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Abstract
Purpose—Primary Sjögren’s syndrome (SjS) is an autoimmune disorder characterized by
lymphocytic infiltration of the salivary and lacrimal glands, B-cell clonal expansions and an
increased risk of lymphoma. In order to understand the role of B cells in this disorder, the antibody
repertoire and B-cell maturation were studied in a mouse model of SjS called B6.Aec1/2.

Methods—B6.Aec1/2 serum was analyzed for (auto)antibodies by ELISA and
immunoprecipitation, B-cell development by flow cytometry, antibody gene rearrangements by
CDR3 spectratyping and quantitative PCR. In order to test the functional consequences of the
observed defects, B6.Aec1/2 mice were crossed with anti-dsDNA antibody heavy chain knock-in
mice (B6.56R).

Results—B6.Aec1/2 mice exhibit B-cell clonal expansions, have altered serum immunoglobulin
levels and spontaneously produce multireactive autoantibodies. B6.Aec1/2 mice also have
decreased numbers of bone marrow pre-B cells and decreased frequencies of kappa light chain
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gene deletion. These findings suggest that B6.Aec1/2 mice have a defective early B-cell tolerance
checkpoint. B6.56R.Aec1/2 mice unexpectedly had lower anti-dsDNA antibody levels than
B6.56R mice and less salivary gland infiltration than B6.Aec1/2 mice.

Conclusions—These data suggest that the early tolerance checkpoint defect in B6.Aec1/2 mice
is not sufficient to promulgate disease in mice with pre-formed autoantibodies, such as B6.56R.
Rather, B6.Aec1/2 mice may require a diverse B-cell repertoire for efficient T-B-cell collaboration
and disease propagation. These findings imply that therapies aimed at reducing B-cell diversity or
T-B interactions may be helpful in treating SjS.
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Introduction
Primary Sjögren’s syndrome (SjS) is a chronic autoimmune disease featuring infiltration of
exocrine glands with lymphocytes. SjS patients, particularly those with the primary
syndrome, frequently produce a variety of autoantibodies including anti-nuclear antibodies,
rheumatoid factors and anti-muscarinic receptor antibodies, as well as the diagnostic
antibodies directed against the ribonuclear proteins SSA/Ro and SSB/La (1–6). This disease
exhibits a strong gender bias, with females outnumbering males about 9:1 (7). SjS is an
important clinical problem without effective treatment (8, 9). Although the cause of SjS
remains unidentified, both T cells and B cells and their products seem to be important for its
pathogenesis. CD4+ T cells comprise the majority of mononuclear infiltrates in salivary
glands, and CD4+ T cell expansion has been observed in glands, spleen and lymph nodes
(10–12). Yet, glandular tissue also contains significant numbers of B cells and some CD8+
T cells (10–12).

B cells appear to play several roles in the development of SjS: by accumulating in involved
tissues, by secreting autoantibodies, and possibly by participating in the immune and
inflammatory response, leading to glandular failure and destructive infiltration of the
glandular parenchyma (13–15). SjS B cells have an activated phenotype and proliferate
locally in the salivary glands, as reflected in their oligoclonality in the minor salivary glands
of SjS patients (16–19). The B-cell stimulatory factor BAFF may stimulate B cells in SjS, as
it circulates in increased levels and it is produced locally in salivary glands by infiltrating
cells (20). Furthermore, the overexpression of BAFF in transgenic mouse models produces a
Sjögren’s-like syndrome that develops in older animals, with features that are also seen in
human SjS, including xerostomia, lymphocytic infiltrates in exocrine glands, marginal zone
B-cell expansion and an increased frequency of B-cell lymphomas (21). In human SjS, B-
cell hyperactivity is also manifested through the high prevalence (particularly in patients
with primary SjS) of hypergammaglobulinemia and autoantibodies (4, 6, 22). SjS patients
are also at significantly greater risk (40–100 times higher than the general population) for
developing malignant B-cell lymphoma (19, 23, 24). B-cell lines derived from SjS patients
show increased DNA-dependent protein kinase activity, along with increased apoptosis and
cell-cycle arrest (25). It has been suggested that abnormal retention of immunoglobulin
transcripts preceding switch rearrangement may signify abnormal peripheral B-cell memory
in SjS (26, 27).

To study the roles of B cells in SjS pathogenesis, we herein evaluate B-cell development and
antibody repertoire in a mouse model of SjS called B6.Aec1/2. Non-obese diabetic mice
(NOD) develop a SjS-like syndrome, with salivary and lacrimal gland lymphocyte
infiltration and xerostomia (28). B6.Aec1/2 mice have two NOD-derived genetic intervals
(Idd-3 and Idd-5) and have been bred onto the C57BL/6 background (B6) (29). These NOD
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intervals have been shown to be responsible for a Sjögren’s syndrome-like phenotype that
includes salivary and lacrimal gland inflammation, decreased tear and saliva production and
anti-nuclear antibodies (ANA) (30, 31). The onset of Sjögren’s syndrome-like features is
dependent upon the complement component C3, suggesting that B cells are involved in
disease pathogenesis, but the nature of the B-cell defect(s) and potential defects in censoring
of the autoantibody repertoire have not been defined. The B6.Aec1/2 model is useful for the
genetic analysis of antibody repertoire, because the B6 genome has been sequenced,
including the IgH and IgL loci (32–34); because the antibody repertoire has been studied
previously in B6; and because there are immunoglobulin transgenic mice that are bred onto
the B6 background, such as B6.56R. The B6.56R mouse has a high-affinity anti-dsDNA
heavy chain knocked into the heavy chain locus (35). The autoantibody repertoire and B-cell
tolerance mechanisms have been extensively characterized in B6.56R mice (36–38).

Thus, the B6.Aec1/2 mouse provides the opportunity to study B-cell tolerance checkpoints
through the analysis of mice with different B-cell repertoires, ranging from diverse (B6 and
B6.Aec1/2) to highly restricted and autoimmune-prone (B6.56R and B6.56R.Aec1/2), all on
the well-characterized B6 background. The comparison of B-cell development and
repertoire between B6 and B6.Aec1/2 provides insights into alterations in the B-cell
compartment that are due to the presence of the Aec1/2 NOD intervals. By extending the
comparison to B6.56R and B6.56R.Aec1/2, we can evaluate how the Aec1/2 NOD intervals
influence B-cell tolerance in the setting of limited antibody diversity with a known
autoreactive antibody. If the Aec1/2 NOD intervals relax B-cell selection stringency or
promote lymphocytic infiltration in the setting of autoantibody production, then we predict
the development of significantly worse disease in B6.56R.Aec1/2 mice than in either
B6.56R or B6.Aec1/2. Unexpectedly, we found less salivary gland inflammation in
B6.56R.Aec1/2 mice compared to B6.Aec1/2 mice. We propose that autoimmunity in the
B6.Aec1/2 model requires that autoantibodies of particular specificities need to be generated
and that pathogenic B-cell clones harboring these autoantibodies are more likely to arise in
the setting of a diverse antibody repertoire.

Methods
Mice

B6.Aec1/2 mice were generated at the University of Florida and transferred to the
University of Pennsylvania, where they were crossed with B6.56R mice to generate
B6.56R.Aec1/2 mice. C57Bl6/J (hereafter B6), B6.56R, B6.Aec1/2 and B6.56R.Aec1/2
mice were maintained in the Perelman School of Medicine animal colony at the University
of Pennsylvania under an Institutional Animal Care and Use Committee-approved protocol.

Mouse genotyping
Mouse genotypes were determined by PCR amplification of genomic DNA from tail
biopsies. Each 20-μl PCR contained 50 ng genomic DNA, 2μl PCR buffer (AmpliTaq Gold
10× PCR buffer I with 15 mM MgCl2; Roche Applied Sciences, Indianapolis, IN), 0.2 mM
of each dNTP (dATP, DTTP, dGTP, and dCTP; Promega, Madison, WI), 0.6 μM of each
primer, and 1U of DNA polymerase (AmpliTaq Gold; Roche Applied Sciences). The
cycling conditions were 10 min at 94°C, followed by 40 cycles of 94°C for 30 s, Ta (see
specific primer combinations) for 30 s, and 72°C for 30 s, followed by 20 min at 72°C. The
56R genotyping PCR uses the VH3H9 LD and CDR3 primers (39) with Ta of 58°C, and the
wild-type allele uses JH1 upstream primers (40) with Ta at 60°C. PCR assays were used to
identify the Idd3 and Idd5 intervals as described previously (30, 31, 41). Idd3 (Aec1) is
located on Chromosome 3 and microsatellite markers D3Mit132 and Tshb were used to
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identify this interval. Idd5 (Aec2) is located on Chromosome 1 and microsatellite markers
D1Mit005 and D1Mit15 were used to identify this interval.

Flow Cytometry
Cell suspensions from 3–4 month old mice were prepared from femurs, tibias, and spleens in
FACS buffer (PBS, 0.5% BSA, 0.01% NaN3, 1 mM EDTA) after red blood cell lysis (ACK
Lysing Buffer; BioWhittaker, Walkersville, MD). All antibodies were purchased from
eBioscience (San Diego, CA), BD Biosciences (San Jose, CA) and BioLegend (San Diego,
CA). The following antibody-fluorophore combinations were used to resolve BM subsets:
FITC anti–heat-stable antigen (30F1), PE anti-CD43 (S7), PE-Cy7 anti-IgM (II/41), PE-
Cy5.5 anti-CD19 (1D3), APC anti-CD93 (AA4.1), APC-AF750 anti-B220 (RA3-6B2),
Pacific Blue anti-IgD (11–26). BM B-cell fractions are defined as follows, based upon the
scheme by Hardy (42): Fr.A-C′ (B220+CD19+CD43+), Fr.D
(B220+CD43−IgM−IgD−CD93+), Fr.E (B220+CD43−IgM+IgD−CD93+) and Fr.F
(B220+CD43−IgMdim/+IgD+CD93−). The following antibodies were used to resolve splenic
B-cell subsets: FITC anti-IgM (II/41), PE anti-CD21 (7G6), APC anti-CD93 (AA4.1) and
APC-AF750 anti-B220 (RA3-6B2). Splenic B-cell subsets were defined as follows:
Transitional (B220+CD93+), Follicular (B220+CD93−IgMdimCD21dim) and Marginal zone
(B220+CD93−IgMbriCD21bri). For all flow sorts, dead cells were first eliminated by DAPI
staining and cell doublets/aggregates by pulse width gating. FACS analysis and sorting were
performed on the LSR II and FACSAria cytometers, respectively, (BD Bioscience, San Jose,
CA) in the University of Pennsylvania Flow Cytometry core facility. Flow cytometry data
were analyzed using FlowJo software (version7.5.5, Treestar Inc., Ashland, OR). Absolute
B-cell counts were calculated by multiplying the number of live bone marrow B cells
(counted on a hemocytometer following trypan blue staining) by the CD19+ lymphocyte
fraction. Absolute B-cell counts using this method are variable and one of the largest sources
of variability in the measurement comes from non-uniform bone marrow harvests.

Histology and Confocal Microscopy
Freshly isolated tissues were fixed in 10% phosphate-buffered formalin. Each tissue was
embedded in paraffin and 5-μm sections were stained with hematoxylin and eosin at
University of Pennsylvania Histology core facility. The stained sections were viewed by
light microscopy at 100× magnification. Focal inflammatory infiltrates in kidneys and
submandibular salivary glands were enumerated: the number of mononuclear cell infiltrates
(having more than 50 cells) in a 4 mm2 histological section was defined as the focus score as
described in reference (43). For confocal images, 5–6 μm spleen cryostat sections were
prepared and stained with anti-CD4-Alexa647 (clone RM4-5 from BD Pharmingen) and
anti-B220-Alexa488 as described in (44).

Hybridomas
Spontaneous hybridomas were generated from splenocytes of a 20-month old female
B6.Aec1/2 mouse. Splenocytes were fused to the Sp2/0 myeloma partner in polyethylene
glycol, hybridomas were selected in HA medium. Supernatants were tested for antibody
production and light chain isotypes, where applicable (see ELISA section), and genomic
DNA from each hybridoma was analyzed for antibody gene rearrangements. Kappa light
chain genotyping PCRs were performed in a 20 l reaction containing 50 ng hybridoma
genomic DNA, 2 μl PCR buffer (AmpliTaq Gold 10× PCR buffer I with 15 mM MgCl2;
Roche Applied Sciences, Indianapolis, IN), 0.2 mM of each dNTP (dATP, DTTP, dGTP,
and dCTP; Promega, Madison, WI), 0.6 μM of forward (Vs, ref. (45)) and reverse (Jκ2 or
Jκ4/5, ref. (46)) primers, and 1U of DNA polymerase (AmpliTaq Gold; Roche Applied
Sciences). The cycling conditions were 10 min at 94°C, followed by 40 cycles of 94°C for
30 s, 65°C for 30 s, and 72°C for 90 s, followed by a final extension of 10 min at 72°C.
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Quantitative PCR for RS rearrangements
Genomic DNA was isolated from sorted B cells using the Gentra Puregene Tissue Kit
(Qiagen, Valencia, CA). Reactions contained 25–50 ng template DNA in a 20 μl reaction
mix containing 10 μl LightCycler 480 Probes Master Mix (Roche Applied Sciences,
Indianapolis, IN), 0.5 U LightCycler Uracil-DNA Glycosylase (Roche), 0.6 μM of forward/
reverse primer and 0.12 μM of a hydrolysis probe. Cycling conditions were: 40 ° C for 10
min, 95 ° C for 10 min, followed by 60 cycles at 95 ° C for 10 s, 60 ° C for 30 s, and 72 ° C
for 1 s on a Light-Cycler 480 real-time PCR system (Roche). Primers and probes were
synthesized by Integrated DNA Technologies (San Jose, CA). Vκ-RS rearrangements were
amplified with 5′-GGC TGC AGS TTC AGT GGC AGT GGR TCW GGR AC-3′
(reference (45)) and 5′-CTG AGC TCA ACT GCA GTC CTA-3′ primers and detected with
5′-TGG CAG CCC AGG GTG GAT CT-3′ FAM-labeled hydrolysis probe. For each
sample, the intronic region of the reference control gene, β-actin, was amplified in a separate
well with forward primer 5′-GAG GCT CTT TTC CAG CCT TC-3′ and reverse primer 5′-
TCC ATA CCT AAG AGA AGA GTG ACA GA-3′ and detected with a Cy5-labeled
hydrolysis probe 5′-AAG GTG ACA AAA CTC CTG AGG CCA-3′. The amount of Vκ-
RS product in each mouse sample was normalized to the amount of β-actin product and
compared with the normalized target value in wild-type C57BL/6 B220 + κ + splenocytes to
determine a relative quantity (comparative CT method). Reactions were performed in
duplicate.

CDR3 Spectratyping
CDR3 spectratyping was performed to evaluate the degree of clonal expansion. Genomic
DNA was isolated from spleen, purified according to the manufacturer’s directions using
PureGene (Qiagen, Valencia CA), and amplified using the VH primers and conditions
described in (47) except for the MOPC21 primer which is described in (48). All primers
were synthesized by Integrated DNA Technologies (Coralville, IN). 2 μL of PCR product
per reaction were resolved by capillary electrophoresis on an ABI 3100 analyzer (Applied
Biosciences Inc., Foster City, CA). Peak scanner v. 1.0 was used to generate analyze the
spectratypes (Applied Biosciences Inc.).

Antibody ELISA
Autoantibodies against dsDNA and chromatin were evaluated by ELISA as described
previously in (49, 50). Three μg/ml chicken chromatin purified from chicken erythrocyte
nuclei or 3 μg/ml dsDNA purified from calf thymus (Sigma Chemical Co., St. Louis, MO)
were used to coat the plate. To measure the dsDNA binding, serum samples were diluted
1:8,000 and detected with alkaline phosphatase (AP) conjugated anti-IgM, anti-IgG total or
anti-IgA (Southern Biotech, Birmingham, AL). To measure chromatin binding, serum
samples were diluted 1:8,000 and antibodies that bound were detected using biotin
conjugated anti-IgG total and AP- streptavidin. For total serum IgM, IgG and IgA, Immulon
4 HBX plates (Fisher Scientific, Pittsburgh, PA) were coated with 100 μl/well of goat anti-
mouse IgM, IgG or IgA (1 μg/ml) (SouthernBiotech, Birmingham, AL). Serum samples
were diluted 1:8,000. For total IgM and IgG detection in hybridomas, a similar protocol was
used except that supernatant of each hybridoma was added without dilution. The Ig assay
was performed as described previously (46). For the insulin ELISA, the plate was coated
with 5 μg/ml bio-insulin (Sigma Chemical Co.) and detected with AP-anti-Ig total (IgG,
IgM and IgA). For the LPS ELISA, the plate was coated with 10 μg/ml LPS (from
Escherichia coli 0111:B4, Sigma Chemical Co.) and detected with AP-anti-Ig total.
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Immunoprecipitation and immunoblotting
K562 (human erythroleukemia cells, ATCC CCL-243) were metabolically labeled with 35S-
methionine/cysteine (DuPont New England Nuclear, Boston, MA) for 14 hours. Whole cell
extracts were made by sonicating cells in 0.5M NaCl, 50mM Tris pH 7.5, 2 mM EDTA and
0.3% NP40. Extracts were immunoprecipitated on protein A and protein G Sepharose beads
(Pharmacia LKB Biotechnology Inc., Piscataway, NJ) that were pre-incubated with 4 μL of
mouse sera as described previously (51). Immunoprecipitates were washed and size
separated by SDS-PAGE (8%) and analyzed by autoradiography as described previously
(52).

Statistical analysis
Analyses were performed with a two-tailed Mann–Whitney U test as indicated.

Results
It has been shown previously that B6.Aec1/2 mice produce ANA and anti-muscarinic
acetylcholine type 3 autoantibodies (53). However, the full spectrum of antibody
abnormalities in the B6.Aec1/2 model has not been defined. Are there global shifts in the
antibody repertoire (as reflected by altered serum immunoglobulin levels) and what is the
range of autoantibody specificities? Are the autoantibodies multireactive and have they
undergone class switching or somatic mutation? Understanding the range and molecular
features of the autoantibodies produced in the B6.Aec1/2 model may provide insights into
the nature and timing of the B-cell tolerance breakdown in this mouse model of SjS.

Altered serum immunoglobulin levels in B6.Aec1/2 mice
Reasoning that patients with SjS often exhibit hypergammaglobulinemia, we began by
analyzing serum immunoglobulin levels in the B6.Aec1/2 mouse model of SjS.
Unexpectedly, B6.Aec1/2 mice exhibited lower serum IgA levels than B6 mice and similar
IgM and IgG levels (Fig. 1a). This analysis was restricted to female mice because of the
previously described association of disease manifestations and female sex in the Aec mouse
model (54). Differences in IgA levels were still significant when male mice were included in
the analysis (data not shown). IgG levels also differed slightly but significantly between B6
and B6.Aec1/2 strains when male and female mice were included in the analysis (data not
shown). Serum IgM levels were significantly higher in female than in male mice in both the
B6 and the B6.Aec1/2 strains whereas serum IgG and IgA levels did not differ significantly
between male and female mice of either strain (data not shown). Because sicca symptoms in
the B6.Aec1/2 model are also age-dependent, we stratified the data by age. Serum levels of
IgG and IgA oscillated and did not show a consistent age-related trend whereas IgM
increased with increasing age in B6 (Supplementary Fig. S1a). In B6.Aec1/2 mice,
immunoglobulin levels did not change appreciably with age (Supplementary Fig. S1a).

Analysis of anti-dsDNA and anti-chromatin antibodies in B6 and B6.Aec1/2 mice
Sera from B6.Aec1/2 mice have previously been analyzed for ANA reactivity, but the
pattern often included cytoplasmic staining (55). To clarify the autoantibody specificities in
B6.Aec1/2 mice, we therefore surveyed B6 and B6.Aec1/2 sera for anti-dsDNA and anti-
chromatin antibodies. Although IgM levels of anti-dsDNA were not significantly different,
IgA and IgG anti-dsDNA antibodies were higher in B6.Aec1/2 mice than in B6 mice (Fig.
1b). The higher IgA anti-dsDNA levels occurred in spite of lower overall serum IgA levels
in B6.Aec1/2 mice. Although the IgG anti-dsDNA antibodies were elevated in B6.Aec1/2
mice compared to B6 mice, the level of binding was very low. Anti-chromatin IgG levels
were not statistically significantly different between B6 and B6.Aec1/2 mice
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(Supplementary Fig. S1b, left panel). When the data were stratified by age, mice (of either
strain) that exhibited the highest anti-chromatin titers tended to be older than 14 months of
age (Supplementary Fig. S1b, right panel). There was no significant linear correlation
between IgG anti-chromatin titers and IgG anti-dsDNA titers (data not shown). Overall,
these data indicate that B6.Aec1/2 mice have elevated levels of IgA and IgG anti-dsDNA
antibodies compared to B6 mice, but the levels of binding are low.

In order to test for possible autoantibodies with specificities other than DNA or chromatin
(such as anti-Ro) that could account for the previously described ANA results, we next
performed screening by immunoprecipitation using whole cell extracts from K562 cells
(human erythroleukemia cell line, see Materials and Methods). This method has been used
to detect murine and human autoantibodies and is ideal for screening of autoantibodies to
various intracellular antigens including Ro and La, which are associated with SjS (47).
Supplementary Fig. S2a shows an example of immunoprecipitation screening of sera from
patients with systemic lupus erythematosus (SLE). In this assay, bands that are uniquely
seen in some samples are considered to represent specific recognition by autoantibodies. In
contrast to detection of various known autoantibodies in human SLE sera, none of the B6 (n
= 4) or B6.Aec1/2 mice (n = 36, Supplementary Fig. S2b and S2c, not all data are shown)
had anti-Ro, La, or other standard autoantibodies associated with systemic autoimmune
rheumatic diseases. Although some sera immunoprecipitated unique proteins (open
arrowheads), they were weak in general, and no specific proteins were repeatedly
recognized by the majority B6.Aec1/2 mouse sera. In addition, immunoprecipitation of
unidentified unique proteins are not uncommon in B6 mouse sera (data not shown). Thus, by
immunoprecipitation there was no strong serologic evidence of autoimmunity in B6.Aec1/2.
The low frequency of various autoantibodies in B6.Aec1/2 mice could be due to incomplete
penetrance, sequestration of pathogenic antibodies from the circulation or it could indicate
that these antibodies are formed very late in the course of the disease.

Autoantibody production and B-cell clonal expansion in old B6.Aec1/2 mice
To further characterize the autoantibody repertoire in more detail in old mice, we generated
a spontaneous hybridoma panel in a 20-month old female B6.Aec1/2 mouse. Seventy clones
were obtained, of which 41 expressed IgM, 5 expressed IgG, 1 expressed IgA, 3 expressed
kappa L chain but not IgM, IgG or IgA, and the remainder were nonsecretors (Fig. 2a). The
hybridoma panel yielded multiple clones that were multireactive, including a class-switched
antibody (IgA) that bound to dsDNA, insulin and lipopolysaccharide (Table 1). Molecular
analysis of hybridoma immunoglobulin heavy chain and light chain usage revealed that 44
out of the 50 antibody-secreting clones were independent, while there were 2 expanded
clones (Fig. 2b). Because members of each of the two expanded clones have sequence
variation, we favor the interpretation that these clones expanded in vivo rather than in vitro.

To determine if B-cell clonal expansions are a more general feature of the B6.Aec1/2 model,
we analyzed the antibody repertoire using CDR3 spectratyping. During CDR3
spectratyping, the hypervariable CDR3s of antibody heavy chains are amplified using
fluorescent primers and the resulting fluorescent amplicons are size separated on a
sequencing capillary. The resulting spectratype plots fluorescence intensity of the PCR
products as a function of the amplicon size in nucleotides. In a polyclonal B-cell repertoire,
such as the one found in splenocytes from a B6 mouse, the spectratype reveals a Gaussian
distribution of peaks. In contrast, in an elderly female B6.Aec1/2 mouse, clonal expansions
are evident, based upon the reproducible amplification of specific CDR3 lengths in separate
DNA aliquots (Fig. 2c). Analysis with additional VH-specific primers (3609N.2 and
MOPC21) also yielded reproducible products in the same mouse, suggesting that clonal
expansion is a global feature of the B-cell repertoire rather than being restricted to a
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particular VH or specificity (data not shown). Older mice are known to have reduced bone
marrow output and reduced B-cell numbers, but when we tested the repertoire of an aged
(23-month-old) B6 mouse using the same primers, we did not see evidence of reproducible
amplification products using primers for MOPC21 (Fig. 2d). Analysis with additional
primers (J606.1, 7183.2, 3609N.2) also did not reveal clonal expansions (data not shown).
Taken together, these data suggest that B6.Aec1/2 mice exhibit an age-dependent
accumulation of autoantibody specificities and clonal expansion.

Alterations in early B-cell development and tolerance in B6.Aec1/2 mice
Because secreted antibodies represent an end-product of B-cell maturation and activation, it
is not clear from the preceding data if early B-cell tolerance is broken in B6.Aec1/2 mice.
Mice with early tolerance checkpoint defects will often exhibit abnormal frequencies of
particular bone marrow B-cell subsets (56). To determine if early B-cell development is
abnormal in B6.Aec1/2 mice, we therefore compared bone marrow B-cell subsets in B6 and
B6.Aec1/2 mice. Using the maturation scheme of Hardy (42), bone marrow B cells were
divided into pro-B (Fr. A–C), large pre-B (Fr. C′), small pre-B (Fr. D), naïve (Fr. E) and
recirculating (Fr. F) cells. Representative flow cytometric plots for these stages are shown in
Supplementary Fig. S3. The mean percentage of B cells that comprises Fr. D is significantly
lower, while the proportion of Fr. F cells is significantly higher in B6.Aec1/2 mice as
compared to B6 mice (Fig. 3a). The absolute number of total B cells in bone marrow was
increased in B6.Aec1/2 relative to B6 mice, with Fr. F accounting for the difference (Fig.
3b).

Fr.D cells are undergoing antibody light chain gene rearrangement, and the relative size of
the Fr. D compartment is often positively correlated with the extent of receptor editing (56,
57). The decreased frequency of Fr. D cells in B6.Aec1/2 mice therefore suggested the
possibility of reduced receptor editing, with relaxed selection at the pre-B to naïve B-cell
transition, which is in fact observed in the parental NOD mouse (58). To test the level of
receptor editing in Fr. D of B6.Aec1/2 mice, we measured the frequency of kappa light
chain gene deletion using a quantitative PCR assay for RS deletion (58). RS is a non-coding
sequence, located approximately 25 kb downstream of C which can participate in RAG-
mediated rearrangement (59, 60). When Vκ genes rearrange to RS, Cκ is either deleted or
inverted, resulting in inactivation of the kappa locus. Unlike other measures of receptor
editing such as lambda light chain or Jκ skewing, the frequency of RS rearrangement is
unaffected by specificity of the RS rearrangement product, because the Vκ-RS
rearrangement is non-functional. Rather, the frequency of RS rearrangement is an unselected
indicator of the extent of light chain rearrangement: B cells with very few rearrangements
will have low frequencies of RS rearrangement, whereas B cells that have undergone
extensive rearrangement (receptor editing) will have high frequencies of RS rearrangement.
Based upon the reduced fraction of BM B cells in Fr. D, we expect this subset to show a
decreased frequency of RS rearrangement (Fig. 3c). The RS data suggest that B6.Aec1/2
mice have decreased receptor editing and/or decreased residence time in the Fr.D
compartment, consistent with a pre-B to naïve B-cell checkpoint defect, similar to the
parental NOD strain (58).

Analysis of editing and B cell selection in B6.56R.Aec1/2 mice
To determine the functional consequences of the alterations in B-cell development and
receptor editing in B6.Aec1/2 mice, we crossed the Aec1/2 intervals onto the B6.56R model.
The 56R heavy chain, in combination with nearly all light chains, produces high affinity
anti-dsDNA antibodies that are negatively selected on the B6 background. Only 56R+ B
cells that harbor one of a handful of “editor” light chains (Vκ21D, Vκ38c, Vκ20, lambda X)
survive (35, 61, 62). By crossing the Aec1/2 intervals onto the B6.56R background, we can
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therefore determine if alterations in B-cell development or editing alter the B-cell repertoire
and the stringency of light chain selection.

We first analyzed the B subsets in BM and found the same trend in B6.56R and
B6.56r.Aec1/2 mice as in B6.Aec1/2 and B6 mice. The percent of Fr.D B cells was lower in
B6.56R.Aec1/2 mice than in B6.56R mice, while that of Fr.F B cells was significantly
higher (Fig. 4a). Fr. E was not significantly different in B6.56R compared to B6.56R.Aec1/2
mice (Fig. 4a). We also analyzed the RS rearrangement frequency which was not
significantly different between B6.56R.Aec1/2 and B6.56R mice, but both of these strains of
mice had higher RS levels than B6.Aec1/2 mice (Fig. 4b).

To determine if peripheral B maturation was altered in B6.56R.Aec1/2 mice compared to
B6.56R mice, we analyzed splenic B-cell subsets by flow cytometry (Supplementary Fig.
S4). These studies revealed that B6.56R mice and B6.56R.Aec1/2 mice had similar
peripheral B-cell subset distributions with respect to their transitional B-cell frequency, and
both B6.56R and B6.56R.Aec1/2 mice had a relative increase in the marginal zone B-cell
population and a relative decrease in the follicular population (Supplementary Fig. S5).
Earlier studies documented an increased frequency of marginal zone B cells in B6.Aec1/2
mice compared to B6 (53). We did not observe this, but the mice used in most of our
immunophenotyping experiments were between 3 and 6 months of age. It is possible that the
marginal zone phenotype is more prominent in older mice.

Even if the B-cell subsets of B6.56R and B6.56R.Aec1/2 mice appear to be similar, it is still
possible that there are differences in the selected repertoire between the two strains. For
example, the receptor editing defect conferred by Aec1/2 could skew the mature B-cell
repertoire towards more autoreactive (and potentially less edited) anti-DNA B cells. To
determine if receptor edited B cells are less frequent among mature B cells of
B6.56R.Aec1/2 mice compared to B6.56R mice, we analyzed the antibody heavy chain
allotype usage. In B6.56R mice, the anti-DNA heavy chain knock-in (56R) expresses the
IgM(a) allotype, whereas the endogenous heavy chain allele expresses the IgM(b) allotype.
If a 56R B cell undergoes heavy chain editing, it is more likely to express the IgM(b)
allotype (37, 48). Therefore, we compared the frequency of IgM(b) usage in splenic B cells
of B6.56R and B6.56R.Aec1/2. We observed a decreased frequency of IgM(b) on the
Aec1/2 background (Fig. 4c). The reduced frequency of IgM(b) usage in B6.56R.Aec1/2
compared to B6.56R mice is consistent with a decreased frequency of receptor editing and,
potentially, relaxation of B-cell selection.

To test the functional consequences of this shift in the antibody repertoire more directly, we
compared serum autoantibody levels in B6.56R and B6.56R.Aec1/2 mice. B6.56R.Aec1/2
mice had lower levels of serum IgM than B6.56R mice (Supplementary Fig. S6a), but
similar levels of IgA and IgG (Supplementary Figs. S6b-S6c), even when mice were
stratified by age (Supplementary Fig. S6d). When serum IgG anti-chromatin antibodies were
analyzed, the levels were comparable in B6.56R and B6.56R.Aec1/2 (Supplementary Figs.
S7a, S7b). Serum anti-dsDNA antibodies were similar for IgM and lower for IgG and IgA in
B6.56R.Aec1/2 mice than in B6.56R mice (Supplementary Fig. S7c, S7d and S7e).

B6.56R.Aec1/2 mice have less severe disease than B6.Aec1/2 mice
We were surprised that serum anti-DNA antibody titers were lower in B6.56R.Aec1/2 mice
than in B6.56R mice and wondered if the decrease on the Aec1/2 background reflected
sequestration of autoreactive B cells and their antibodies in the salivary glands. If such
sequestration were occurring, we reasoned that salivary gland histology should reveal more
severe lymphocytic infiltration in B6.56R.Aec1/2 mice than in B6.56R mice. Consistent
with previously published findings (63), we observed an age-dependent increase in salivary
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gland infiltration in B6.Aec1/2 mice (Supplementary Fig. S8). We also noted that the
submandibular gland of B6.Aec1/2 mice is the most frequently affected gland (data not
shown). The histology of the tubular epithelia in the submandibular gland differs in male
and female mice (64), but lymphocytic infiltrations can be found in either histologic variant
(Fig. 5a). Consistent with previously published findings (ref. 50), the infiltrates include B
cells and T cells (Fig. 5b). The degree of lymphocytic infiltration was quantified by
measuring the number of lymphocytic infiltrates in a defined area of tissue, producing a
focus score (described further in the Methods section). We observed that B6.Aec1/2 mice
had higher focus scores than B6.56R.Aec1/2 mice, which is the opposite of what we had
expected to find if there had been glandular sequestration of pathogenic autoantibodies (Fig.
5c). Furthermore, we noticed that older B6 mice and B6.56R mice (>12 months of age) also
exhibited salivary gland pathology (Fig. 5d). Thus, on either the B6 or the B6.Aec1/2
background, the presence of the 56R transgene appeared to have a protective effect: B6.56R
mice had fewer salivary gland infiltrates than B6 mice and similarly, B6.56R.Aec1/2 mice
had fewer salivary gland infiltrates than B6.Aec1/2 mice. We did not observe any
correlation between the serum autoantibody levels and salivary gland inflitration for anti-
chromatin or anti-dsDNA in either B6.56R or B6.56R.Aec1/2 (data not shown). We also did
not observe a significant difference in the frequency or size of lymphocytic infiltrations in
the kidneys of B6.Aec1/2 (n=14), B6.56R.Aec1/2 (n=16), B6 (n=6 mice) or B6.56R (n=10)
controls (data not shown).

Discussion
The B6.Aec1/2 mouse model exhibits several signs of SjS including age and sex-dependent
lymphocytic infiltration of the salivary and lacrimal glands, reduced tear production and the
presence of serum autoantibodies (31). Despite the clinical phenotype, the B-cell
abnormalities in these mice, particularly in the younger animals, seem comparatively mild.
There are slight decreases in the proportion of pre-B cells in the bone marrow and
correspondingly lower frequencies of receptor editing. Peripherally, there is an expansion of
recirculating B cells. Serum immunoglobulin levels are normal or slightly decreased
compared to B6 mice, and serum autoantibody profiles reveal subtle changes compared to
age-matched control strains.

In an effort to exacerbate the disease effects of these alterations in B-cell development and
receptor editing, the B6.Aec1/2 mouse was crossed onto an anti-dsDNA heavy chain knock-
in strain called B6.56R. B cells in B6.56R mice undergo extensive antibody light chain
receptor editing in order to minimize DNA binding of the 56R heavy chain (35). We
therefore expected that the B6.Aec1/2 mouse, with its receptor editing defect, to exhibit
more severe disease and higher titers of anti-DNA autoantibodies. Neither of these expected
outcomes was observed. Instead, the 56R transgene appeared to have a protective effect:
B6.56R.Aec1/2 mice had less severe sialadenitis than B6.Aec1/2 mice, and dsDNA antibody
titers were similar or slightly lower in B6.56R.Aec1/2 mice than in B6.56R mice.
Remarkably, a similar effect was observed when older (>12 months) B6 and B6.56R mice
were compared, with B6 mice having more sialadenitis than B6.56R mice, despite the higher
levels of anti-DNA and anti-chromatin antibodies in the B6.56R mouse.

The extent of sialadenitis was not correlated with the levels of serum autoantibodies to
dsDNA or chromatin. However, one of the most consistent changes we observed was a
reduction in serum IgA levels on the B6.Aec1/2 background. It is possible that IgA secreting
B cells are sequestered in the mucosa associated lymphoid tissue (MALT). In this
connection, it is intriguing that patients with SjS are at increased risk for MALT
lymphomas, including those that arise in the salivary glands themselves (65, 66).
Intriguingly, low serum IgA levels have also been described in association with non-
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Hodgkin’s B-cell lymphomas (67). IgA levels could be down-regulated in the setting of
lymphoma (a phenomenon termed immune paresis) or individuals with lower IgA levels
could be at increased risk of developing lymphoma. It is also possible that IgA has a
negative immunomodulatory role and that lower serum IgA levels reflect a state of immune
dysregulation in SjS and other autoimmune conditions. In this connection, it is noteworthy
that individuals with selective IgA deficiency have higher frequencies of several
autoimmune susceptibility loci, although the mechanistic basis for this association remains
to be explained (68).

Our data also indicate that sialadenitis in older mice appears to occur in all four strains of
mice that were analyzed (B6, B6.Aec1/2, B6.56R and B6.56R.Aec1/2). The levels of
sialoadenitis were not significantly higher in mice carrying the Aec1/2 genetic intervals. The
presence of sialoadenitis in older B6 mice indicates that the B6 genetic background is
autoimmune-prone, consistent with previously published findings by Hayashi and
colleagues (69). Thus the attribution of autoimmune phenotypes requires caution and
consideration of the genetic background, particularly in older animals. Another caveat to this
work is that during the course of this study some of the older homozygous B6.Aec1/2 mice
died, so it is possible that the histology of older B6.Aec1/2 mice seems less severe due to
undersampling of the most severely affected (dead) animals.

Perhaps the most surprising observation was that the receptor editing defect in B6.Aec1/2
mice did not appear to cause significant problems when B6.56R was crossed onto the
B6.Aec1/2 strain. The receptor editing defect in B6.Aec1/2 may be mild enough that
peripheral B-cell tolerance mechanisms can compensate for the editing defect. Another
possibility is that the editing defect in B6.Aec1/2 mice is significant, but that its effects on
the 56R transgene are insufficient to limit autoreactivity, even in wild type mice. Indeed,
B6.56R and even B6 mice spontaneously break tolerance to dsDNA, so clearly editing is not
a panacea (49, 61, 70). Even when antibody light chains are edited in B6.56R mice, most do
not fully negate the autoreactive specificity of the 56R heavy chain. Some editing
rearrangements result in allelic inclusion (71). B cells that co-express kappa and lambda
light chains can produce a mixture of self and non-self-reactive antibodies and can be found
in the marginal zone of anti-DNA mice (72). Furthermore, receptor editing of heavy chains,
for example by VH replacement, can increase the CDR3 length without eliminating most of
the original CDR3 (48). There is a highly conserved arginine residue at the 3′ end of most
VH genes, thus VH replacement can increase the arginine content of the CDR3. CDR3 is in
the center of the antigen binding site, and elongated CDR3s are associated with
multireactive or frankly autoreactive antibody specificities (73).

As the disease phenotype in B6.56R.Aec1/2 mice appears to be less severe than in
B6.Aec1/2 mice, it seems likely that the receptor editing defect is, in and of itself,
insufficient to cause clinical disease: rather, a “second hit” may be required. That second hit
could consist of the right autoantibody specificity in the right environment. How and why
particular autoantibody specificities are propagated in specific autoimmune diseases remains
a fundamental mystery in autoimmunity. Perhaps only in the setting of a diverse B-cell (and
T-cell) repertoire is it likely for one or more critical autospecificities to emerge. The
observation that diversity of the antigen receptor contributes to autoimmunity has been
demonstrated in TdT knock-out mice. TdT knockout mice have greatly reduced antibody
heavy chain junctional diversity (due to the absence of N-addition) and have a less severe
disease phenotype when crossed onto the autoimmune-prone B6.lpr strain (74). In a similar
vein, the imposition of a TCR transgene on the B6.lpr strain appears to have beneficial
effects, including reduced lymphadenopathy, even when that transgene recognizes a self
antigen (75). Perhaps the 56R autoantibody is the wrong autoantibody for the B6.Aec1/2
salivary gland microenvironment. The lack of B-cell clones of a particular autospecificity
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may limit T-B collaboration and disease propagation. It is still unclear from these data if the
B-cell defects cause or arise as a consequence of other immunologic perturbations in the
B6.Aec1/2 strain. Nevertheless, these findings suggest that therapies that reduce B-cell
numbers or diversity could be beneficial in SjS.

Conclusions
The B-cell defects in the B6.Aec1/2 mouse model of Sjögren’s syndrome are mild, but do
include an early B-cell checkpoint defect with reduced receptor editing and altered early B-
cell development. Breeding the Aec1/2 genetic intervals onto the B6.56R anti-dsDNA
knock-in model (in which receptor editing is extensively relied upon to reduce the
production of anti-dsDNA antibodies) did not result in an exacerbation of disease. Instead, if
anything, B6.56R.Aec1/2 mice appeared to fare better than B6.Aec1/2 or B6.56R mice,
producing similar or lower levels of autoantibodies and exhibiting less sialoadenitis. These
data suggest that the early tolerance checkpoint defect in B6.Aec1/2 mice is not sufficient to
promulgate disease in mice with pre-formed autoantibodies, such as B6.56R. Rather,
B6.Aec1/2 mice may require a diverse B-cell repertoire for efficient T-B-cell collaboration
and disease propagation. These findings imply that therapies aimed at reducing B-cell
diversity or T-B interactions may be helpful in treating SjS.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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SjS Sjögren’s syndrome

VH antibody H chain variable region gene

Fr. B-C bone marrow pro-B cells

Fr.C′ bone marrow cycling pre-B cells

Fr. D bone marrow pre-B cells

RS deletion kappa light chain deletional rearrangements

IgH immunoglobulin heavy chain

IgL immunoglobulin light chain
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Fig. 1. IgM, IgA and IgG antibody levels and anti-dsDNA antibodies
Sera were obtained from B6 (n=23 females), B6.Aec1/2 (n =19 females) mice that ranged in
age from 2 mo to 24 mo. Average OD values (of duplicate readings) for individual mice are
indicated (grey symbols indicate B6, black symbols indicate B6.Aec1/2). a. Serum IgM, IgA
and IgG levels. b. Serum anti-dsDNA IgM, anti-dsDNA IgA and anti-dsDNA IgG antibody
levels. Vertical lines represent the confidence interval for one SD. The central horizontal
line indicates the arithmetic mean. Asterisks indicate p < 0.05 by two-tailed Mann-Whitney
test. All ELISA measurements shown were performed in duplicate in the same assay at the
same dilution (see materials and methods) on the same day. The OD405 measurements were
subtracted from the background value (medium alone). These conditions apply to all mouse
serum ELISA studies unless specified otherwise.
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Fig. 2. Spontaneous hybridoma panel analysis
a. 70 hybridomas were generated from a 20-mo-old female B6.Aec1/2 spleen without any
stimulation. Among them, 41 expressed IgM, 5 expressed IgG and 1 expressed IgA. Three
clones expressed light chain but not IgM, IgG or IgA heavy chains. Twenty clones did not
secrete any identifiable heavy chain or light chain (NS = non-secretors). b. Kappa light chain
sequencing of clonally related hybridomas. Upper and lower panels represent two expanded
clones with the same Vκ, Jκ and CDR3 length. The germline Vκ and Jκ sequences are
shown in the top row for comparison. Horizontal dashes indicate that the nucleotide
sequence of the clone is identical to the germline sequence. Sequence changes that result in
amino acid replacements are indicated in bold underlined font. Silent mutations are given in
regular font. Gaps in the sequence are indicated by angled hatch marks. The sequences in the
gap are identical to the germline sequence (not shown). Nucleotide positions are numbered
according to their positions in the germline sequences, starting with the Vκ framework 1
sequence. In the upper group of clonally related hybridomas, two of the three hybridomas
(indicated by 2×) have an identical Vκ-23-Jκ5 sequence, which has 3 mutations compared
to the germline sequences. The third hybridoma (this sequence was recovered only once, 1×)
has two mutations compared to the germline sequence. In the lower group of clonally related
hybridomas, two of the hybridomas had sequences that were identical to the germline
sequence and the third hybridoma had one nucleotide substitution resulting in a silent
mutation in Jκ5. FR3 = framework region 3. IF = in-frame rearrangement (productive). OF
= out-of-frame rearrangement (non-productive). c. CDR3 spectratyping of splenocytes from
the same B6.Aec1/2 mouse used for hybridoma analysis. J606.1-JH2 rearrangements were
shown from three independent PCRs. Shared peaks in all three independent amplifications
(putative clonal expansions) are indicated by the asterisks. d. CDR3 spectratyping of
splenocytes from a 23-month-old female B6 mouse. MOPC21-JH2 rearrangements are
shown from three independent PCRs.
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Fig. 3. Bone marrow B-cell subsets and light chain gene rearrangements in B6 and B6.Aec1/2
mice
a. Percentages of bone marrow (% BM) B-cell subsets (Hardy fractions D, E and F as
defined in the Methods) of B6 (n=9) and B6.Aec1/2 (n=11) mice. Subsets are defined as the
fraction of CD19+ BM lymphocytes multiplied by 100%. Asterisks indicate fractions that
differ significantly, p<0.05 by two-tailed Mann-Whitney test. b. Absolute B-cell numbers of
BM fractions of B6.Aec1/2 (n=3) and B6 (n=5) mice. Cell counts were obtained by
multiplying the number of viable B220+ BM lymphocytes in each mouse by the percentages
of cells in each fraction. Asterisks indicate fractions that differ significantly, p<0.05 by two-
tailed Mann-Whitney test. c. RS rearrangement frequencies in Fr. D bone marrow B cells
from B6 and B6.Aec1/2 mice. The RS frequency is plotted as fold difference relative to
kappa+ splenocytes from B6 mice. The average RS frequency is significantly lower in
B6.Aec1/2 mice (p<0.05 by two-tailed Mann-Whitney test.) In all panels vertical lines
represent the confidence interval for one SD. The central horizontal line indicates the
arithmetic mean.
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Fig. 4. Comparison of B-cell development and receptor editing in B6.56R and B6.56R.Aec1/2
mice
a. The percentages of bone marrow B cells that comprise fractions D, E and F (as defined in
Methods) are shown for B6.56R (n=8) and B6.56R.Aec1/2 mice (n=14). b. RS
rearrangement frequency in bone marrow fraction D cells from B6 (n = 14, 2–6 mo),
B6.Aec1/2 (n=4, 2–14 mo), B6.56R (n=7, 2–6 mo), B6.Aec1/2.56R (n=3, 2–6 mo), and
NOD (n=6, 2–6 mo). All PCRs were performed in duplicate. Data are depicted as fold
difference relative to the RS level in B6 splenic B220+κ+ B cells. c. Percentages of IgMb B
cells in spenocytes of B6.56R (n=8) and B6.56R.Aec1/2 (n=7).
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Fig. 5. Lymphocytic infiltration in the salivary glands of B6.Aec1/2 and B6.56R.Aec1/2 mice
a. Lymphocytic infiltrates in the submandibular glands of a female (left panel) and male
(right panel) B6.Aec1/2 mouse. Sixteen B6.Aec1/2 mice were evaluated and 14 of them had
infiltrates. b. Confocal images of salivary glands in female B6.Aec1/2 mice (n=2, age 6
months) reveal the presence of B cells and CD4 T cells. Green: anti-B220-Alexa488; Blue:
anti-CD4-Alexa 647; Grey: phase-contrast image. c. Salivary gland focus score in young
(<12 mo) and aged (>12 mo) B6.Aec1/2 (filled circles, young, n=11; old, n=5 ) and
B6.56R.Aec1/2 (filled squares, young, n=14; old, n=3) mice. d. Focus scores of lymphocytic
infiltrates in salivary glands of B6 (n=7, n=6 females), B6.Aec (n=16, n=10 females),
B6.56R (n=8, n=5 females) and B6.56R.Aec1/2 (n=17, n=7 females). Female ages range
from 5- to 25-mo-old, and males range from 6- to 12-mo-old. Asterisks indicate p <0.05 by
two-tailed Mann-Whitney test. In panels c and d, vertical lines represent the confidence
interval for one SD. The central horizontal line indicates the arithmetic mean.
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