splenocytes had significantly lower lambda light chain expression than non-Tg
BWF1 B cells (Table 1A), and none of 3 BWF1 hybridomas secreted lambda-expressing Ig.

B cell proliferation, differentiation, Ab secretion, in vivo turnover, surface marker
expression, and apoptosis by residual Tg+ B cells in lupus strains

All LamH Ig Tg+ mice from BWF1, BXSB, and NZB backgrounds have a residual
population of Tg+ (IgMa+) B cells (Figure 3), yet no Tg anti-laminin activity is recovered in
serum from these strain. This suggests that the residual Tg+ B cells are either autoreactive
and anergic, as previously suggested for LamH Tg+ B cells on the B6 and MRL
backgrounds [21], or result from pairing of LamH Tg+ with endogenous light chains that do
not result in autospecificity. To assess whether the B cells from LamH mice exhibit features
of anergy, we examined their responsiveness to exogenous stimulation ex vivo, their
turnover rate in vivo, and expression of surface markers previously reported to be altered on
LamH anergic B cells [21, 22].

In proliferation assays using purified B cells from NZB mice, significantly fewer B cells
from Tg+ mice proliferated in response to IgM receptor crosslinking compared to cells from
non-Tg mice (Figure 4A). In contrast, studies with BXSB mice showed a significantly
higher proportion of proliferated cells in response to receptor crosslinking among B cells
purified from Tg+ as compared to non-Tg mice (Figure 4B). BXSB Tg+ B cells also
hyperproliferated in response to LPS stimulation (Figure 4B). This was observed in B cells
from both male and female Tg+ BXSB (not shown). In BWF1 mice, no differences were
observed between purified Tg+ and non-Tg B cells in proliferative response to either
stimulus (Figure 4C). Whereas these experiments do not allow direct comparison to our
previous experiments with B6 Tg B cells in which we observed hypoproliferation of B cells
within whole splenocyte preparations [21], they do indicate lupus strain-dependent
differences in proliferative responses of isolated B cells.

To assess the capacity of Tg+ B cells to secrete autoantibodies, purified B cells from Tg+
mice were incubated with medium alone or medium supplemented with lipopolysaccharide.
Tg+ NZB B cells were unique in that whereas they produced little autoantibody in culture
without stimulation, they produced high levels of Tg-encoded anti-laminin Ig after culture
with LPS (Figure 5). In contrast, assay of culture supernatants from Tg+ BXSB and Tg+
BWF1 B cells revealed undetectable or only low levels of Tg-encoded anti-laminin Ig, with
or without LPS stimulation (Figure 5), similar to results with B cells from Tg+ B6 and MRL
mice [21, 22]. The presence of Tg anti-laminin reactivity in LPS-stimulated NZB B cell
culture supernatants did not result from increased overall levels of secreted IgMa: LPS-
stimulated NZB Tg+ B cell cultures contained, on average, 4.0 ± 4.7 μg/mL IgMa. This is in
contrast to considerably higher IgMa levels seen in LPS-stimulated BXSB Tg+ cultures
which had an average of 19.4 ± 32.7 μg/mL IgMa. Insufficient sample precluded IgMa
concentration analysis for BWF1 supernatants.

To assess in vivo B cell turnover, cells were labeled with BrdU over a 30 day exposure
period. Tg+ NZB mice had a significantly higher percentage of BrdU-labeled splenic B cells
than did than non-Tg NZB mice (Figure 6). This is reminiscent of our previously reported
observations in B6 mice, in which BrdU labeling in Tg mice (approximately 60% of B cells
at 30 days) was more than double that of their non-Tg counterparts [22]. In contrast, there
was no difference in B cell turnover between Tg+ and non-Tg BXSB mice (Figure 6).
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Splenic B cells from Tg+ mice of BWF1, BXSB, and NZB mice all showed a significant
increase in surface density of CD5 (Table 2). CD23 was significantly decreased in Tg+ vs
non-Tg mice on the BXSB and NZB mice, and showed a similar trend in BWF1 mice
(p<0.07) (Table 2 and Figure 7). Tg+ NZB mice had increased expression of CD86 and
decreased surface Ig density compared to their non-Tg NZB counterparts, a surface marker
phenotype that most closely paralleled that of anergic LamH Tg+ B cells in the B6 non-
autoimmune background [22]. Surface Ig density was also decreased on Tg+ BWF1 B cells,
and both Tg+ NZB and BWF1 B cells had significantly decreased frequency of CD21/35
relative to non-Tg counterparts. In contrast, B cells in Tg+ BXSB mice were unique in
demonstrating significantly increased CD21/35 (Table 2 and Figure 7) and high density B
cell surface Tg+ IgMa expression (Figure 3). Co-staining of splenic B cells from older Tg+
BXSB mice with CD21 and CD1d confirms a prominent marginal zone B cell subset not
observed in non-Tg BXSB mice (Figure 7C). Similar staining in NZB mice did not identify
significant differences between Tg and nonTg mice (not shown).

Because NZB and BXSB Tg+ mice have unique B cell phenotypes with differential ability
to produce Tg autoIg, we determined the ability of activated B cells in Tg+ mice to
differentiate into antibody secreting cells (ASC) by assessing expression of CD138. We
analyzed CD138 expression both on freshly isolated spleen lymphocytes and on purified B
cells after 3 days in culture with or without LPS stimulation. Results show that the
percentage of CD138+ cells among lymphocytes did not differ between Tg+ and non-Tg
mice in NZB mice (1.9 ± 0.6% vs 1.6 ± 0.4%, respectively, p=NS) or in BXSB mice (1.6 ±
0.2% vs 1.2 ± 0.3%, respectively, p=NS). These findings indicate that at least a subset of Tg
+ B cells differentiate to ASC in vivo in both lupus strains. These results further suggest that
ASC are enriched among B cell populations in Tg+ mice, because Tg+ mice in both strains
have markedly fewer total B cells as determined by B220+ staining (Figure 2, Table 1).
CD138+ cells were also enriched in 3 day LPS cultures of purified B cells from Tg+ mice
compared to cultures of cells from non-Tg mice of both strains: 30.2 ± 0.4% vs. 16.6 ±
6.0%, respectively, for Tg+ vs non-Tg cells from NZB mice, p=<0.05, and 16.3 ± 5.0% vs
5.7 ± 2.6%, respectively, in BXSB mice, p=<0.05, n=3–6 mice/group. Tg IgMa+ ASC were
readily detected in these LPS-induced cultures: 30.8% and 50.1% of CD138+ cells were
IgMa+ in NZB and BXSB cultures, respectively.

Because apoptosis plays important role in B cell selection and regulation and tolerance in
LamH Tg may be mediated by peripheral mechanisms such as clonal deletion and anergy (in
addition to editing and deletion in the bone marrow), we assessed in NZB and BXSB mice
whether freshly harvested splenic B cells from Tg+ mice have evidence of enhanced
apoptosis relative to B cells of their wildtype counterparts. Annexin staining showed that the
proportion of spleen CD19+ B cells undergoing apoptosis was significantly higher in Tg+ as
compared to non-Tg mice in both NZB and BXSB mice (Figure 8). BXSB and NZB Tg+ B
cells displayed approximately 2.1-fold and 1.6-fold, respectively, higher degrees of B cell
apoptosis than did their wildtype counterparts (p<0.05, Tg+ vs non-Tg, for both strains).

Rare escape of anti-laminin B cells in MRL/lpr mice
Because MRL/lpr mice have j allotype IgM, which cross-reacts with the anti-IgMa detection
reagent, we cannot identify the transgenic heavy chain by IgMa allotype-specific staining in
this strain. Alternatively, sera were interrogated with an anti-idiotype mAb that recognizes
the LamH Tg H chain [29], revealing LamH-Id+ Ig in 35.7% of (n=14) Tg+ MRL/lpr mouse
sera and in none of 15 non-Tg MRL/lpr mice. While anti-laminin IgM are detected in the
serum of a subset of both Tg+ and non-Tg mice, only two of 14 MRL/lpr Tg+ mice have
both anti-laminin and LamH-Id+ Ig in their serum, suggesting that anti-laminin Tg B cells
may escape regulation in approximately 14% of MRL/lpr mice.
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Flow cytometric analysis revealed evidence of H chain editing in a small subset of MRL/lpr
Tg+ splenic B cells, manifest as low level surface expression of endogenous IgD (14.7 ±
13.4% of B cells, n=10, compared to 71.2 ± 16.6%, n=8, for non-Tg MRL/lpr counterparts.)
Surface lambda expression was negligible on Tg+ MRL/lpr splenocytes. A limited analysis
of MRL/lpr B cell surface markers showed no significant difference in spleen B cell CD5+
expression in Tg+ compared to non-Tg mice.

To further explore the origin of autoreactivity in Tg+ MRL/lpr, hybridomas were generated
by fusion of unstimulated splenocytes (n=4 Tg+ spleens) or splenocytes stimulated for 24
hours with LPS prior to fusion (n=3 Tg+ spleens), and cloned by limiting dilution. Of 50
IgM-producing hybridoma lines recovered (38 from unstimulated, 12 from LPS-stimulated),
a single IgM,kappa producer derived from unstimulated splenocytes, termed 11.5.E,
generated anti-laminin Ig in culture. This clone was sequenced and shown to contain a
mutation altering one amino acid (Phe for Tyr) in the Tg-encoded heavy chain antigen-
binding CDR3 region (Fig 8A).

Non-critical H chain mutation in MRL/lpr anti-laminin Ig
The CDR3 mutation of the Tg H chain in hybridoma 11.5.E raised the possibility that the
parent B cell of this clone was not autoreactive when developing in the bone marrow, such
that its fate was not regulated by central tolerance mechanisms, but rather that it acquired
laminin autospecificity after H chain mutation in the periphery. To investigate this
possibility, the 11.5.E light chain was cloned and co-expressed with the unmutated LamH
Tg H chain using electroporation into a murine myeloma cell line. Concentration-matched
ELISA showed that both the mutated 11.5.E H chain and the unmutated LamH Tg generate
a laminin binding autoantibody when paired with the 11.5.E L chain (OD405 0.505 ± 0.003
and 0.260 ± 0.030, respectively, with concurrent OD405 0.322 ± 0.076 for positive control
H50-9 IgG at 10 ug/ml).

Sequence analysis of the 11.5.E L chain (GenBank accession number JQ513389) revealed it
to be a member of the IGKV4 (previous Vk4/5) Vk gene subgroup paired with an IGKJ2
gene segment. Although there is no comparable published reference MRL/lpr-derived
germline kappa sequence, GenBank homology searching provided sequences from
numerous MRL/lpr-derived mAb that express IGKV4 genes. Assembly of a consensus
sequence suggests that the 11.5.E L chain contains one framework 1 and two CDR region
missense mutations (Fig. 8B).

T cell numbers and CD4/CD8 ratio in anti-laminin Ig Tg mice
To assess the potential impact and interaction of the LamH Ig Tg and T cells in the lupus
strains, CD3+ spleen T cells and CD4/CD8 subsets were enumerated (Figure 10). The
results show that total T cell numbers are significantly reduced in Tg BXSB and Tg BWF1
mice, and the ratio of CD4 and CD8 T cells is significantly reduced in Tg mice in all three
strains. We previously reported a significantly reduced T cell population in B6 Tg mice,
whereas the CD4/CD8 ratio was not different from non-Tg mice in B6 [21].

Discussion and Conclusions
To examine if and how different constellations of lupus susceptibility loci differentially
modify autoreactive B cell fate, we established the same autoreactive anti-laminin H-chain
dominant Ig Tg in each of four classic murine lupus strains, BXSB, BWF1, MRL/lpr and
NZB, genetically predisposed to aggressive systemic autoimmunity. Our results indicate that
although B cell reactivity to laminin is regulated in all strains, Tg B cells meet a distinct fate
in each. This includes ready recovery of anti-laminin Tg Ig from LPS-stimulated cultured
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NZB Tg+ B cells and acquisition of a unique CD21hi/IgMhi phenotype by Tg+ B cells in
BXSB mice. CD1d staining confirms expansion of the marginal zone subset in Tg+ BXSB.
Central deletion of most anti-laminin B cells appears to be grossly intact in each strain,
because Tg+ mice have 4–6 fold fewer splenic B cells than their non-Tg counterparts, and in
the BXSB, BWF1, and NZB strains this is accompanied by significantly fewer IgM+ B cells
in bone marrow. This bone marrow phenotype did not reach statistical significance in MRL/
lpr Tg+ mice, but may have been obscured in part by the relative paucity of B cells in the
MRL/lpr mice, a strain that develops an unusual CD4-CD8- T cell expansion. The B
depletion mirrors that observed in nonautoimmune B6 mice carrying the LamH Ig Tg [21],
in whom profound central deletion with a requirement for kappa editing for Tg B cell rescue
was previously shown [22].

Our findings also suggest distinct abnormalities in Tg B cell deletion in two lupus strains,
BXSB and NZB. Unexpectedly and seemingly paradoxically, BXSB Tg+ male mice, which
harbor the y-chromosome-linked autoimmune accelerator locus yaa, have the highest
proportion of B cell depletion of any strain examined, with 10-fold fewer spleen B cells than
non-Tg BXSB males. Moreover, BXSB Tg+ males have significantly fewer B cells than
BXSB Tg+ females, suggesting that the yaa translocation facilitates the deletion process,
possibly by lowering BCR signaling thresholds [30]. In this regard, Izui and colleagues have
proposed that a yaa-linked reduction in the B cell threshold for activation underlies the
spontaneous activation of anti-red blood cell Tg B cells observed in B6.yaa male mice
expressing the 4C8 Ig Tg [31]. The molecular mechanism by which yaa might promote B
cell deletion, or hinder the editing machinery that would otherwise rescue anti-laminin B
cells destined for deletion, is unclear. Yaa carries a translocated duplication of Toll-like
receptor (TLR) 7 [32, 33], as well as at least 16 additional as yet unidentified genes [34].
TLR7 is suspected of modulating autoreactive B cell fate at the point of early cell
development [35], however, its expression and function in the bone marrow is less well
characterized than cell surface-expressed TLRs. Alternatively, TLR7 or other yaa gene
products may preferentially influence extrinsic B cell factors that limit peripheral B cell
survival. It is also possible that the effect is yaa-independent, but rather due to sex hormones
or other sex-related influences that impact B cell number in this strain. Further studies
should resolve these questions, including the requirement for a superimposed autoimmune
BXSB background.

In contrast, our findings in NZB Tg mice suggest that central deletion pathways are partially
defective in the NZB strain. NZB Tg mice are unique among the examined strains in their
production of high levels of Tg anti-laminin IgM after in vitro stimulation with LPS. The
induction of serum Tg anti-laminin Ig in a subset of NZB Tg mice injected with LPS
suggests that this loss or reversal of tolerance is not prevented by in vivo regulatory
pathways. The impact on NZB disease will require additional studies. These observations do
suggest that a subset of anti-laminin Tg B cells escape central deletion in NZB to populate
the spleen; absence of antilaminin Tg Ig in serum or supernatants of unstimulated B cells
indicates that they are not spontaneously activated in vivo. Whereas the molecular
mechanism underlying bone marrow escape in NZB is unknown, precedence for genetically
determined defects in central B cell deletion leading to increased numbers of peripheral
autoreactive B cells come from recent reports in patients and mice deficient in interleukin-1
receptor-associated kinase 4 (IRAK-4), myeloid differentiation factor 88 (MyD88), or
activation-induced cytidine deaminase (AID), and in individuals carrying the PTPN22
R620W autoimmune risk allele [36–39]. Not all defects lead to full fledged autoimmunity
with spontaneous serum autoantibody production, highlighting the importance of
downstream checkpoints. It is possible that defective central deletion in NZB also
contributes to the loss of B cell tolerance to RBC antigens and development of autoimmune
hemolytic anemia in NZB mice, noting that in nonautoimmune B6 mice, B cells bearing the
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NZB-derived 4C8 anti-RBC Ig Tg are predominantly controlled by central deletion [40, 41].
Whereas a subset of peritoneal sequestered CD5+ B-1a anti-RBC cells escape regulation in
the B6 4C8 Tg model, this escape route is not apparent in our NZB LamH Tg mice (data not
shown).

Whether the surviving anti-laminin Tg B cells are subject to further dysregulation in the
NZB periphery will require further study. The frequency of laminin-specific cells among
residual Tg splenocytes is not readily determined, as soluble laminin does not engage the Tg
and cannot be used as probe [21]. It is of interest that the majority of surviving NZB Tg
spleen B cells retain several features consistent with anergy as described previously in B6
LamH Tg mice. NZB Tg B cells express significantly lower levels of surface Ig, CD23, and
CD21 and increased CD86 and CD5 compared to their non-Tg counterparts. NZB Tg B cells
also have increased turnover in vivo and hypoproliferate in response to BCR crosslinking. If
the surviving NZB Tg anti-laminin B cells are anergic, the recovery of laminin
autoreactivity suggest that anergy is reversible with LPS. The NZB Tg B cell phenotype is
somewhat reminiscent of anti-hen egg lysozyme (HEL) Ig Tg carried on NZB, which is to
our knowledge the only other Ig Tg studied in NZB. Whereas anti-HEL Tg B cells are
anergic in non-autoimmune B6 mice that also carry the Tg for soluble HEL (neoself Ag)
[42], in NZB mice carrying both Tg, anti-HEL B cells retain an anergic phentoype yet mice
nonetheless spontaneously develop high serum titers of Tg autoantibody [43]. NZB-derived
defects in anergic cell survival and activation due to T cell help, elevated BAFF levels, and
intrinsic cell abnormalities are hypothesized. Further studies should elucidate the
developmental and functional state of our NZB anti-laminin B cells.

Residual Tg B cells in BXSB mice are unique in that they lack most characteristics of
anergic cells observed in the other strains, including B6 and BWF1. Moreover, they
hyperproliferate to both LPS stimulation and to B cell receptor crosslinking, demonstrate a
normal in vivo lifespan by BrdU labeling, and express IgMhi/CD21hi/CD23lo/CD1d+
markers indicating marginal zone (MZ) B cell expansion. These cells are observed in both
male and female BXSB Tg mice, suggesting independence from yaa locus influences
previously reported to mediate MZ B cell depletion [30, 44]. Thus BXSB genetic influences
divert surviving LamH Ig Tg cells from functional anergy as observed in B6 mice to a
longer-lived population capable of exaggerated responses to LPS and BCR stimulation. It is
notable that expansion of a MZ-like B cell population was also observed in male BXSB
mice bearing the trinitrophenyl/ ssDNA/ dsDNA-reactive Sp6 Ig Tg, irrespective of the
presence of yaa [30]. Abnormal expansion or biology of murine MZ B cells, major autoIg
producers [45] known to respond robustly to TLR ligands [46], has been linked to disease in
some models [47–54]. Of note, the hyperproliferation of our BXSB Tg B cells to B cell
receptor crosslinking is unusual for MZ B cells, which normally undergo apoptosis in
response to this stimulus [46]. These studies extend our preliminary findings in early
generation BXSB Tg backcross mice [55], and shed light on the fate of autoreactive B cells
in a background about which little was previously known.

Because BXSB Tg+ and NZB Tg+ mice have the most distinct B cell phenotypes and anti-
laminin Ig are induced only from NZB B cells, we sought evidence of other differences in
these two Tg+ strains. Annexin staining shows that B cells from both Tg+ strains display
higher levels of apoptosis than do their non-Tg counterparts, and the fold increase is similar
between strains. There is no overt strain-specific defect in ability to differentiate to ASC,
either in vivo or in response to LPS in vitro, that explains the differential cell fate and autoIg
production. Future studies can determine the B cell subsets undergoing enhanced apoptosis,
the nature of affected B cell selection pathways, and the contribution of T cells, other
immune cell populations, or specialized spleen microenvironments (such as MZ or germinal
center), as suggested in other model systems [56]. The depressed CD4/CD8 T cell ratio is
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observed in both NZB and BXSB Tg+ mice, as well as in BWF1. A similar phenomenon is
reported in BWF1 mice bearing an anti-DNA Ig Tg [57]; in this model, altered T cell subsets
and abrogation of lupus nephritis are attributed to depletion of endogenous (non-Tg) BWF1
B cells that normally promote accumulation of activated and memory T cells. B cells are
also known to be critical for spleen T cell development [58]. Future experiments can dissect
underlying cellular and molecular mechanisms, including use of ex vivo and in vivo
adoptive transfer and mixed bone marrow chimeras to replenish endogenous subsets
potentially altered by the Ig Tg model.

MRL/lpr Tg have yet a different phenotype, in that rare Tg anti-laminin autoIg can be
recovered as mAb from unstimulated splenocytes, suggesting defects in peripheral and
possibly central tolerance. However, Tg anti-laminin Ig appear to be rare in serum and
among hybridomas, and their frequency is not increased by antigen-in-adjuvant
immunization (data not shown) or LPS stimulation prior to fusion, suggesting a stochastic or
environmental contribution to loss of tolerance in individual MRL/lpr mice. Tracking of
other autoIg Tgs in the MRL/lpr background has identified a variety of abnormalities,
including an environmental component, failure to sustain developmental arrest and anergy,
altered availability of T cell help, peripheral re-editing, defective marginal zone
sequestration or B-1 differentiation, and extrafollicular expansion and activation [59–62].
Future studies can dissect factors that permit survival and activation of anti-basement
membrane B cells in this strain.

We find little phenotypic difference between BWF1 and B6 LamH Tg+ mice. B cell
tolerance to laminin is preserved in BWF1 despite the genetic susceptibility to aggressive
lupus with nephritis characteristic of BWF1 and 50% contribution of NZB to the genome. B
cell tolerance to another self-Ag, dsDNA, is variably preserved in BWF1 expressing
different anti-DNA Ig H chain Tgs, suggesting complex influences of Ag and Tg structure in
BWF1 lupus [63–66].

It is possible that the outcomes we observe are affected in part by the nature of the LamH Tg
itself. IgG switch is not possible using a conventional IgM Tg except in unusual
circumstances, such that peripheral tolerance mechanisms that specifically control IgG-
switched B cells will not be engaged in our model. The LamH Ig Tg construct also does not
include IgD. However, it has been shown that absence of IgD does not alter central B cell
deletion or editing [67], probably because mIgD is first expressed on mature cells, and mice
rendered IgD-deficient have only subtle defects in humoral immunity and variable B cell
numbers [68, 69]. IgD is drastically downregulated on activated B cells, such that effects at
late stages of cell differentiation seem unlikely. Finally, it is possible that alterations in
primary B cell repertoires contribute in part to the unique phenotypes observed in these
strains. The LamH Ig Tg generates a polyclonal B cell population by pairing with
endogenous L chains, many of which generate anti-laminin Ig when combined with the
LamH H chain on the B6 background [20]. It is thus notable that NZB, BWF1, and MRL/lpr
mice share with NOD mice parts of the rare Igkappa b-haplotype that may predispose to
autoimmunity, including Vk gene polymorphisms not carried in common nonautoimmune
strains [70, 71]. MRL/lpr mice additionally carry the distinct D gene repertoire of the IgH j-
haplotype, which may also impact the primary repertoire [72, 73].

In summary, we observed distinct fates of the anti-laminin Ig Tg when expressed on
different strains with aggressive lupus. Several of our findings are unexpected, and suggest
previously unsuspected influences from autoimmune susceptibility. This includes easy
recovery of Tg autoIg from NZB, a strain considered to have the least aggressive lupus of
the group, and an enriched CD21hi/IgMhi/CD1d+ MZ population of B cells in BXSB mice.
Further investigation will be required to dissect the molecular basis of these differences,
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each of which may be involved in escape from tolerance leading to lupus. Two of our
models are unique to the field, as there is no published report of a deletional or disease-
derived autoIg Tg model within NZB, a strain rarely used for Ig Tg studies, or of in depth
study of any autoIg Tg within BXSB, despite their critical importance to the field. The major
lupus strains collectively provide an integrated system to model human lupus genetic
heterogeneity. Ultimately, it is hoped that dissection of mechanisms in these models will
provide insight into the diversity of autoimmune responses, and the basis of differences in
therapeutic response, observed in human SLE, and provide insight into new potential
druggable targets for personalized intervention in this debilitating and clinically
heterogeneous autoimmune disease.
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Figure 1.
Serum transgene-encoded Ig in BWF1, BXSB, and NZB lupus mice. A) Laminin binding:
OD405 on antigen coated wells minus the OD405 on diluent-only coated wells, based on
duplicate serum samples. The positive control is anti-laminin supernatant A10C. Only Tg+
mice are shown. B) IgMa (transgenic Ig) concentration for Tg+ relative to non-transgenic
subjects for each strain. Results are expressed as the mean ± SD; all Tg+ to non-Tg
comparisons within the same strain are p<0.05. Number of subjects, from 5-12 independent
experiments per strain, is shown in parenthesis.
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Figure 2.
Splenic B cell counts in lupus mice bearing the anti-laminin Ig transgene, and nontransgenic
controls, in millions. Mean ± SD; *p<0.05 for Tg+ versus non-Tg subjects from the same
strain. Number of subjects, from 5-11 independent experiments per strain, is denoted in
parenthesis.
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Figure 3.
Representative surface FACS plots for lupus mice bearing the anti-laminin Ig transgene.
Lymphocytes were gated based on FSC and SSC properties, with additional gating as
indicated. A) Splenocytes, and B) Bone marrow for the BWF1, BXSB, and NZB
backgrounds. B220 is a B cell marker. IgMa = transgenic heavy chain, IgMb = endogenous
heavy chain. C) Splenocytes and bone marrow for the MRL/lpr background. CD19 is a B
cell marker; the presence of abnormal B220+ T cells in MRL/lpr precludes use of B220 in
this strain. Tg+ = LamH transgenic, non-Tg = nontransgenic.
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Figure 4.
Proliferation of residual B cells in Tg+ lupus mice. B cells purified by CD43 negative
selection were cultured in media alone, stimulated with LPS, or subjected to B cell receptor
crosslinking using anti-IgM F(ab’)2 as indicated. Shown is the percentage of cells that
underwent division during 2.5 days of culture, mean ± SD. *p<0.05 for Tg+ vs non-Tg in
the same strain with the same stimulant.
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Figure 5.
B cell autoantibody secretion. Purified B cells were incubated with medium alone (“none”)
or with medium containing LPS for 8-10 days prior to assay of supernatant by ELISA for
anti-laminin IgMa. Shown is the mean ± SD for OD405 for binding of undiluted supernatant
to laminin coated wells minus binding to wells coated with diluent only. Positive control
anti-laminin IgG H50-9 value was 1.59 ± 0.13, and anti-laminin IgMa A10C supernatant
was 1.62 ± 0.12.
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Figure 6.
Percentage of splenic B cells positive for BrdU incorporation, following 30 days of in vivo
exposure, for Tg+ NZB and BXSB subjects and nontransgenic littermate controls.
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Figure 7.
Splenic B cell expression of CD23 and CD21/35 and marginal zone markers. A)
Representative fluorescence intensity histograms of CD23-PE or CD21/35-FITC on B220+
gated B cells from LamH Ig transgenic lupus mice (bold line) relative to B cells from non-
Tg controls of the same strain (light grey line). B) Scatterplot of normalized mean
fluorescence intensity of CD21/35 on BXSB, NZB, and BWF1 Tg+ B cells. Fluorescence
was normalized in each experiment to the mean fluorescence of non-Tg subjects for each
strain, shown for BXSB. C) Scatterplot of the percentage of B220+ cells identified as
marginal zone cells by the CD21+ CD1d+ marker combination in LamH Ig Tg mice and
non-Tg controls. BXSB mice used for marginal zone analysis were 14-15.5 months of age,
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excepting two non-Tg BXSB males who were 4.5 and 5.5 months of age. *p<0.05 vs non-
Tg.
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Figure 8.
Apoptosis in BXSB and NZB splenic lymphocytes. RBC-depleted splenocytes were stained
with annexin V, 7-AAD, and CD19 and flow cytometric data acquired within 30 minutes of
staining. Shown are representative plots gated initially on lymphocytes by light scatter
properties. The % of lymphocytes are indicated in the plots; the percent annexin+ of B cells
in these representative plots are 9.3% Tg+ and 5.4% non-Tg for the BXSB, and 9.8% Tg+
and 6.7% non-Tg for the NZB.
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Figure 9.
Sequence analysis of Tg+ MRL/lpr laminin-binding hybridoma 11.5.E. A) Comparison of
the LamH transgene and 11.5.E hybridoma H chain CDR3 sequences (boxed). B)
Comparison of an MRL-derived IGKV4 consensus sequence and the light chain V region
sequence of hybridoma 11.5.E. The consensus MRL sequence was compiled from MRL +/+
and MRL/lpr IGKV4-encoded Ig identified in GenBank with accession numbers: M18239,
M18237.1, M18238, M18236, M22451, U51464, U51459, D14630, U28349, L09009, and
U26476. CDRs and codons are delineated according to the IMGT numbering system in
IMGT/V-QUEST [27]. The 11.5.E sequences have been submitted to GenBank under
accession number JQ513389.
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Figure 10.
T cell counts and CD4:CD8 ratios. Total T cell count was calculated as total splenocytes ×
%lymphocytes × %CD3+. *p<0.05 versus non-Tg mice of the same strain.
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