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Development of Murine Lupus Involves the Combined
Genetic Contribution of the SLAM and FcyR Intervals within
the Nba2 Autoimmune Susceptibility Locus

Trine N. ngfrgensen,""l’2 Jennifer Alf'zlro,T"“t’1 Hilda L. Enriquez,* Chao Jiang,;t William M. Loo,;t
Stephanie Atencio,* Melanie R. Gubbels Bupp,* Christina M. Mailloux,* Troy Metzger,*
Shannon Flannery,* Stephen J. Rozzo,* Brian L. Kotzin,** Mario Rosemblatt, 5

Maria Rosa Bono,” and Loren D. Erickson®

Autoantibodies are of central importance in the pathogenesis of Ab-mediated autoimmune disorders. The murine lupus susceptibility
locus Nba2 on chromosome 1 and the syntenic human locus are associated with a loss of immune tolerance that leads to antinuclear Ab
production. To identify gene intervals within Nba2 that control the development of autoantibody-producing B cells and to determine
the cellular components through which Nba2 genes accomplish this, we generated congenic mice expressing various Nba2 intervals
where genes for the FcyR, SLAM, and IFN-inducible families are encoded. Analysis of congenic strains demonstrated that the FcyR
and SLAM intervals independently controlled the severity of autoantibody production and renal disease, yet are both required for
lupus susceptibility. Deregulated homeostasis of terminally differentiated B cells was found to be controlled by the FcyR interval
where FcyRIIb-mediated apoptosis of germinal center B cells and plasma cells was impaired. Increased numbers of activated
plasmacytoid dendritic cells that were distinctly CD19" and promoted plasma cell differentiation via the proinflammatory cytokines
IL-10 and IFNa were linked to the SLAM interval. These findings suggest that SLAM and FcyR intervals act cooperatively to

influence the clinical course of disease through supporting the differentiation and survival of autoantibody-producing cells. The

Journal of Immunology, 2010, 184: 000-000.

utoantibody-mediated glomerulonephritis (GN) is a ma-
A jor cause of morbidity and mortality in systemic lupus
erythematosus (SLE) patients. Considerable evidence
from studies using both human patients and mouse models of lupus
has indicated that genetic predisposition is a fundamental com-

ponent in disease susceptibility (1). A common feature among
nearly all patients is elevated serum titers of IgG autoantibodies
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that recognize nuclear Ags (ANA) and contribute to disease by
directly mediating tissue damage through the formation of im-
mune complexes (2, 3). This suggests that some susceptibility
genes may be broadly involved in disease pathogenesis by pre-
disposing B cells to lose tolerance and inappropriately differen-
tiate to autoantibody-secreting plasma cells (PCs).

The spontaneous lupus-prone (New Zealand Black [NZB] X New
Zealand White [NZW])F; and New Zealand Mixed mouse models
have been extensively characterized and are considered to replicate
human SLE, including clinical features such as a female gender bias
and development of severe immune-complex mediated GN. Studies
using (NZB X NZW)F; mice and other spontaneous lupus animal
models have identified >30 chromosomal loci where genes reside
that influence lupus susceptibility or resistance (4). The suscepti-
bility locus (Slel), derived from an NZW-derived interval in the
New Zealand Mixed-2410 lupus-prone model, and the locus (Nba2),
derived from the NZB parental strain, overlap in the telomeric re-
gion of chromosome 1, suggesting that some susceptibility genes
may be shared among lupus-prone strains. When each locus is ex-
pressed on the nonautoimmune C57BL/6 background (B6.Slel; B6.
Nba2), congenic animals produce elevated levels of ANA IgG, mild
splenomegaly, but do not develop severe GN (5-10). Studies by our
group have shown that B6.Nba2 mice resemble NZB mice in their
benign autoimmune phenotype. Similarly, when crossed to NZW
mice, the female offspring develop fatal kidney disease with similar
incidence and kinetics as female (NZB X NZW)F, mice (7, 11).

Included within Nba2 and Slel are genes encoding members of
the FecyR family, members of the SLAM family of immunomod-
ulatory receptors, and members of the IFN-inducible (Ifi) family
that can regulate cell proliferation and survival. Sequence analyses
have identified polymorphic variants of genes within each of these
families in B6, NZB, and NZW mice including FcyRIIb (12-15),
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the SLAM/CD2 gene cluster (16, 17), and Ifi202 (7). Because of
the complicated pattern of disease-associated genes in the Nba2
locus, it is unknown whether the FcyR, SLAM, and Ifi gene
clusters contribute to the autoimmune phenotype as a group or as
individual gene clusters.

In this study, we directly evaluated the role of Nba2-derived FcyR,
SLAM, and Ifi gene clusters in autoantibody production by creating
congenic mice that vary in expression of these three intervals.
Analysis of congenic strains demonstrated that the severity of ANA
and renal disease are linked with the FcyR and SLAM gene clusters
with little involvement from the [fi interval. The most severe auto-
immune phenotype occurs in mice carrying both FcyR and SLAM
clusters from the parental B6.Nba2 strain. Analyses of immune cell
function among the congenic strains revealed that spleen dendritic
cells (DCs), including an expanded population of CD19* plasma-
cytoid DCs (pDCs), inappropriately supported PC differentiation in
a cytokine-dependent manner that was linked to the SLAM gene
cluster. Reduced expression of and apoptosis mediated by FcyRIIb
were found in B cells that was directly controlled by the FcyR gene
interval. Thus, although the FcyR and SLAM gene clusters in-
dependently control different immune pathways in murine lupus,
together, they contribute to lupus susceptibility by cooperatively
controlling autoantibody production.

Materials and Methods

Mice and evaluation of autoimmune phenotype

Congenic B6.Nba2-ABC mice were previously described (7). Congenic
strains expressing smaller intervals of the initial Nba2 lupus susceptibility
locus were generated by backcrossing 10 generations with B6 mice. These
are referred to as B6.Nba2-A (154.7-174.5Mb), B6.Nba2-A'B (169.1-
175.9Mb), B6.Nba2-B (172.8-175.9Mb), B6.Nba2-BC (172.8-194.1Mb),
and B6.Nba2-C (174.5-194.1Mb). Genotyping was performed using
a panel of microsatellite markers distributed across the distal chromosome
1 (Supplemental Table I). The positions of markers and various candidate
genes with respect to the centromere are given in accordance with the
Mouse Chromosome Committee Reports (obtainable at the Mouse Ge-
nome Database at www.informatics.jax.org). The PCR products of all
D1Mit markers, Crp and FcyRIIb were separated on 10% polyacrylamide
gels, whereas real-time PCR reactions for [fi202 were run on a BioRad
iCycler 1Q (Bio-Rad, Hercules, CA) to determine whether the marker was
of B6 or NZB origin. B6, NZW, NZB, and (NZB X NZW)F, female mice
were purchased from The Jackson Laboratory (Bar Harbor, ME). All mice
used in these studies were maintained in the specific pathogen-free animal
facilities at the University of Colorado Health Sciences Center (Denver,
CO) or at the University of Virginia (Charlottesville, VA). All animal
procedures were conducted in compliance with the National Institutes of
Health guidelines and are approved by the Institutional Animal Care and
Use Committee of each institution.

All experiments were performed with 4- to 12-mo-old female mice
unless indicated and were tested for proteinuria on a monthly basis as
previously described (6, 18). Mice were terminated at 12 mo of age or if
designated as positive for kidney disease by severe proteinuria (i.e., =100
mg/dl protein) in the urine on two consecutive measurements, which has
been previously established to predict mortality from renal failure (6, 18).

Serum autoantibody IgG levels to chromatin, total histones, and dsDNA
were determined by ELISA as previously described (18). Briefly, serum
samples were diluted 1:300 and applied to Ag-coated (chromatin, total
histones, or a biotinylated dsDNA-streptavidin complex) 96-well plates in
duplicates. OD values were converted to units per milliliter by comparison
with a standard curve obtained using mAbs toward DNA or histones.
Animals were considered positive if they reached levels higher than the
mean * 2 SD of age-matched control B6 mice.

Detection of 11202 and VDJ rearrangement by RT-PCR

Total RNA was isolated from freshly isolated spleen cells using the RNeasy
System (Qiagen, Valencia, CA) and was treated with DNase I before cDNA
synthesis. Ifi202 transcripts were analyzed by real-time RT-PCR using the
SYBR Green PCR Core Kit (Applied Biosystems, Foster City, CA) on an
iCycler iQ instrument (Bio-Rad) and normalized to the transcript levels of
the housekeeping gene Actin. Primer and probe sequences are provided in
Supplemental Table I. Units of [fi202 gene expression was calculated based

on the average level of /fi202 RNA in spleen cells from 16-wk-old NZB
females (set at 1 unit). Equal amounts of protein were processed for im-
munoblotting using antiserum to Ifi202 (S-19; Santa Cruz Biotechnology,
Santa Cruz, CA). DNA samples from sort-purified spleen B cells, con-
ventional DC (cDC), CD19™ pDC, and CD19" pDC subsets were analyzed
for VDJ rearrangement by RT-PCR as previously described (19).

Flow cytometry

Cells were washed and resuspended in 5% bovine calf serum in balanced
salt solution and stained with a mixture of mAbs, as noted, for the detection
of multiple cell surface and intracellular Ags. Purified rat IgG was used as an
isotype control. Nonspecific staining was reduced by the addition of rat
serum Ig. Stained cells were incubated for 30 min at 4°C, followed by
washing in balanced salt solution. Incubation with streptavidin-PE-cyanin
5.5 was performed for an additional 30 min at 4°C, followed by washing.
DAPI was added to cells at a concentration of 5 wM/ml to discriminate live
versus dead cells. After surface staining, samples requiring intracellular
staining were labeled for caspase-3 using the Cytofix/Cytoperm reagent
(BD Biosciences, San Jose, CA) according to the manufacturer’s in-
structions. Cell acquisition was performed with a DakoCytomation CyAN
ADP LX (Carpinteria, CA), where a minimum of 100,000 events was
collected. Spectral overlap compensation and data analysis were per-
formed using FlowJo software (Tree Star, Ashland, OR). Profiles are
presented as 5% probability contours including outliers with gating based
on fluorescence-minus-one and isotype controls.

FcyRIIb cross-linking

Single-cell suspensions were prepared from spleens of mice that were
immunized with the T cell-dependent NP-KLH Ag for 7 d to generate PCs
and germinal center (GC) B cells. Cells were depleted of RBC by ammonium
chloride-Tris lysis, washed in RPMI 1640, and cultured 4 h in 96-well plates
precoated with 10 pg/ml of rat IgG F(ab'), or anti-FcyRIVIII (2.4G2) mAb
+ 20 uM of the caspase-3 inhibitor benzylocarbonyl-Val-Ala-Asp(OMe)-
fluoromethylketone (ZVAD; MP Biochemicals, Solon, OH). At the end of
the culture, cells were harvested and analyzed by flow cytometry to mea-
sure apoptosis by intracellular expression of the cleaved active form of
caspase-3 from GC B Cells (B220*GL7") and PCs (B220"°"~CD138").
Cells cultured in 10 uM DMSO served as a positive control for apoptosis.

Isolation of splenic DCs

Spleens were incubated for 45 min at 37°C in complete RPMI 1640 sup-
plemented with 5% FBS and 1mg/ml collagenase D (Roche, Indianapolis,
IN), followed by homogenization. Single-cell suspensions were washed in
RPMI 1640 and depleted of RBC by ammonium chloride-Tris lysis. Total
CD11c¢" DCs were positively selected using anti-CD11c MACS (clone
N418; Miltenyi Biotec, Auburn, CA) after the manufacture’s protocol. As
indicated, some experiments used electronically sort—guriﬁed DCs using
a FACSVantage SE TurboSort to produce cDC (CD11c lghB22()_CD19_),
CD19~ pDC (CD11¢™B220*CD197), and CD19* pDC (CD11c¢™B220*
CD19") populations of >98% purity.

DC morphology by cytospin

Sort-purified B cells, cDCs, and pDCs were cytospun onto glass slides (5
min at 230g) and fixed in methanol for 5 min at room temperature. Slides
were washed and stained with Giemsa (Sigma-Aldrich, St. Louis, MO),
followed by digital photography. All images were taken at original mag-
nification X40.

In vitro TLR stimulation

DCs (2 X 10%) were cultured in 96-well plates for 24 h in complete RPMI
1640 supplemented with 10% FBS alone or containing 10 pg/ml CpG
(ODN 1826; InvivoGen, San Diego, CA), 100 ng/ml LPS (Sigma-Aldrich),
or 10pg/ml imiquimod (R837) (InvivoGen). At the end of the culture,
supernatants were collected and tested for cytokines by ELISA.

For DC and B cell coculture experiments, electronical]sy sort-purified pDCs
and B cells from spleen were cultured separately (1 X 10°/well) or together in
96-well round bottom plates for 3 d in complete RPMI 1640 supplemented
with 10% FBS alone, 10 pg/ml CpG, or 10 pg/ml nonstimulatory GpC
control oligonucleotide for ODN1826 (InvivoGen). Neutralizing mAbs
specific for IL-6 (clone MP5-20F3; eBiosciences, San Diego, CA), IL-10
(clone JES52AS5; eBiosciences), IL-12 (clone C17.8; eBiosciences), and
IFNa (clone RMMA-1; PBL InterferonSource, Piscataway, NJ) were pres-
ent at 5 wg/ml throughout the culture as indicated. Irrelevant rat IgG served
as a nonspecific mAb control. At the end of the culture, cells were harvested
and the number of PCs determined by ELISPOT.
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Measurement of cytokines by ELISA

Murine IL-6, IL-10, and IL-12/p70 were measured using the Duo Setkit (R&D
Systems, Minneapolis, MN) according to the manufacturer’s instructions.
IFNa was determined by sandwich ELISA using the rat anti-mouse IFNa
RMMA-1 mAb for cytokine capture and the rabbit anti-mouse IFNo poly-
clonal Ab for cytokine detection (PBL InterferonSource). HRP-conjugated
AffiniPure F(ab’), fragment donkey anti-rabbit IgG (H+L) was used as a sec-
ondary Ab (Jackson ImmunoResearch Laboratories, West Grove, PA). Assays
were developed using tetramethylbenzidine substrate (BD Biosciences).

Measurement PCs by ELISPOT

IgM- and IgG-secreting PCs were quantified by ELISPOT assay as pre-
viously described (20). Briefly, harvested cells from DC and B cell co-
cultures were resuspended in complete RPMI 1640 and incubated for 6 h
on multiscreen 96-well plates (Millipore, Bedford, MA) precoated with
unlabeled anti-mouse IgM and IgG. Serial dilutions of cells were made
with an initial cell concentration of 20,000/well. After incubation, plates
were washed in 0.05% Tween 20 and incubated with secondary HRP-
conjugated Abs to detect mouse IgM and IgG (Southern Biotechnology
Associates, Birmingham, AL). ELISPOT assays were developed by FAST
5-bromo-4-chlor-3-indolyl phosphate/NBT chromogen substrate (Sigma-
Aldrich). The number of Ig-secreting spots was quantified by direct visual
counting using a dual-axis light dissecting microscope.

Statistical analyses

All statistical analyses on autoantibody levels between study groups were
performed using the nonparametric, Mann-Whitney U test. A curve com-
parison test was used to determine statistical differences in the development of
proteinuria between study groups. Unpaired comparisons between samples
from congenic strains and control mice were analyzed by the Student 7 test for
cell frequencies, mean fluorescence intensities, and cytokine secretion. p
Values = 0.05 were considered significant and are denoted in figure legends.

Online supplemental material

The PCR primer sequences used for genotyping are shown in Supplemental
Table I. A summary of ANA IgG production in 7-mo-old congenic strains
and F; progeny of crosses with NZW mice is shown in Supplemental Table
II. A comparison of serum ANA IgG and cytokine (IFNa, IL-6, IL-10, and
IL-12) levels in 4- and 7-mo-old animals is shown in Supplemental Fig. 1.
Ifi203 transcript expression levels in splenocytes from congenic strains are
shown in Supplemental Fig. 2. FcyRIIb transcript expression levels in
purified splenic CD138* PCs from congenic strains are shown in Sup-
plemental Fig. 3. Surface protein expression levels of activation molecules
and SLAM receptors on DC subsets are shown in Supplemental Fig. 4.
Transcript expression levels of the SLAM family members CD48, CD84,
CD150, CD229, Ly108.1, and Ly108.2 in purified pDCs are shown in
Supplemental Fig. 5. IL-10 production by TLR-activated DCs from control
and congenic strains is shown in Supplemental Fig. 6.

Results

Generation of B6.Nba2 congenic strains that express different
regions of the Nba2 locus and the development of an
autoimmune phenotype

To determine the contribution of individual gene clusters within
Nba2 in the development of lupus traits, we repeatedly back-
crossed the parental B6.Nba2 strain to the nonautoimmune B6
strain and genotyped progeny for the inheritance of truncated
Nba? intervals by PCR (Supplemental Table I). Siblings were then
intercrossed to generate subcongenic strains homozygous for the
interval. Five strains were selected for further study based on in-
heritance of intervals where genes for the FcyR, SLAM, and Ifi
families are encoded (Fig. 1). To more easily refer to these strains,
we have labeled them according to inheritance of the proximal
(A), central (B), and distal (C) regions of Nba2. The parental B6.
Nba? strain is referred to as B6.Nba2-ABC.

Female, 7-mo-old congenic strains were followed for the de-
velopment of ANA IgG by measuring Ab titers in sera by ELISA (Fig.
2; summarized in Supplemental Table II). Results demonstrated that
IgGlevels specific for chromatin, histones, and dsSDNA were higher in
B6.Nba2-ABC congenic animals compared with the B6.Nba2-B

strain that carries only the Nba2-derived SLAM interval, which pro-
duced modest levels of antichromatin IgG (1.06 = 0.30 U/ml, p <
0.01), but insignificant levels of histone- and dsDNA-specific IgG
comparable to B6 control animals (Fig. 2A4). The B6.Nba2-BC strain
that carries the Nba2-derived SLAM and [fi intervals, as well as the
distal region of Nba2, produced similar ANA levels to B6.Nba2-B
mice. In contrast, B6.Nba2-C mice that differ from B6.Nba2-BC mice
only in inheritance of the SLAM interval from the B6 genome pro-
duced significantly reduced levels of antichromatin IgG (0.22 = 0.07
U/ml, p < 0.05). These data suggest that the distal region of Nba2,
including the Ifi interval, is dispensable for ANA production. To fur-
ther test this hypothesis, we compared serum ANA IgG levels in B6.
Nba2-A'B and B6.Nba2-A congenic strains that both express the
Nba?2-derived FcyR interval but differ in the expression of the SLAM
gene cluster. Results demonstrated that B6.Nba2-A mice produced
modest levels of antichromatin IgG (1.54 + 0.43 U/ml, p < 0.01),
which was comparable to levels observed in B6.Nba2-B animals and
suggests that gene(s) within the proximal region of Nba2 can also
contribute to ANA production. Interestingly, the B6.Nba2-A'B strain
that expresses only the FcyR and SLAM intervals from Nba2 produced
significantly elevated levels of IgG to all three nuclear Ags and es-
sentially reproduced ANA levels measured in the parental B6.Nba2-
ABC strain (Fig. 2A). Measurement of serum ANA IgG in 4-mo-old
congenic strains demonstrated low ANA levels compared with their 7-
mo-old counterparts (Supplemental Fig. 1), indicating that elevated
autoantibody production is age-dependent. Analysis of lupus-asso-
ciated cytokine levels in serum demonstrated low amounts of IFNa
and IL-6, and little to none of IL-10 and IL-12 among 4- and 7-mo-old
strains (Supplemental Fig. 1), suggesting thatincreased ANA levels in
older mice was not the result of high-circulating cytokine levels that
often correlate with SLE-like manifestations. These data indicate that
combined expression of the FcyR and SLAM gene clusters from Nba2
is sufficient for controlling autoantibody production.

To further test the contribution of Nba2 gene intervals in ANA
production and tissue damage, congenic strains were crossed with
NZW mice and female 7-mo-old F; mice were followed for ANA
IgG (Fig. 2B) and kidney failure (Fig. 2C). Results demonstrated that
(B6.Nba2-ABC X NZW)F| mice produced high levels of ANA IgG
and >90% of animals developed kidney disease by 1 y of age, which
is consistent with previous studies by our group (7, 21). In contrast,
control (B6 X NZW)F; mice produced insignificant levels of auto-
antibodies (Fig. 2B), and do not develop proteinuria (7). Analyses of
the F; progeny from each subcongenic strain crossed with NZW
revealed that the B6.Nba2-A'B strain reproduced the autoimmune
phenotype of B6.Nba2-ABC mice. Although B6.Nba2-B and B6.
Nba2-BC mice produced only modest levels of antichromatin IgG
(Fig. 2A), high levels of IgG specific for all three nuclear Ags were
produced when crossed to the NZW strain, and by 1y of age 65% of
female F; mice had severe proteinuria. Finally, nominal amounts of
ANA IgG were measured in F; progeny of B6.Nba2-A and B6.Nba2-
C strains and correlated with proteinuria occurring in <25% and 0%
of F; animals, respectively. These results confirm that both FcyR and
SLAM intervals, but not the Ifi202 interval of the Nba2 locus, mediate
ANA production and the development of lupus nephritis.

Additional PCR and Western blot analyses showed that spleen
cells of congenic BC and C strains expressed increased [fi202
transcript and protein levels, whereas congenic A and A'B strains
expressed low levels of Ifi202 (Fig. 3). These data confirm that in-
creased levels of this transcript are related specifically to the allelic
derivation of [fi202. B6.Nba2-ABC and B6 mice served as positive
and negative controls for [fi202 expression as previously reported (7,
22). These data provide additional evidence that increased [fi202
expression is not sufficient for ANA production. Expression levels
of Ifi203, previously demonstrated to be reciprocally low in B6.
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FIGURE 1.

Map of telomeric chromosome 1 encoding Nba2 and the congenic strains generated to express various intervals. Distal chromosome 1 with

the positions of known immune regulatory genes is shown. Dashed lines show microsatellite markers used to determine B6 or NZB origin. Congenic strains
are identified according to inheritance of proximal (A), central (B), and distal (C) regions that encompass the Nba2 locus.

Nba2-ABC mice (7), were reduced in congenic strains harboring the
NZB-derived Ifi interval, providing further confirmation (Supple-
mental Fig. 2).

Inheritance of the NZB FcyR interval from Nba2 results in
decreased expression of the FcyRIIb inhibitory receptor during
terminal B cell differentiation and is associated with impaired
apoptosis

Signaling via the inhibitory FcyRIIb, which is the only Fcy receptor
expressed on murine B cells (23), can modify B cell responses and
mediate apoptosis (24-26). Polymorphisms in the NZB FcyRIIb
promoter have been identified within Nba2 that can result in the
failure to upregulate FcyRIIb expression on GC B cells and PCs of
NZB mice (13-15). Thus, impaired FcyRIIb expression could
mediate B cell hyperactivity and survival in congenic B6.Nba2
strains. We therefore determined by flow cytometric analysis
whether FcyRIIb membrane expression could be upregulated as B
cells differentiated to GC B cells and PCs in vivo. Splenocytes of
mice that were immunized for 7 d with the T cell-dependent Ag, NP-
KLH, were prepared and labeled with fluorescent-conjugated mAbs
specific for the B cell marker B220, the GC marker GL7 (27), the PC
marker CD138 (28), and FcyRII/RIIL. Because FcyRIII is not ex-
pressed on murine B cells, this identifies B cells expressing FcyRIIb
alone. Results demonstrated that GC B cells and PCs from spleens
of control B6 mice express increased FcyRIIb levels compared with
mature B cells (Fig. 4A4). This pattern of expression was also found
on GC B cells and PCs from congenic B, BC, and C strains that all
carry the control B6-derived FcyR interval. In contrast, FcyRIIb
failed to be upregulated on both GC B cells and PCs from B6.Nba2-
ABC mice and on PCs alone from congenic A and A’B strains. We
confirmed reduced expression of FcyRIIb mRNA transcript levels
in PCs from congenic ABC mice, and not from B and C strains,
consistent with protein expression (Supplemental Fig. 3) and sug-
gesting that impaired upregulation of membrane FcyRIIb expres-
sion on terminally differentiated B cells is controlled at the
transcriptional level. Interestingly, a subset of GC B cells from
congenic A and A'B mice upregulated FcyRIIb expression. These
findings suggest that genes within the C region of Nba2 such as the
Ifi family may contribute to impaired FcyRIIb expression because
GC B cells from B6.Nba2-ABC animals completely failed to up-
regulate FcyRIIb.

Analysis of the absolute cell numbers from the various strains
revealed an increase in the overall numbers of splenic B cells among
the congenic strains compared with control B6 mice (Fig. 4B). Thus,
inheritance of the A, B, or C region of Nba2 influences the frequency
of spleen B cells. Enumeration of total GC B cells within spleens of
congenic strains maps this phenotype to the A region because we
found significantly increased numbers of GC B cells in congenic
ABC, A, and A'B animals compared with B6 mice or congenic lines
without the NZB-derived A region (p < 0.05). Finally, total PC
numbers were highest in congenic ABC and A'B strains (p < 0.05),
suggesting that combined expression of the distal A region and B
region within Nba2 control PC survival.

We next determined whether differential FcyRIIb expression
among the congenic strains controlled apoptosis. Purified spleen B
cells were stimulated with culture grade anti-FcyRII/III Ab or IgG
(Fab’), in vitro and analyzed by flow cytometry for the intracellular
expression of the cleaved, active form of caspase-3 as an indicator of
apoptosis. Results demonstrated that GC B cells and PCs of con-
genic ABC, A, and A'B mice did not undergo apoptosis in response
to FeyRIIb cross-linking compared with cells from control mice and
congenic B, BC, and C strains (Fig. 4C). Apoptosis in these latter
strains was specific for FcyRIIb because GC B cells and PCs failed
to undergo apoptosis when cultured with IgG (Fab’),. Confirmation
of FcyRIIb-mediated apoptosis was further provided by analysis of
cells from cultures that contained the caspase-3 inhibitor ZVAD.
Staining for caspase-3 from all B cells in response to DMSO ex-
posure served as positive controls for all strains. Together, these
results indicate that the FcyR interval within Nba2 impairs FcyRIIb
expression and function on terminally differentiating B cells, sug-
gesting that this interval influences survival.

Inheritance of the SLAM interval within Nba2 is associated
with heightened numbers of spleen DC subsets that have an
altered phenotype

DC:s initiate and regulate humoral immunity by controlling T and B
lymphocyte activation through expression of membrane-anchored
costimulatory proteins as well as secreted factors (29, 30). Thus, it
is believed that DCs play a critical role in maintaining tolerance
during Ag recognition by lymphocytes. We therefore determined
the frequency of the two main DC subsets, cDC and pDC, in
spleens of 4-mo-old female mice based on the level of CD11c and
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B220 expression (Fig. 5A). The percentages of ¢cDC and pDC
within total spleen cells were used to quantify absolute numbers
for each strain. Results demonstrated that total numbers of pDCs
were significantly increased in spleens of congenic ABC, A'B,
and B mice compared with control animals. Although modest
splenomegaly was observed in the congenic ABC strain, we found
no statistically significant differences in the total cellularity of
spleens between the subcongenic strains and control mice. In
contrast, an increase in the percentage values of total pDCs was
determined from ABC (38%), A'B (34%), and B (29%) strains
compared with B6 controls (13%), suggesting that increased
numbers of total pDCs is not attributed to a dramatic increase in
overall cellularity. Absolute numbers of pDCs were also increased
in congenic A and C strains compared with controls, but overall
were lower than other strains; these differences were not statisti-
cally significant. Total numbers of splenic cDCs among congenic
lines were generally higher than in control mice, but these dif-
ferences were much smaller compared with numbers of pDCs and
were not statistically significant. These data suggest that expres-
sion of the SLAM interval (B6.Nba2-ABC, -A’'B, and -B strains)
controls the development and/or life span of pDCs.

We have previously demonstrated that type I IFN (IFNaf)
signaling is involved in the spontaneous development of renal
disease in (B6.Nba2-ABC X NZW)F; mice (21, 31). Within
healthy mice, it has been demonstrated that the highest amount of
IFNa is produced by a minor subset of pDCs that expresses the
marker CD19 (32, 33). We therefore determined the steady-state
frequencies of CD19"~ and CD19" pDCs in spleens of 2- and 4-
mo-old mice by flow cytometry (Fig. 5B). Results demonstrated
that CD19" pDCs represented a low percentage of overall pDCs in
B6 control mice regardless of age. In contrast, B6.Nba2-ABC
mice showed an increased frequency of CD19* pDCs in an age-
dependent manner with CD19" pDCs representing ~3% and 25%
of total pDCs in 2- and 4-mo-old mice, respectively. Absolute
numbers of CD19~ pDCs were similar in all strains tested. In
contrast, strains expressing the Nba2-derived SLAM interval
(ABC, A'B, and B mice) yielded a statistically significant higher
number of CD19* pDCs (Fig. 5B). Siglec-H receptor expression
has previously been demonstrated to be restricted to type I IFN-
producing pDCs (34, 35). We confirmed that essentially no cDCs
(CD11c"€"B220"PDCA1 ") expressed Siglec-H (Fig. 5C). How-
ever, both CD19~ and CD19* pDCs (CD11c™B220*PDCAIL™)
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expressing Siglec-H were increased in frequency within congenic
ABC, A'B, and B strains compared with control mice. Although
a greater percentage of CD19~ pDCs expressed Siglec-H relative
to CD19* pDCs, quantified numbers of total cells shown in Fig. 5B
indicated that the majority of pDCs were CD19". These findings
indicate that the central region of Nba2 inappropriately controls
the homeostasis of CD19" pDCs in an age-dependent manner and
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promotes the expression of Siglec-H on both CD19™ and CD19*
pDCs, suggesting that these cells may produce IFNa.

Previous studies have demonstrated that Nba2 does not influence
the percentage of marginal zone B cells and B1 B cells in spleen
(36). However, because of the dramatic and novel increase in CD19™*
pDCs within Nba2 congenic strains, we performed three additional
analyses to confirm that this population was not the result of con-
taminating B cells. First, we electronically sort-purified B cells,
¢DCs, CD19™ pDCs, and CD19* pDCs from spleens of B6.Nba2-
ABC mice and analyzed Ig gene rearrangement by PCR using
apreviously established strategy (19). This approach amplifies DNA
corresponding to sequences that are lost on D-J rearrangement (5’
Jy1) and that are lost on V to D-J rearrangement (5" Dgy 16.1)- Thus,
amplification of Jy1 and Dgy ¢ transcripts will be lost in bona fide
B cells. Because it has been demonstrated that low levels of D-J
rearrangement can occur in splenic pDCs but not cDCs using other
PCR-based strategies (37-39), we chose this strategy as a more
unambiguous method to determine whether CD19* pDCs were
comprised of B-lineage cells. This measure of Ig gene rearrange-
ment clearly distinguished our cDC, CD19~ pDC, and CD19* pDC
populations from B cells (Fig. 64). Second, we morphologically
assessed cytospins of sort-purified DCs and B cells by Giemsa
staining (Fig. 6B). Results demonstrated that CD19* pDCs had the
classical appearance of DCs, including large distinct nuclei, a very
small cytoplasm, and dendrite formation (arrows) compared with B
cells (40). Finally, we used multiparameter flow cytometry to define
¢DC and pDC subsets on the basis of cell surface marker expression
(41, 42). In this study, we restricted our analyses to congenic ABC,
A’B, and B strains as well as control mice because increased pDC
numbers were statistically associated with these strains. Results
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gated pDCs from spleens of 2- and 4-mo-old congenic strains were further segregated into CD19~ and CD19" pDC subsets and absolute numbers were de-
termined. Statistical differences between congenic strains and control mice are indicated as **p < 0.01. C, The expression of Siglec-H and PDCA1 was
determined on ¢cDCs, CD19™~ pDCs, and CD19" gated pDCs from spleens of the indicated strains.

demonstrated that cDCs from all strains exhibited a phenotype con-
sistent with murine cDCs, including high levels of MHC class 11
(MHCII) expression, negative expression of the pDC marker PDCA1,
little CD4 staining, and a bimodal distribution of CD8« that segre-
gates ¢cDCs into lymphoid (CD8a"€") and myeloid (CD8« ") DC
subsets. CD19~ pDCs from control and B6.Nba2-B mice exhibited
a phenotype consistent with murine pDCs, including lower levels of
MHCII expression, positive staining for PDCA1, and variable levels
of CD4 and CD8a staining. CD19™ pDCs from congenic ABC and
A'B strains demonstrated an equivalent staining profile with the ex-
ception of increased MHCII expression. Interestingly, CD19* pDCs
from all strains unimodally expressed high levels of PDCA1, no CD4
staining, and variable but increased levels of CD8a expression
compared with their CD19~ pDC counterparts. In contrast to CD19
pDCs, CD19" pDCs from all strains expressed higher levels of
MHCII with statistically significant greater expression of MHCII on
CD19* pDCs from the ABC and A’B congenic strains compared with
controls (Fig. 6C). None of the DC subsets stained positive for F4/80
and NK1.1 (Supplementl Fig. 4), indicating that macrophages and the
more recently identified NK1.1" DC subset were not present (40, 43).
These data suggest that CD19* pDCs are bona fide pDCs based on
marker expression, yet are distinct from CD19~ pDCs with regard to
steady-state MHCII expression levels. Furthermore, increased ex-
pression of MHCII on both CD19™~ and CD19" pDCs of ABC and
A'B congenic strains suggests that the FcyR and SLAM intervals of
Nba? influence the activation state of pDCs.

Steady-state expression levels of the costimulatory molecules
CD40, CD80, and CD86 were also examined to determine whether
pDCs exhibited an altered activation phenotype. Results demon-
strated that although CD19* pDCs overall expressed higher
amounts of CD40 compared with their CD19~ pDCs counterparts,
both CD19™ and CD19" pDCs from ABC and A'B congenic
strains expressed significantly higher levels of CD40 (Fig. 6C). No
significant differences in CD80 expression were measured among
the strains albeit CD19" pDCs generally expressed higher levels of
CD80 compared with CD19~ pDCs (Supplemental Fig. 4). This
was also the case for CD86 where CD19" pDCs expressed higher
levels of CD86 compared with CD19 pDCs. However, increased
CD86 levels were consistently measured on CD19~ pDCs from
ABC and A'B strains compared with control mice and the B
congenic strain (Fig. 6C). These results suggest that CD19" pDCs
generally exhibit an activated phenotype relative to ¢cDC and
CD19  pDC under steady-state conditions, and that expression of
the FcyR and SLAM intervals from Nba2 can augment activation
of both CD19~ and CD19* pDCs.

Based on these results and previous studies that demonstrated the
SLAM gene family was linked to spontaneous murine lupus (16, 17),
we determined whether inheritance of the FcyR and SLAM intervals
of Nba?2 differentially controlled protein expression of the SLAM
receptors CD48, CD84, CD150, CD229, and Ly108. Results dem-
onstrated expression differences that were restricted to ABC and
A’B congenic strains where increased CD48 expression was
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FIGURE 6. CD19* pDCs exhibit hallmark DC markers but have an altered activation phenotype that is associated with combined expression of FcyR and
SLAM regions of Nba2. A, Ig gene rearrangement in sort-purified splenic B cell, cDC, CD19~ pDC, and CD19" pDC populations from B6.Nba2-ABC
congenic mice was determined by PCR analysis; transcripts for 5 J1 and 5" Dgyp 16,1 to determine D-J and V to D-J rearrangement, respectively, indicate Ig
rearrangement in B cells where intron fragments have been deleted yet are retained in DC subsets. B, Cytospins of sort-purified cells were morphologically
assessed by Giemsa staining. Arrows indicate dendrite formation. Images were taken at original magnification X40. C, Spleen cells from 4-mo-old female
mice were analyzed by FACS for the expression of indicated markers on cDCs, CD19~ pDC, and CD19" pDCs using the same gating strategy described in
Fig. 5. Results show the mean fluorescence intensity for each population. Statistical differences in the mean fluorescence intensity of a marker between
congenic strains and B6 control mice are denoted by *p < 0.05. Data shown represent three independent experiments. Representative expression levels of
all DC subset markers and SLAM receptors are shown in Supplemental Fig. 4.

measured on CD19~ pDCs, reduced expression levels of CD84 were
measured on CD19* pDCs, and reduced expression of Ly108 was
measured on both CD19™ and CD19" pDCs (Fig. 6C). Expression of
SLAM receptor transcript levels in pDCs among congenic strains did
not show a strong correlation with protein expression (Supplemental
Fig. 5), suggesting that posttranscriptional regulation may contrib-
ute to differences in membrane receptor expression on pDCs.

Combined expression of FcyR and SLAM intervals within
Nba2 controls TLRY sensitivity of pDCs to produce high
amounts of cytokines that promote humoral immunity

Recognition of pathogen-associated molecules by TLRs expressed
on DCs triggers their activation that, in turn, results in the production
of cytokines IL-6, IL-10, IL-12, and IFNa that promote humoral
immunity by inducing growth and differentiation of B cells (44-47).
Defective TLR signaling can inappropriately activate DCs, in par-
ticular pDCs, to secrete cytokines and has been implicated in fa-
cilitating the breakdown of tolerance [reviewed in (48)]. Therefore,
we determined the cytokine-producing capacities of freshly isolated
DCsinresponse to TLR signaling. Initial studies analyzed IL-10 and
IL-6 secretion from total CD11c* DCs isolated from spleens of all
mouse strains when cultured in vitro in the presence of the TLR4
stimulus LPS and the TLRY ligand, CpG oligonucleotides, that
mimics microbial DNA. Results demonstrated that significantly
higher levels of IL-10 were produced by DCs from congenic ABC
and A'B strains compared with control mice (Supplemental Fig. 6).
These levels were similar to levels of IL-10 produced by DCs from
NZB and (NZB X NZW)F, mice, indicating that the combined
expression of FcyR and SLAM intervals within the Nba2 locus is
sufficient to control TLR hypersensitivity of DCs. To more thor-
oughly determine cytokine production, we analyzed the capacity of

splenic DCs from control and congenic ABC mice to secrete IL-6,
IL-10, IL-12, and IFNa in response to LPS, CpG, and the TLR7
stimulus R837 (imiquimod). Results demonstrated that although
TLR stimulation induced IL-6 and IL-12 secretion, there were no
differences measured between control and ABC congenic DCs (Fig.
7A). In contrast, DCs from congenic ABC mice produced signifi-
cantly greater amounts of IL-10 and IFNa compared with control
DCs where TLR9 stimulation induced the most cytokine. To de-
termine whether increased levels of IL-10 and IFNa secretion by
DCs from congenic ABC mice were the product of CD19™ or
CD19* pDCs, sort-purified pDC subsets were tested for cytokine
secretion after TLR stimulation. Results demonstrated that both
CD19™ and CD19* pDCs from B6.Nba2-ABC mice produced sig-
nificantly higher amounts of IL-10 compared with control pDCs,
with the largest amount of IL-10 being produced in response to
TLR9 stimulation (Fig. 7B). Similar results were measured for [FNa
where both CD19™ and CD19* pDCs from congenic mice produced
the highest amount of cytokine after TLR9 stimulation. These data
have at least two important findings. First, Nba2 controls aberrant
cytokine production by DCs, yet of the cytokines that influence B
cell differentiation is limited to deregulation of IL-10 and IFNa.
Second, although Nba2 dramatically increases the frequency of
CD19* pDCs (Fig. 5), the cytokine-producing capacities of both
CD19™ and CD19"* pDCs are controlled by Nba2.

TLRO stimulated pDCs can induce terminal B cell differentiation
independent of T cell help and Ag (49, 50). Therefore, we de-
termined the functional capacity of pDCs to license B cells to
undergo PC differentiation. Sort-purified pDCs from spleens of
congenic ABC, A'B, B, and C strains were cocultured with B6
control B cells in the presence of CpG. After 3 d, the frequency of
total Ig-secreting PCs was quantified by ELISPOT. Coculture of
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pDCs and B cells from B6 control mice served as a normal con-
trol. Results demonstrated that B cells cultured alone, with CpG,
or with the control GpC oligonucleotide produced only small
numbers of PCs, indicating that by itself TLRO signaling on B
cells minimally supports B cell differentiation (Fig. 8A). Parallel
cultures containing only pDCs served as negative controls. Sig-
nificant numbers of PCs were measured when B cells and pDCs
from control and congenic ABC mice were cocultured in the
presence of CpG, with the highest number of PCs generated from
groups containing congenic ABC pDCs. This response was spe-
cific for TLRY activation because the addition of control GpC did
not induce PC differentiation. Furthermore, the ability of pDCs to
drive PC differentiation was dependent, in part, by secretion of IL-
10 and IFNa as demonstrated by reduced PC numbers when
neutralizing mAbs to these cytokines were added to cocultures
(Fig. 8B). Significantly high numbers of PCs were generated in
cocultures containing pDCs from congenic ABC, A’'B, and B
strains, suggesting that the Nba2-derived SLAM interval alone is
sufficient for promoting heightened Ab production in a TLR9-
dependent manner. Analysis of cocultures containing pDCs from
congenic C mice, which do not express the SLAM interval from
Nba2, produced significantly fewer PCs.

Discussion

We have previously shown that when the entire 40 Mb Nba?2 locus is
expressed on the nonautoimmune B6 background, female congenic
animals produce elevated levels of serum ANA, increased B cell
proliferation, increased type I IFN, and severe GN when crossed
with NZW mice (7, 21). In this study, we analyzed subcongenic
strains to determine the gene clusters within Nba?2 that contribute to
these autoimmune traits. The analysis of five subcongenic strains
revealed that combined expression of the FcyR and SLAM intervals
(A'B strain), spanning ~6.8 Mb within the central region of Nba2, is
sufficient to reproduce the autoimmune phenotype of the parental
congenic strain. Further analyses of subcongenic strains that in-
dependently express the FcyR interval (A strain) from the SLAM
interval (B, BC, and C strains) demonstrated that each of these gene
clusters, alone, could not drive autoantibody production. In-
terestingly, these studies also revealed that genes located proximal

to the FcyR interval as well as genes located distal to the SLAM
interval do not contribute to ANA production, even if allowed to
epistatically interact with susceptibility genes derived from NZW
mice (A, C strains X NZW). This suggests that the lupus suscepti-
bility genes located within the Ifi interval do not mediate a loss in B
cell tolerance and autoantibody production. However, genes of the
Ifi200 family could indirectly contribute to the autoimmune phe-
notype by inhibiting p53- and E2F1-mediated proapoptotic func-
tions as has previously been suggested (22, 51). Furthermore, data
presented in Supplemental Fig. 5 suggests that the SLAM genes,
CD48, CD84, and CD229 could be epistatically regulated by genes
expressed within the /fi interval.

The contribution of the FcyR interval in mediating autoantibody
production appears to be through deregulation of B cell homeostasis
by reducing FcyRIIb expression on terminally differentiating B
cells, resulting in impaired apoptosis. Human SLE genome screens
have consistently identified significant linkage at the 1q23 locus
where FcyR genesreside (52-54), suggesting that one or more of the
Fc receptor genes contributes to human SLE. This hypothesis is
supported in murine experimental systems that have demonstrated
a deficiency in the FcyRIIb gene leads to increased ANA IgG (12,
55). Although the most likely candidates in the A’ region of Nba2
are the FcyR genes, it is possible that other genes play arole in B cell
differentiation and survival. Fine mapping the 122 genes that span
the A’ region by generating additional subcongenic lines that con-
tain narrower intervals will facilitate identifying candidate genes.

How inheritance of the Nba2 B region, containing the SLAM
interval, contributes to the disease process is less clear. Genomic
characterization of B6.Sle/b congenic mice has demonstrated
extensive polymorphisms in exons encoding the extracellular
domains of several SLAM receptors, including CD48, CD84, and
Ly108 (16). Although it is not understood how these polymorphic
variants mediate the Sle/b autoimmune phenotype, differential
receptor expression on both T and B lymphocytes may influence
cellular activation and survival. Increased levels of the ly/08-1
isoform by B cells from B6.Sle/b mice are associated with in-
creased survival and impaired deletion of autoreactive B cells
(17). Interestingly, we demonstrated that CD48, CD84, and Ly108
were differentially expressed on DCs from congenic ABC and
A'B strains compared with the congenic B strain and control mice.
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neutralizing mAb specific for IL-10 (5 pg/ml) and IFNa (10 pwg/ml)
throughout the 72 h, followed by ELISPOT. Statistical differences between
CpG-stimulated groups containing pDCs from congenic strains and control
mice are indicated as #:#p < 0.01. CpG-stimulated groups with IL-10 and
IFNa neutralizing mAb that had statistically fewer Ab-secreting cells
compared with CpG alone are designated *p < 0.05. Data are expressed as
the mean = SEM from three replicates per group that represent two in-
dependent experiments. NT, no treatment.

Total Ig-secreting cells/106

These findings suggest that, within Nba2, altered expression of
SLAM receptors is controlled by both FcyR and SLAM intervals.
Exactly what functional impact altered SLAM receptor expression
has on DCs will require more study, but we hypothesize that SLAM
receptors on DCs provide regulatory cues to their counter-receptors
on T and B cells during Ag presentation that direct lymphocyte
proliferation and/or differentiation. Consistent with this hypothesis,
recent studies have suggested a potential role for CD150 in human
DC activation by influencing the production of IL-6 and IL-12 (56,
57). Thus, it is possible that susceptibility genes within the SLAM
family or other genes, such as Apsc (serum amyloid P) and Crp that
are also located within the B region of Nba2, increase cytokine
production by DCs that contributes to the autoimmune phenotype.

In addition to differences in SLAM receptor expression, analysis
of DCs among the congenic strains revealed that the number and
phenotype of pDCs were controlled by both FcyR and SLAM
intervals. Significantly increased numbers of pDCs that were
vastly CD19" were found in congenic A’B mice that reproduced
those found in the congenic ABC parental strain, yet were only
modestly increased in congenic B mice. These findings suggest
that it is the combination of the FcyR and SLAM intervals that
control the frequency of CD19* pDCs. Interestingly, numbers of
CD19* pDCs were similarly elevated in congenic BC and C

strains compared with B6 control mice, further suggesting that
genes within the C region of Nba2 influence the expansion of
CD19" pDCs. Mellor and coworkers (58) first identified CD19*
DCs as a rare subset of splenic DCs in healthy mice that could
suppress T cell proliferation in a manner dependent on expression
of the enzyme IDO by CD19* DCs. Mellor and colleagues (33)
subsequently demonstrated that splenic CD19* DCs acquired
potent IDO-dependent T cell suppressor activity after in vivo
administration of CpG and that IFNa signaling was essential for
IDO expression. Limited phenotypic analysis of these CD19" DCs
makes it unknown whether this population is identical to CD19*
pDCs found in congenic Nba2 strains. However, recent studies
have demonstrated that IDO-expressing pDCs directly activated
natural T regulatory cells for potent suppressor activity (59), and
promoted the generation of inducible T regulatory cells (60).
Current studies are underway to determine whether CD19* pDCs
from congenic Nba2 mice express IDO and are able to suppress T
cell proliferation.

Consistent with increased numbers of pDCs from congenic ABC
and A'B strains, were increased CD40, CD86, and Siglec-H expres-
sion levels compared with cDCs, suggesting that combined expres-
sion of FcyR and SLAM intervals may trigger heightened steady-state
activation levels of pDCs to produce increased proinflammatory cy-
tokines. Analysis of TLR9-stimulated DCs from congenic ABC mice
demonstrated that only IL-10 and IFNa levels were significantly in-
creased compared with control DCs, and moreover, were mainly
produced by CD19™ and CD19" pDCs. IL-10 and IFN« have been
associated with proinflammatory properties during an immune re-
sponse and to be deregulated in autoimmunity. Increased levels of
serum IL-10 have been measured in SLE patients and correlate with
ANA production and disease activity (61, 62). Furthermore, in both
lupus-prone mice (63) and SLE patients (64), administration of
a neutralizing IL-10 mAb-reduced cutaneous lesions and rheumato-
logic symptoms, indicating that IL-10 is a major player in autoanti-
body production and mediating tissue damage. How IL-10
specifically functions in the disease process is unclear, but the ca-
pacity of IL-10 to promote B cell proliferation and differentiation to
PCs strongly suggests it alters the B cell compartment by increasing
the generation of ANA-producing PCs (65, 66). Similarly, IFNa is
also believed to be an important proinflammatory cytokine in the
generation of autoreactive PCs (44), with pDCs being the primary
source of IFNa (67-69). Analysis of pDCs from congenic strains
demonstrated that the SLAM interval within Nba2 licenses pDCs to
drive PC differentiation in an IL-10- and IFNa-dependent manner.

In conclusion, we have narrowed down the contribution of the
Nba2 locus to murine lupus susceptibility to a central region
(169.1-175.9 Mb) that contains the FcyR and SLAM intervals.
The combined expression of both intervals influences the ho-
meostasis of GC B cells and PCs, and promotes PC differentiation
through deregulated activation of pDCs. Importantly, our findings
advance our understanding of how susceptibility genes within the
telomeric region of chromosome 1 control autoantibody pro-
duction and indicate that the FcyR and SLAM intervals each
control different immune pathways, yet are both required for the
development of ANA and renal disease.
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