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Abstract
FcγRIIB is an inhibitory receptor which plays a role in limiting B cell and DC activation. Since
FcγRIIB is known to dampen the signaling strength of the BCR, we wished to determine the impact
of FcγRIIB on the regulation of BCRs which differ in their affinity for DNA. For these studies,
FcγRIIB deficient BALB/c mice were bred with mice expressing the transgene-encoded H chain of
the R4A anti-DNA antibody which gives rise to BCRs which express high, low or no affinity for
DNA. The deletion of FcγRIIB in R4A BALB/c mice led to an alteration in the B cell repertoire,
allowing for the expansion and activation of high affinity DNA-reactive B cells. By 6 to 8 months
of age, R4A × FcγRIIB-/- BALB/c mice spontaneously developed anti-DNA antibody titers. These
mice also displayed an induction of IFN-inducible genes and an elevation in levels of the B cell
survival factor, BAFF. These data demonstrate that FcγRIIB preferentially limits activation of high
affinity autoreactive B cells and can influence the activation of DC through an immune complex-
mediated mechanism.
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1. Introduction
B cell autoreactivity can arise at multiple stages of B cell development, and there are regulatory
molecules that combat the generation of high affinity autoreactive B cells. In particular, the
inhibitory FcγRIIB, which binds IgG with low affinity, seems to play a crucial role in the
elimination of autoreactive B cells [1,2]. FcγRIIB is the sole Fc receptor for IgG on mouse B
cells. One the functions of FcγRIIB is to modulate the strength of the BCR [3,4], and co-ligation
of the BCR and FcγRIIB leads to recruitment of the inhibitory phosphatase SHIP and the
subsequent attenuation of the BCR signal [5,6]. FcγRIIB can function also in the absence of
BCR signaling [3,7]. Clinical studies of humans with the autoimmune disease Systemic Lupus
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Erythematosus (SLE) suggest a role for the inhibitory FcγRIIB in disease. Failure to upregulate
FcγRIIB on memory cells and plasma cells has been reported in patients with SLE [8-10]. In
addition, several polymorphisms of the human fcgr2b gene have been shown to associate with
disease [11,12], and in particular the Ile232Thr polymorphism leads to an exclusion of
FcγRIIB from lipid rafts and impaired activation of SHIP [13,14]. A deletion polymorphism
in the promoter region of the mouse ortholog of fcgr2b is present in the NZB, BXSB, MRL
and NOD mouse strains [15,16], and additional polymorphisms in the putative regulatory
regions 3 and 4 of exon 3 associate with a failure to upregulate FcγRIIB on activated B cells
and on germinal center B cells and an ensuing hypergammaglobulinemia [17,18]. Thus, in both
human and murine lupus, there is ample evidence to suggest that a dysregulation of FcγRIIB
is linked to the disease phenotype.

Much of our understanding of the in vivo role of FcγRIIB in B cells comes from studies of
mice with a targeted deletion of the fcgr2 gene generated by Ravetch and colleagues [19].
FcγRIIB-/- mice displayed enhanced humoral and anaphylactic responses [19], and more
recently it was shown that plasma cell apoptosis is impaired in the absence of FcγRIIB [7].
These data confirmed early findings that a primary function of FcγRIIB is to limit humoral
responses following B cell activation. Studies of FcγRIIB-/- mice revealed a role for FcγRIIB
in B cell tolerance also FcγRIIB-/- C57Bl/6 mice develop a spontaneous lupus-like phenotype
characterized by the production of anti-DNA antibodies and a fatal immune complex-mediated
glomerulonephritis [20]. This phenotype is due to the targeted deletion of the fcgr2 gene since
re-introduction of FcγRIIB by retroviral transduction restored tolerance [21]. Interestingly, the
disease phenotype was not observed in FcγRIIB-/- BALB/c mice [20].

We wished to further examine the role of FcγRIIB in the regulation of both high affinity and
low affinity DNA-reactive B cells. For these studies, BALB/c mice transgenic for the H chain
of the R4A anti-DNA mAb were used [22,23]. R4A BALB/c mice normally maintain tolerance
of high affinity DNA-reactive B cells through receptor editing or deletion [24-27], but permit
the maturation to immunocompetence of low affinity DNA-reactive B cells [28]. R4A ×
FcγRIIB-/- BALB/c mice were generated. These mice displayed elevated serum titers of anti-
DNA antibodies. We show that FcγRIIB deficiency appeared to modulate not only plasma cell
number, but also repertoire selection of naïve DNA-reactive B cells. Expression of the R4A
anti-DNA heavy chain in FcγRIIB-/- BALB/c mice led to the survival and activation of high
affinity DNA-reactive B cells, and to the generation of pro-inflammatory immune complexes.
These data suggest that FcγRIIB deficiency may preferentially sustain high affinity DNA-
reactive B cells which produce pro-inflammatory autoantibodies.

2. Materials and methods
2.1. Mice

The conventional R4A transgenic mouse has been previously described [22] and FcγRIIB-/-

BALB/c mice were provided by Dr. J. Ravetch (Rockefeller University, New York, NY).
FcγRIIB-/- BALB/c mice were mated with R4A BALB/c mice to generate R4A × FcγRIIB-/-

BALB/c mice. With the exception of the time course study, which examined mice from 1 to 6
months of age, all mice studied were between the ages of 5 to 10 months. WT BALB/c mice
were purchased from Jackson Laboratories. The mice were housed in a specific pathogen-free
facility and animal experiments were approved by the Institutional Animal Care and Research
Advisory Committee at the Feinstein Institute for Medical Research.

2.2. Anti-DNA antibody ELISA
Anti-DNA antibody measurements were performed as previously described [29]. Briefly,
Immulon 2HB 96-well plates (Thermo LabSystems, Franklin, MA) were dry coated with 100
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μg/ml of sonicated calf thymus DNA and blocked with 1.0% BSA/PBS. Serum dilutions ranged
from 1:100 to 1:500 as described in the text. Specific IgG isotypes were detected using AP-
labeled antibodies for specific for IgG2b, IgG2a and IgG1 (Southern Biotech, Birmingham,
AL). For anti-DNA antibody quantitation, purified R4A mAb was added at a starting
concentration of 50 μg/ml and 2-fold serial dilutions were used to generate a standard curve.
Two-fold serial dilutions of serum ranging from 1:100 to 1:800 was used to determine the
linear range of reactivity and the concentration of anti-DNA antibody present in the serum
samples was calculated.

2.3. Inhibition ELISA
Dilution curves were generated for serum samples from 3 R4A mice and 4 R4A ×
FcγRIIB-/- mice to determine the linear range of DNA reactivity for each sample. Diluted serum
samples were pre-incubated with various concentrations of sonicated DNA (~2.0 kb in length)
for 2 hours at 37°C and the remaining DNA reactivity was measured by DNA ELISA. The
range of relative affinities of the anti-DNA antibodies present in the sera was calculated as
previously described [30].

2.4. Single cell Vκ-Jκ analysis
The splenocytes from 3 R4A or 3 R4A × FcγRIIB-/- mice were pooled and R4A H chain+ B
cells (B220+/IgG2b+) were sorted using a MoFlo cell sorter (Dako Cytomation) into 96-well
plates as previously described [25]. PCR amplification was carried out in two rounds using a
GeneAmp PCR system 9700 PCR machine (Applied Biosystems) with primer sets as
previously described [31]. The PCR products were cloned into the TOPO TA cloning vector
(Invitrogen Life Technologies) and sequenced. Nucleotide sequences were determined by
automated sequencing (Genewiz Inc., NJ). Analysis of the DNA sequences was performed
using IgBLAST program (http://www.ncbi.nlm.nih.gov/igblast/).

2.5. Flow cytometry
Splenocytes were isolated and red blood cells were lysed. Pacific Blue-labeled B220, PE-
labeled CD138, biotin-labeled anti-IgG2b and PerCP-labeled streptavidin were purchased from
Pharmingen. Samples were analyzed with a LSRII cytometer and FlowJo software.

2.6. qPCR
RNA was isolated using the RNAeasy kit from Qiagen and cDNA was synthesized using the
iScript cDNA synthesis kit (Bio-Rad). ABI Gene Expression Assays were used and the
reactions were performed by using TaqMan primer/probe sets and universal PCR master mix.
Polymerase (RNA) II (DNA directed) polypeptide A (polr2a) was used as a housekeeping
gene. Relative expression levels were determined using the Pfaffl method [32].

2.7. BAFF and cytokine ELISAs
Serum BAFF was measured by sandwich ELISA based on the method previously described
[33]. Costar 96 well plates were coated with the 5A8 BAFF antibody, followed by serum and
biotin-labeled 1C9 anti-BAFF antibody (both from Apotech). Two-fold serial dilutions of
recombinant BAFF (Apotech) starting at 40 ng/ml were used to generate a standard curve to
determine serum BAFF levels. IL-6 and IL-10 levels were measured in the supernatants derived
from DC cultures using the anti-mouse cytokine OptEIA set (Pharmingen).

2.8. Serum treatment of DCs
Bone marrow-derived DC cultures were prepared as described [34]. 6-8 week old BALB/c
(n = 4) and R4A × FcγRIIB-/- (n = 4) mice were sacrificed and the femurs and tibias were
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collected. To remove non-DC precursors, cells were incubated with mAb supernatants from
the hybridomas TIB120 (anti-I-A), GK1.5 (anti-CD4), TIB146 (anti-B220) and TIB211 (anti-
CD8) and rabbit complement for 1hour at 37°C. The cells were resuspended at 1x106/ml in
complete media supplemented with 1000 U/ml of recombinant murine GM-CSF (Peprotech,
Rockey Hill, NJ) for 6 days. 70-80% of cells CD11c+ displayed an immature DC phenotype
as determined by flow cytometry. The activation status was determined by flow cytometry
using antibodies specific for CD86 and CD83 (Pharmingen). To stimulate the immature DCs,
cells were plated at 1x106 in 1 ml of complete media containing either 2 μg/ml of LPS (Sigma),
10 μl (1.0% final concentration) of R4A sera or 10 μl of R4A × FcγRIIB-/- sera for 16 hours.
As a control, serum samples were depleted of IgG by absorption with Protein G sepharose
[35].

2.9. Statistical analysis
Two-way ANOVA, Mann-Whitney and Fisher’s exact tests were performed when appropriate
as described in the text. A p value of < 0.05 was considered significant.

3. Results
3.1.1. FcγRIIB deficiency leads to the spontaneous activation of DNA-reactive B cells in R4A
BALB/c mice

R4A BALB/c mice harbor the transgene for the IgG2b H chain of an anti-DNA antibody
[23]. These mice have been shown to maintain B cell tolerance, but to be capable of generating
autoantibodies upon exposure to increased levels of estradiol or prolactin [27,36]. Since the
R4A H chain transgene is expressed as an IgG2b molecule, the production of IgG2b anti-DNA
antibody from the transgene-expressing (Tg+) B cell population can be distinguished from
antibody production from the endogenous B cell population which would be expected to
include IgM antibodies as well as other IgG istoypes. A time-course study of serum titers of
IgG2b anti-DNA antibodies was performed in aged-matched R4A BALB/c and R4A ×
FcγRIIB-/- BALB/c mice. As expected, R4A mice displayed no appreciable increase in IgG2b
anti-DNA antibody levels with age; however, starting at 4 months of age, R4A × FcγRIIB-/-

mice showed a discernible increase in IgG2b anti-DNA antibody levels (Fig. 1A). Titration of
serum samples collected from a second cohort of mice confirmed that IgG2b anti-DNA
antibody titers were significantly increased in 6 to 8 month-old R4A × FcγRIIB-/- mice (Fig.
1B and 1D). Quantitation ELISAs using the R4A mAb as a standard were performed to measure
relative levels of serum anti-DNA antibody. For these studies, sera from 5 to 7 month-old R4A
and R4A × FcγRIIB-/- mice were examined. Only 6 out of the 17 R4A mice (~35%) tested
displayed measurable levels of IgG2b anti-DNA antibody with an average of 16.6 ± 6.6 μg/
ml, whereas 12 out of the 18 R4A × FcγRIIB-/- mice (~67%) displayed significantly higher
levels of anti-DNA antibody with an average of 59.7 ± 18.1 μg/ml (Fig. 1C). Furthermore,
inhibition ELISAs using soluble DNA showed an apparent affinity of 9 × 10-8 M for serum
samples from R4A × FcγRIIB-/- mice and 3 × 10-7 M for serum from R4A mice (data not
shown), indicating that high affinity DNA-reactive B cells were spontaneously activated by
self antigen in vivo in R4A × FcγRIIB-/- mice.

Since IgG2b anti-DNA antibodies are a feature of R4A Tg mice, non-Tg FcγRIIB-/- BALB/c
mice did not display these antibodies (Fig. 1D). Moreover, IgG2a anti-DNA antibody titers of
R4A × FcγRIIB-/-, R4A and FcγRIIB-/- mice were indistinguishable (Fig. 1E), as well as IgG1
anti-DNA antibody titers (data not shown). Thus, the lack of IgG1, IgG2a or IgG2b anti-DNA
antibody titers in control R4A or FcγRIIB-/-mice, and the presence of high affinity IgG2b anti-
DNA antibody titers in R4A × FcγRIIB-/- mice indicate that the Tg+ B cell population breached
tolerance in R4A × FcγRIIB-/- mice, which was evident by 5 to 8 months of age.
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3.1.2. Repertoire selection of B cells in R4A × FcγRIIB-/- BALB/c mice
Since one of the roles of FcγRIIB is to limit B cell autoreactivity, we were interested in
ascertaining whether the absence of FcγRIIB led to a shift in the DNA-reactive B cell repertoire
in R4A BALB/c mice. Several laboratories including our own have demonstrated that high and
low affinity autoreactive B cells are differentially regulated [25,37,38]. Our previous analysis
of hybridomas has demonstrated that R4A H chain can pair with a spectrum of L chains to
generate anti-DNA antibodies with varying affinities for DNA [24,28,29]. L chains which
generate high affinity DNA-reactive B cells are eliminated by deletion in R4A mice as
immature B cells in the bone marrow and at the transitional stage of B cell maturation, while
low affinity DNA-reactive B cells survive and are selected into the mature, immunocompetent
repertoire [25].

We have established a single cell PCR protocol to identify the Vκ-Jκ usage of Tg+ B cells.
Forty-two L chain sequences from R4A and 67 sequences from R4A × FcγRIIB-/- mice were
analyzed. In total, 24 different Vκ-Jκ L chains were identified, 8 of which were expressed by
the B cells of both R4A and R4A × FcγRIIB-/- mice (Supplemental Table 1). In R4A mice,
Vk4/5 L chains predominated, followed Vκ1 and then Vκ21 L chains (Fig. 2), which is a pattern
of usage similar to what we have previously observed for R4A mice (CG and JV, unpublished
data and [25]). In contrast, Vκ1 L chains predominated in R4A × FcγRIIB-/- mice, followed
by Vκ21, Vκ9/10 and Vk23 L chains. Interestingly, this pattern of L usage is the similar to
R4A mice in which estradiol treatment was used to break tolerance (CG and JV, unpublished
data and [25]). Thus, in the absence of FcγRIIB, there was skewing of the Tg+ B cell repertoire.

We focused our attention on Tg+ B cells expressing germline-encoded Vκ1A/Jκ1 and Vκ1A/
Jκ4 L chains since our previous studies of hybridomas demonstrated that the R4A H chain
paired with either of these L chains generate antibodies with high affinity for DNA. Twenty-
six of the 67 B cells analyzed from R4A × FcγRIIB-/- mice (~38%) utilized L chains which
generate high affinity DNA-reactivity, while only 5 of 42 B cells (~11%) from R4A mice
utilized these L chains (Table 1). Thus, in the absence of FcγRIIB there was an increased
frequency of high affinity DNA-reactive B cells.

Interestingly, B cells bearing the Vκ1A/Jκ5 low affinity L chain were not detected in R4A ×
FcγRIIB-/- mice (Table 1). It is likely that this reflects a failure of these low affinity DNA-
reactive B cells to compete for entrance into follicular niches when high affinity DNA-reactive
B cells escape tolerance [25]. We have seen this pattern previously in estradiol-treated R4A
mice; not only is there an accumulation of high affinity DNA-reactive B cells, but there is a
decreased representation of low affinity DNA-reactive B cells suggestive of competition for
antigen once tolerance has been breached.

3.1.3. B cell phenotype in R4A × FcγRIIB-/- mice
The B cell phenotype of R4A × FcγRIIB-/- mice was assessed to determine if changes in B cell
subsets coincided with the escape of high affinity DNA-reactive B cells and the rise in anti-
DNA antibody titers. Analysis of the transitional and the mature follicular and marginal zone
B cell subsets in 5 to 9 month-old mice revealed no differences between R4A and R4A ×
FcγRIIB-/- mice at the time when anti-DNA antibody titers are detectable (data not shown).
We expected either an expansion or an increased activation of Tg+ B cells in the spleens of
R4A × FcγRIIB-/- mice which would account for the increased anti-DNA antibody titers. There
was only a slight increase in the percentage of Tg+ B cells in R4A × FcγRIIB-/- mice as
demonstrated by staining for surface IgG2b expression, but this was not significant in either
of two cohorts studied (Fig. 3A). Furthermore, levels of the activation markers CD80, CD86
and CD69 were not different between R4A and R4A × FcγRIIB-/- mice (data not shown). Thus,
the increase in anti-DNA titers does not appear to be due to an overall expansion or polyclonal

Venkatesh et al. Page 5

J Autoimmun. Author manuscript; available in PMC 2010 May 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



activation of the Tg+ B cell population. There was, however, a significant increase in B220lo/
CD138+ cells in the spleens of R4A × FcγRIIB-/- mice (Fig. 3B), which is presumably reflective
of an increase in plasma cells. Thus, expansion of plasma cells, which is also a feature of
FcγRIIB-/- C57Bl/6 mice [39] and is suggestive of faulty regulation of plasma cell development
[18] or impaired regulation of plasma cell survival [7], occurred in R4A × FcγRIIB-/- BALB/
c mice.

3.1.4. Induction of IFN-regulated genes and BAFF in R4A × FcγRIIB-/- mice
Based on the increased frequency of high affinity DNA-reactive B cells and the increased titers
of high affinity anti-DNA antibody in the serum of R4A × FcγRIIB-/- mice, we reasoned that
an important role of FcγRIIB is to limit the generation of autoantibodies that could trigger a
pro-inflammatory response. We, therefore, determined IFN-induced gene expression, which
is known to occur in patients with lupus [40-43] and in lupus-prone mice [44,45], and to be a
consequence of nucleic acid-containing pro-inflammatory immune complexes [46,47]. RNA
was isolated from splenocytes of R4A and R4A × FcγRIIB-/- mice and qPCR was performed
using two IFN-regulated genes, ifi202b [48] and oasl [43], which are extremely sensitive to
activation by lupus serum. Both ifi202b and oasl were significantly increased in R4A ×
FcγRIIB-/- BALB/c mice (Fig.4), showing that an inflammatory response was triggered in these
mice.

Levels of the B cell survival factor, BAFF, were also measured since it has been shown that
nucleosome-containing immune complexes can stimulate DCs to make BAFF [49], and that
high BAFF levels may permit the survival of autoreactive B cells that would normally be
subject to tolerance mechanisms [50,51]. Analysis of splenic baff mRNA levels revealed a
significant increase in R4A × FcγRIIB-/- mice (Fig. 5A). In agreement with the elevation in
baff mRNA, serum BAFF levels were also significantly increased in R4A × FcγRIIB-/- mice
compared to aged-matched R4A, FcγRIIB-/- and WT BALB/c mice (Fig. 5B).

Based on the increased expression of IFN-inducible genes and of BAFF, we presume that high
affinity anti-DNA antibodies generated in R4A × FcγRIIB-/- mice triggered the induction a
pro-inflammatory response. This may create a feedback loop in which the increase in BAFF
contributed to the enhanced selection of high affinity DNA-reactive B cells [52].

3.1.5. Induction of IL-6 and IL-10 secretion by sera treatment of myeloid dendritic cells
Since we detected evidence for an upregulation of IFN-inducible genes and BAFF, and since
the incubation of innate cells with lupus sera has been demonstrated to trigger these and other
pro-inflammatory cytokine responses [53,54], the ability of DNA-reactive sera from R4A ×
FcγRIIB-/- mice to stimulate cytokine production was assessed. We focused these studies on
DCs as this cell type is responsive to FcγR and TLR engagement triggered by nucleic acid-
containing immune complexes [49].

Bone marrow-derived DC cultures were generated by treatment of DC precursors with IL-4
and GM-CSF to generate either WT or FcγRIIB-/- DCs. The total number of DCs generated
from R4A × FcγRIIB-/- mice was slightly lower compared to WT mice (16.0 × 106 ± 6.0 versus
23.0 × 106 ± 4.7, respectively); however, this difference was not statistically significant. Not
surprisingly, FcγRIIB-/- DCs also exhibited a more activated phenotype based on the increased
percentage of CD86+ and CD83+ cells (Supplemental Table II).

To determine the pattern of TNFα, IL-6, IL-10 and IL-12 expression induced by the sera of
R4A × FcγRIIB-/- mice, equal numbers of WT or FcγRIIB-/- DCs were incubated overnight
with 1 μl of pooled sera (1.0% final volume) from 10 R4A or 11 R4A × FcγRIIB-/- mice, and
cytokine levels were measured by qPCR or by ELISA. Medium alone or LPS were used as
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controls to assess basal levels and activation-induced levels of cytokines, respectively.
Treatment of the WT or FcγRIIB-/- DCs with medium alone revealed no differences in baseline
cytokine mRNA levels, with the exception of IL-12, which was significantly lower in
FcγRIIB-/- DCs (Supplemental Table III). Moreover, WT and FcγRIIB-/- DCs responded
similarly to LPS with respect to transcription of cytokine genes (Supplemental Table III).

Treatment with R4A × FcγRIIB-/- sera significantly increased IL-6 mRNA and protein levels
in WT and FcγRIIB-/- DCs, suggesting that the DNA-reactive sera can induce a pro-
inflammatory cytokine response, and that this response was not dependent on DC expression
of FcγRIIB (Fig. 6A). The induction of IL-6 was presumably due to the presence of DNA-
containing immune complexes since depletion of immunoglobulin from the sera with Protein
G abrogated this response (data not shown). Interestingly, treatment with R4A × FcγRIIB-/-

sera induced the expression of IL-10 in WT DCs only, indicating that FcγRIIB on innate cells
plays a role in immune complex-mediated IL-10 production (Fig. 6B). Again, the ability to
induce IL-10 was abrogated by treatment of the sera with Protein G to remove serum
immunoglobulin. It is important to note that LPS treatment of DCs from WT and FcγRIIB-/-

mice induced IL-10 expression, indicating that the FcγRIIB deficiency does not lead to global
defect in the ability of the DC to make IL-10 (Supplemental Table IV).

Treatment of the DC cultures with sera from either R4A or R4A × FcγRIIB-/- mice failed to
induce detectable changes in TNFα and IL-12 (Supplemental Table III). As has been previously
shown, IL-12 is not normally increased by FcγR engagement, and TNFα production by
chromatin-containing immune complexes is not dependent on FcγRIIB [49]. Overall, the
salient detectable difference in the DC response to sera with anti-DNA reactivity was an
increase in IL-6, which was not dependent of DC FcγRIIB expression, and an increase in IL-10
mRNA seen only in WT DCs. These data suggest that one of the roles of FcγRIIB on DCs may
be to help establish compensatory immune inhibition by IL-10 if pro-inflammatory anti-DNA
antibody titers transiently rise as a consequence of autoreactive B cell activation.

4. Discussion
In this report we demonstrate that tolerance of high affinity DNA-reactive B cells in transgenic
BALB/c mice that express the R4A anti-DNA H chain is abrogated in the absence of FcγRIIB.
While several other studies have demonstrated that pristane or mercury induced lupus is
enhanced in the absence of FcγRIIB [55,56], our study is the first to demonstrate that high
affinity DNA-reactive B cells are selectively expanded. In agreement with the studies of
Ravetch and Bolland [20], we observed that non-transgenic FcγRIIB-/- BALB/c mice did not
develop anti-DNA antibody titers. Our findings differ from the previous data of Ravetch and
colleagues in which the 56R transgenic mouse model was examined to determine the role of
FcγRIIB in the selection and regulation of high affinity DNA-reactive B cells [39]. In those
studies, the DNA-reactive B cells of 56R × FcγRIIB-/- BALB/c mice remained tolerant and
high affinity reactivity for DNA was extinguished by the hierarchical use of “silencing” editor
L chains [39,57]. In light of our findings, we interpret this to suggest that there are differences
between the intrinsic properties of the DNA-reactive BCRs generated in 56R and R4A
FcγRIIB deficient BALB/c mice, such as affinity for self antigen or fine specificity and
antigenic cross-reactivity. Moreover, BCR-extrinsic factors, such as availability or valency of
self antigen may be an important determinant in the ability of FcγRIIB to modulate autoreactive
B cells. Thus, we see that different BCRs are differentially affected by the absence of FcγRIIB.

Also of interest, our data demonstrate that the anti-DNA antibody-containing serum of R4A ×
FcγRIIB-/- BALB/c mice can trigger pro-inflammatory responses such as the increased
expression of IFN-regulated genes and of BAFF mRNA and protein. The increase in BAFF is
of particular importance since there are recent data to suggest that engagement of the activating
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FcγR1 receptor on innate cells induces cleavage of membrane BAFF [58]. Since the inhibitory
FcγRIIB expressed on innate cells counters the function of the activating FcγRs, it is possible
that the unopposed activation of FcγRs by ligand can lead to an elevation in BAFF. However,
in the aforementioned study, engagement of FcγR with ligand induced an increase in soluble
BAFF without changing the level of baff mRNA, and BAFF cleavage was not affected by
engagement of FcγRIIB [58]. Since we observed an increase in baff mRNA as well as BAFF
protein in R4A × FcγRIIB-/- mice, our data suggest a distinct role for FcγRIIB-/- in the
regulation of BAFF.

Both FcγRIIB-/- and WT DCs made IL-6 in response to sera from R4A × FcγRIIB-/- mice.
Moreover, WT DCs made IL-10 in response to sera containing anti-DNA antibodies, while
DCs from FcγRIIB-/- mice failed to respond in a similar fashion. When sera were depleted of
IgG, there was no serum-induced increased expression of cytokines. These results raise some
interesting points. First, several studies demonstrate that the sera of active SLE patients induce
innate cells to secrete IL-6 and IL-10 [53,54,59]; thus, the DNA-reactive sera of R4A ×
FcγRIIB-/- BALB/c mice share pro-inflammatory properties with SLE sera. Second, for the
DNA-reactive sera of R4A × FcγRIIB-/- BALB/c mice to induce IL-10, the presence of
FcγRIIB on DCs was required. The effect of FcγRIIB on the production of IL-10 has not been
clearly established in mice, but a study of human PBMCs suggests that blockade of the FcγIIB
can inhibit IL-10 production induced by SLE sera [54]. The role of IL-10 in SLE is
controversial, with some studies suggesting that it plays a pathogenic role [54,60-63], perhaps,
enhancing B cell hyper-reactivity, while others suggesting that IL-10 is part of a compensatory
anti-inflammatory program that counters the production of pro-inflammatory mediators [61,
64,65].

Our results demonstrate that FcγRIIB deficiency leads to a preferential expansion of B cells
bearing BCRs with high affinity for DNA. Given the previous data on this topic, we speculate
that fine specificity or even availability and valency of self antigen determine whether the
inhibitory effects of FcγRIIB on autoreactive B cells are operative. Importantly, this study
emphasizes the importance of studying an array of BCRs with reactivity to a particular self
antigen to understand the diverse tolerance checkpoints and mechanisms of tolerance induction
that protect against pathogenic autoreactivity. Finally, it is clear that once anti-DNA antibodies
are produced, there is downstream dysregulation of many pathways of immune homeostasis.
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Abbreviations used in this paper
SLE  

systemic lupus erythematosus

κ  
kappa

Tg+  
transgene positive

polr2A  
polymerase (RNA) II (DNA directed) polypeptide A

BAFF  
B cell activating factor belonging to the tumor necrosis family
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Figure 1. Spontaneous production of anti-DNA antibody titers in R4A × FcγRIIB-/- BALB/c mice
A) Serum was collected once a month beginning at 1 month of age from R4A BALB/c (n = 5)
and R4A × FcγRIIB-/- BALB/c (n = 5) mice and IgG2b anti-DNA antibodies were measured
by ELISA using a 1:500 dilution of serum. IgG2b anti-DNA antibody levels significantly
increased in R4A × FcγRIIB-/- mice with age (*p < 0.0001). B) Serum samples from a second
set of 5 to 8 month-old R4A mice (n = 17) and R4A × FcγRIIB-/- mice (n = 18) were tested by
ELISA using 2-fold serial dilutions beginning at 1:250. The differences in IgG2b anti-DNA
antibody levels were significant (**p < 0.003). C) The R4A mAb was used as a standard to
measure levels of anti-DNA antibody in the serum of R4A mice (n = 17) and R4A ×
FcγRIIB-/- mice (n = 18). The anti-DNA antibody concentrations were significantly higher in
R4A × FcγRIIB-/- mice (*p < 0.04). D) IgG2b and E) IgG2a anti-DNA titers were measured
using a 1:100 dilution of serum. IgG2a anti-DNA antibody levels were similar for R4A (n =
14), R4A × FcγRIIB-/- (n = 7) and FcγRIIB-/- (n = 9) BALB/c mice. There was a significant
increase in IgG2b anti-DNA antibody titers in R4A × FcγRIIB-/- mice (n = 19) versus R4A
mice (n = 23) (*p < 0.002) and R4A × FcγRIIB-/- mice versus FcγRIIB-/- mice (n = 7) (**p <
0.001). Statistical significance was determined by two-way ANOVA for experiments in a) and
b) and by Mann-Whitney for c), d) and e). Data points are shown as the mean ± SD.
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Figure 2. Vκ gene usage
Splenocytes were pooled from three 5 month-old R4A mice or R4A × FcγRIIB-/- BALB/c mice
and stained with fluorochrome-labeled B220 and IgG2b to identify Tg+ B cells. Tg+ B cells
were individually sorted into the wells of microtiter plates and PCR was performed on genomic
DNA to amplify a partial L fragment spanning FR3 and Jκ regions. Sequence analysis was
performed and the Vκ gene families were determined (also presented in Supplemental Table
I). The data are shown as the percentage of L chains belonging to each Vκ family.
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Figure 3. Flow cytometry of B cells in R4A × FcγRIIB-/- BALB/c mice
A) Splenocytes from 5 to 10 month-old R4A mice (n = 7) and R4A × FcγRIIB-/- mice (n = 7)
mice were analyzed for the percentage of Tg+ B cells using an anti-IgG2b antibody. Analysis
of B220+/Tg+ cells revealed no difference by Mann-Whitney in this study, and the analysis of
a second set of mice. B) Splenocytes from R4A mice (n = 17) and R4A × FcγRIIB-/- mice (n
= 17) were stained with B220 and CD138 to determine the percentage of B220lo/CD138+

plasma cells. Representative contour plots from each mouse are shown. The percentage of
B220lo/CD138+ cells were significantly increased in R4A × FcγRIIB-/- mice (*p < 0.04
determined by Mann-Whitney). Data are shown as the mean ± SD.
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Figure 4. IFN-inducible gene expression
Splenocytes were isolated from 5 to 10 month-old R4A mice or R4A × FcγRIIB-/- mice (n =
6 for each) and qPCR was performed to measure mRNA levels of IFN-regulated genes. Values
are expressed as the mean ± SD of the relative expression levels normalized to polr2a. Relative
expression of ifi202b and oasl mRNA levels were significantly increased in the splenocytes of
R4A × FcγRIIB-/- (*p < 0.005 and **p < 0.02, respectively, determined by Mann-Whitney).
Data are shown as the mean ± SD.
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Figure 5. Induction of BAFF
A) Splenocytes were isolated from 5 to 10 month-old R4A mice or R4A × FcγRIIB-/- mice
(n = 6 for each) and analyzed for baff mRNA by qPCR. The data were normalized to polr2a
which revealed an increase in baff mRNA in R4A × FcγRIIB-/- mice. B) Serum BAFF levels
were measured by ELISA for aged-matched WT BALB/c (n = 12), FcγRIIB-/- (n = 13), R4A
(n = 16) and R4A × FcγRIIB-/- (n = 15) mice. **BAFF serum levels were significantly increased
in R4A × FcγRIIB-/- mice compared to R4A (p < 0.0001), FcγRIIB-/- (p < 0.0008) or WT (p
< 0.0001) BALB/c mice. Statistical significance was determined by Mann-Whitney. Data are
shown as the mean ± SD.
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Figure 6. Induction of IL-6 and IL-10 by serum treatment of DCs
Bone marrow-derived DCs were generated from WT mice (n = 4) or R4A × FcγRIIB-/- mice
(n = 4) and treated overnight with 1.0% pooled sera from 10 R4A mice or from 11 R4A ×
FcγRIIB-/- mice. Induction of IL-6 and IL-10 was measured by qPCR and ELISA. A) Treatment
of either WT or FcγRIIB-/- (KO) DCs with R4A × FcγRIIB-/- sera significantly induced IL-6
mRNA and protein (* and ** p < 0.03). B) Treatment with R4A × FcγRIIB-/- sera induced a
significant increase in IL-10 mRNA only in WT DCs (*p < 0.03). IL-10 secretion was increased
by treatment with R4A × FcγRIIB-/- sera only in WT DCs, but was not significant when
compared to treatment with R4A sera, but showed a trend towards being increased. (**p =
0.057). There was no induction of IL-10 when the FcγRIIB-/- DCs were treated with R4A ×
FcγRIIB-/- sera. Statistical significance was determined by Mann-Whitney. Data are shown as
the mean ± SD.
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Table 1
Frequency of high and low affinity DNA-reactive B cells

High affinitya Low affinityb

R4A (total # =42) 5 (11.9%) 3 (7.2%)

R4A × FcγRIIB-/- (total # = 67) 26 (38.8%) 0 (0%)

a
High affinity DNA-reactive B cells utilize Vκ1 (BB1)-Jκ1 and Vκ1-Jκ4 L chains [25]. The frequency of high affinity B cells was significantly increased

in R4A × FcγRIIB-/- mice compared to R4A mice (p < 0.003).

b
Low affinity DNA-reactive B cells utilize the Vκ1-Jκ5 L chain [25]. Statistical significance was determined by Fisher’s exact test.
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