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Abstract
The development of lupus pathogenesis results from the integration of susceptibility and resistance
genes. We have used a chronic graft-versus-host disease (cGVHD) model to characterize a
suppressive locus at the telomeric end of the NZM2410-derived Sle2 susceptibility locus, which
we named Sle2c2. cGVHD is induced normally in Sle2c2-expressing mice, but it is not sustained.
The analysis of mixed bone marrow chimeras revealed that cGVHD resistance was eliminated by
non-B non-T hematopoietic cells expressing the B6 allele, suggesting that resistance is mediated
by this same cell type. Furthermore, Sle2c2 expression was associated with an increased number
and activation of the CD11b+ GR-1+ subset of granulocytes before and in the early stage of
cGVHD induction. We have mapped the Sle2c2 critical interval to a 6-Mb region that contains the
Cfs3r gene, which encodes for the G-CSFR, and its NZM2410 allele carries a nonsynonymous
mutation. The G-CSFR–G-CSF pathway has been previously implicated in the regulation of
GVHD, and our functional data on Sle2c2 suppression suggest a novel regulation of T cell-
induced systemic autoimmunity through myeloid-derived suppressor cells. The validation of Csf3r
as the causative gene for Sle2c2 and the further characterization of the Sle2c2 MDSCs promise to
unveil new mechanisms by which lupus pathogenesis is regulated.

Susceptibility to complex diseases such as systemic lupus erythematosus (SLE) results from
the integration between susceptibility and resistance genes tipping in favor of susceptibility
genes. Although most of the efforts have been devoted to the identification of susceptibility
genes, the characterization of suppressor genes will arguably have a significant impact on
our understanding of the disease process and holds substantial translational potentials. The
NZM2410 mouse model of lupus is a recombinant inbred strain between the New Zealand
Black (NZB) and New Zealand White (NZW) strains in which we have identified three
strong susceptibility loci, Sle1, Sle2, and Sle3 (1). The expression of NZW-derived Sle1,
which induces the loss of tolerance to chromatin (2), is necessary for disease induction (3).
Linkage analysis has identified four Sle1 suppressor loci in the NZW strain, the strongest of
which, H-2-linked Sles1, was sufficient to entirely suppress Sle1 induction of disease (4).
Sles1 has now been mapped to a <1-Mb segment containing the class II MHC genes (5), and
the identification of the corresponding gene promises to reveal a novel pathway by which
tolerance to nuclear Ags is maintained. The three other Sle1-suppressor loci, Sles2, Sles3,
and Sles4 on chromosomes 4, 3, and 9, respectively, have not been further characterized.
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Other lupus suppressor loci have been identified in other strains by linkage analysis,
including one that overlaps with Sles3 in the BXSB/long-lived (6), MRL/lpr (7), and 129 (8)
strains. In addition, a mutation in the Coronin 1A gene in a C57BL/6 substrain was shown to
suppress disease in the MRL/lpr model (9).

Sle2 expression induces a number of B cell defects, including an expansion of the B1a cell
compartment and an increased production of polyreactive IgM Abs (10). Using congenic
recombinants, we have determined that the major contribution to the expansion of B1a cells
mapped to the telomeric sublocus Sle2c (11), which corresponds to the only NZB portion of
the NZM2410 Sle susceptibility loci. Polycongenic studies have shown that Sle2 expression
increased fatal nephritis incidence from 41% in B6. Sle1.Sle3 to 98% in B6.Sle1.Sle2.Sle3
mice (3). Paradoxically, Sle2c expression decreased disease incidence in B6.Sle1.Sle3 mice
(11). Fine mapping of the B1a cell expansion reduced the size of the Sle2c locus to a ~13-
Mb region named Sle2c1 (11), and we have recently shown that Sle2c1 greatly enhanced the
incidence and severity of lupus pathology when expressed on a Fas-deficient background
(12). Interestingly, the disease severity was significantly more severe in B6.Sle2c1.lpr than
in B6.Sle2.lpr mice. Overall, these data suggested the existence of a suppressor locus at the
telomeric end of Sle2.

A chronic graft-versus-host disease (bm12-cGVHD) model, in which B6.C-H2bm12

lymphocytes are transferred into nonautoimmune H-2b B6 hosts, has been extensively used
as an induced model of lupus (13). Within 3 wk after transfer, mice develop lupus-like
phenotypes, including lymphocyte activation and antinuclear autoantibody production,
which are dependent on cognate interactions between donor CD4+ T cells and host
autoreactive B cells (14). cGVHD induction also requires host CD4+ T cells to nurture B
cells through their development in a process that involves IL-4 and CD40L (15). We have
shown that both Sle1c and Sle1a lupus-susceptibility loci enhanced lymphocyte activation
and autoantibody production in the bm12-cGVHD model, indicating that these loci increase
the frequency of autoreactive B cells that can be activated by cognate T cell help (16, 17). In
this study, we have used the bm12-cGVHD model to demonstrate the presence of a
suppressive locus at the telomeric end of Sle2, which we named Sle2c2. We showed that
cGVHD induction initiates normally in Sle2c2-expressing mice, but it is not sustained. The
analysis of mixed bone marrow (BM) chimeras revealed that non-B non-T hematopoietic
cells from B6 origin were sufficient to break Sle2c2 cGVHD resistance. Furthermore,
Sle2c2 expression is associated with an increased number and activation of the CD11b+

GR-1+ subset of granulocytes before and in the early stage of cGVHD induction. The Cfs3r
gene, which encodes for G-CSFR, is located in the Sle2c2 interval, and its NZB allele
carries a nonsynonymous mutation. G-CSFR has been shown recently to play a key role in
regulating GVHD responses (18), and CD11b+ GR-1+ myeloid-derived suppressor cells
(MDSCs) are potent suppressors of alloreactive T cell responses in a GVHD model (19).
Overall, our results demonstrate that the Sle2c locus contains a potent lupus susceptibility
gene, Sle2c1 (12), and a potent lupus suppressor gene (Sle2c2, this study) with ~15 Mb from
each other. Our results suggest that Sle2c2 suppresses T cell-induced autoimmune responses
through myeloid cells, and that Cfs3r is mediating this suppression through MDSCs. These
suppressor cells have been largely associated with tumor and inflammation settings (20).
Our results suggest that the Sle2c2 locus may serve as a model to investigate a novel
involvement of MDSCs in suppressing T cell-mediated breach in tolerance to nuclear Ags.

Materials and Methods
Mice

The Sle2c congenic interval located between D4Mit278 and D4Mit72 has been divided into
the Sle2c1 and Sle2c2 intervals located between D4Mit278 and D4Mit37, and between
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D4Mit11 and D4Mit72, respectively, as shown in Fig. 2 (11). C57BL/6 (B6), B6.C-H2bm12/
KhEg (bm12), B6.Rag1−/−, B6.Tcrβ−/−.Tcrδ−/− (B6.Tcr−/−), and B6.IgH6 were originally
purchased from Jackson ImmunoResearch Laboratories. The B6. Sle2c.Rec3 recombinant
strain was generated from B6.Sle2c, and the B6. Sle2c.Rec3a recombinant was generated
from B6.Sle2c.Rec3. Fine mapping was performed by direct sequencing using single
nucleotide polymorphism (SNP) markers that were polymorphic between B6 and NZB. All
animal protocols were approved by the Institutional Animal Care and Use Committee of the
University of Florida.

cGVHD induction
bm12-cGVHD was induced according to an established protocol (14) Briefly, 50–80 × 106

bm12 splenocytes were injected i.p. into 2- to 4-mo-old mice. In some experiments, 2 × 107

magnetic bead-purified CFSE-labeled bm12 CD4+ T cells were injected i.v. into B6 or
B6.Sle2c2 mice. Groups of at least five recipient mice were sacrificed 2, 7, and 21 d after
transfer, when splenocytes were assessed by flow cytometry and serum autoantibodies by
ELISA, as previously described (17).

The T cell-induced GVHD in BM-reconstituted lethally irradiated hosts (BM-GVHD) was
induced according to a previously published protocol (21). Briefly, lethally irradiated (1000
rad) B6 and B6.Sle2c2 mice (10 mice per strain) were reconstituted by i.v. injection with 107

BM cells combined with 107 purified splenic T cells (mouse pan-T Dynabeads; Invitrogen)
from BALB/c mice. Survival and skin clinical scores were monitored for 50 d following
induction. Skin involvement was scored on a 0–4 scale, as previously described (22).

The parent-into-F1 (PF1) model of acute GVHD (aGVHD) was induced according to a
previously published protocol (23). Briefly, 5 × 107 splenocytes from either B6 or B6.Sle2c2
mice were i.p. injected into (B6 × DBA/2)F1 mice (BDF1). The BDF1 recipients were
sacrificed 2 wk later and analyzed for spleen lymphocyte numbers and activation.

Flow cytometry
Briefly, cells were first blocked with anti-CD16/CD32 (2.4G2), and then stained with
pretitrated amounts of the following FITC-, PE-, allophycocyanin-, or biotin-conjugated
Abs: CD4 (RM4-5), CD69 (H1.2F3), CD44 (IM7), CD62L (MEL-14) B220 (RA3-6B2),
CD86 (GL1), CD80 (16-10A1), CD22.2 (Cy34.1), I-ab (AF6-120.1), CD11b (M1/70),
CD11c (HL3), L6C/G (GR-1/RB6-8C5), or isotype controls, all from BD Biosciences (San
Diego, CA). Biotin-conjugated Abs were revealed by streptavidin-PercP-Cy5a. Cell staining
was analyzed using a FACSCalibur (BD Biosciences). At least 30,000 events were acquired
per sample, and dead cells were excluded based on scatter characteristics.

Dendritic cell phenotypes and MLR
The number and activation phenotypes of CD11b+CD11c+ dendritic cells (DCs) were
evaluated in the spleen of 10-wk-old mice after collagenase digestion, as previously
described (24). Splenic DCs and CD4+ T cells were isolated by positive and negative
selection, respectively, according to the manufacturer’s instructions (Miltenyi Biotec). The
purity averaged 75% for DCs and 91% for CD4+ T cells. B6 or B6.Sle2c2 DCs were mixed
with bm12 CD4+ T cells (106 cells/ml/well) at either 1:5 or 1:10 ratio, and cultured in RPMI
1640 medium supplemented with 10% FBS for 72 h. Proliferation in the last 24 h was
measured by the addition of 10 μM BrdU.

BM chimeras
BM chimeras were performed, as previously described (25). Briefly, irradiated (1000 rad)
B6.Sle2c2 recipient mice received 107 T cell-depleted BM cells from each of two donor
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strains, as shown in Table I (2 × 107 cells in group 2 with a single donor strain). cGVHD
was induced in the chimeras with 7 × 107 splenocytes 2 mo after reconstitution, and the
mice were analyzed 3 wk later.

Statistics
Statistical analyses were performed with GraphPad Prism4, using two-tailed unpaired t tests
or Bonferroni’s multiple comparison tests when several groups were compared.
Nonparametric statitistics were also performed and yielded the same results. Graphs show
means and SEMs, and statistical significance is represented as *p < 0.05, **p < 0.01, and
***p < 0.001.

Results
The telomeric region of Sle2 contains a suppressive locus to alloreactive T cell-induced
cGVHD

When bm12-cGVHD was compared between B6.Sle2 and B6 mice, we found unexpectedly
that all cGVHD phenotypes were significantly lower in B6.Sle2 than in B6 mice 3 wk after
bm12 splenocyte transfers. This included splenic expansion (Fig. 1A), serum anti-dsDNA,
and antichromatin IgG (Fig. 1B, 1C), CD4+ T cell (Fig. 1D, 1E), and B cell (Fig. 1F–I)
activation. Previous studies with Sle2 subcongenic intervals have suggested the existence of
a suppressor locus in the telomeric portion of Sle2 (11, 12). Accordingly, we assessed the
two telomeric B6.Sle2c subcongenic strains, B6.Sle2c1 and B6.Sle2c2, for cGVHD
responses. The most centromeric Sle2c1 interval that is associated with B1a cell expansion
(11) produced cGVHD responses identical to B6 (data not shown). In contrast, B6.Sle2c2
mice produced cGVHD responses that were significantly lower than B6 for all phenotypes,
and even significantly lower than B6.Sle2 for autoantibody production (Fig. 1B, 1C), CD4+

T cell activation (Fig. 1D, 1E), and I-Ab expression on B cells (Fig. 1G). These data showed
that the NZB-derived Sle2c2 locus (Fig. 2) prevents lymphocyte activation and autoantibody
production induced by alloreactive T cells.

We investigated whether the suppressive activity of Sle2c2 was restricted to the bm12-
cGVHD model by adapting another GVHD model (BM-cGVHD) that was induced by
allotypic BALB/c T cells introduced into lethally irradiated mice reconstituted with BALB/c
BM (21). As expected, B6 developed alopecia, but none of the B6.Sle2c2 mice did (Fig. 3A,
3B). Furthermore, survival and the overall percentage of symptom-free mice were
significantly lower in B6 than in B6.Sle2c2 mice (Fig. 3C, 3D). Overall, these results
demonstrate that Sle2c2 strongly suppresses cGVHD induced by alloreactive T cells.

cGVHD resistance occurs late in the response of B6.Sle2c2 mice
To better dissect the mechanisms of Sle2c2 resistance, cGVHD was induced with purified
CFSE-labeled bm12 CD4+ T cells. As shown in Fig. 4A–G, bm12-CD4+ T cells induced the
expected cGVHD phenotypes 3 wk after transfer in B6 mice, but not in B6. Sle2c2 mice,
with differences similar to what was observed with transfer of whole splenocytes. This
indicated that Sle2c2 suppresses CD4+ T cell alloreactivity or its consequences, without the
requirement of other bm12 cell types.

To determine whether cGVHD induction fails in B6.Sle2c2 mice, or alternatively, if it
initiates normally, but is not sustained, we assessed the time course of the bm12-cGVHD
response. Cohorts of five mice per strain were evaluated 2, 7, and 21 d after transfer of
bm12-purified CD4+ T cells. No difference was observed for any of the cGVHD phenotypes
in unmanipulated age-matched mice (Fig. 4). Spleen weight significantly increased in both
strains by day 2 (p < 0.001) and continued to increase in B6, but dipped to pre-cGVHD
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weight by day 21 in B6.Sle2c2 mice (Fig. 4A). Anti-dsDNA and antichromatin IgG were
produced by both strains at day 7, although to a lower level in B6.Sle2c2 mice, but
continued to increase at day 21 only in B6 mice (Fig. 4B, 4C). Activation of recipient B
cells, indicated by CD22.2 and I-ab upregulation, increased similarly in both strains at days 2
and 7, but diverged significantly by day 21 to pre-cGVHD levels in B6. Sle2c2 mice (Fig.
4D, 4E). The same results were obtained for CD86 (data not shown). The activation of host
CD4+ T cells followed the same pattern, with significantly lower levels of CD69 expression
in B6.Sle2c2 mice only at day 21 (Fig. 4F). The percentage of CD62L+CD44− naive
recipient CD4+ T cells decreased progressively in both strains from day 2 to 7, although to
significantly lower levels in B6.Sle2c2 mice, and then reverted in that strain to a level that
was even higher than in unmanipulated mice by day 21 (Fig. 4G). The proliferation of bm12
CD4+ T cells was similar in both hosts at d 2 (Fig. 4H). However, the percentage of the
bm12 CFSE+ CD4+ T cells was significantly lower in B6. Sle2c2 than in B6 recipients (Fig.
4I). This indicated that allorecognition occurred to a similar extent in both host strains, but
alloreactive T cells represented a smaller proportion of the total T cells in B6.Sle2c2 mice,
either due to their decreased survival or, conversely, to a proportionally greater expansion of
B6 host CD4+ T cells.

To confirm that alloreactive T cell responses were intact in B6. Sle2c2 mice, we used the
PF1 model of aGVHD. In this model, naive parental strain T cells transferred into F1 mice
differentiate into antihost CTL specific for host MHC class I that eliminate host
lymphocytes, particularly splenic B cells (23). Splenocytes from either B6 or B6.Sle2c2
mice induced similar aGVHD in BDF1 mice, as measured 2 wk after transfer by an elevated
number of T cells, an elimination of the B cells, and an increased CD4+ and B cell activation
(Supplemental Fig. 1). These results indicate that the alloreactive CTL response is intact in
B6.Sle2c2 mice. Overall, these results showed that B6 and B6.Sle2c2 mice have identical
lymphocyte activation patterns before cGVHD induction, and that bm12 CD4+ T cells
trigger alloreactive responses in both strains, which are not sustained in B6.Sle2c2 mice.

cGVHD resistance requires Sle2c2 expression in non-B non-T BM-derived cells
To determine which cell type is responsible for Sle2c2 cGVHD resistance, we produced
mixed BM chimeras in which the expression of the B6 and Sle2c2 alleles was controlled in
B cells, T cells, or non-B non-T BM-derived cells (Table I). Groups 1 and 2 were chimera
controls reconstituted with BM-derived cells from either B6 and B6.Sle2c2, or B6.Sle2c2
mice only, respectively. In group 3 B6 alleles were expressed only in non-B non-T BM-
derived cells, whereas in group 4 B6 alleles were expressed in B cells and in non-B non-T
BM-derived cells, and in group 5 B6 alleles were expressed in T cells and in non-B non-T
BM-derived cells. bm12-cGVHD was induced in these chimeras 2 mo after BM
reconstitution, and phenotypes were examined 3 wk later. As shown in Fig. 5, the expression
of B6 alleles in non-B non-T BM-derived cells was sufficient to break the resistance to
cGVHD and significantly increase all phenotypes examined as compared with chimeras
controls in which all BM-derived cells express only the Sle2c2 alleles (compare groups 2
and 3). The expression of B6 alleles in B or T cells did not amplify the cGVHD phenotypes
conferred by the expression of B6 alleles in only non-B non-T BM-derived cells. Indeed, the
amplitude of the cGVDH response in either group 4 or 5 did not reach that of group 3, and T
cell activation was actually significantly lower in group 4 than 3 (Fig. 5G, 5I). Our data even
suggest that the B6 allele of Sle2c2 expressed in either B or T cells may have a weak
protective effect, that is stronger when expressed in both B and T cells, which would explain
the weak cGVHD phenotypes obtained in group 1 mice (Fig. 5). This experiment
demonstrates that expression of the NZB allele of Sle2c2 in non-B non-T BM-derived cells,
which are largely myeloid cells, controls cGVHD resistance in B6.Sle2c2 mice.

Xu et al. Page 5

J Immunol. Author manuscript; available in PMC 2011 July 8.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



To evaluate whether among the non-B non-T cells, dendritic cells (DCs) mediated the
bm12-cGVHD resistance, we first determined their number and activation after cGVHD
induction with whole splenocytes. There was no difference between the number, percentage,
or activation of B6 and B6.Sle2c2 DCs 3 wk after induction (Fig. 6A–C). Because donor
DCs could not be distinguished from host DCs in that experiment, we evaluated the DC
compartment following induction with purified CD4+ T cells. In both B6 and B6.Sle2c2
mice, the percentage of splenic CD11c+ CD11b+ DCs initially decreased, but whereas it
continued decreasing in B6 mice, it stabilized in B6.Sle2c2 mice (Fig. 6D). In contrast, DC
activation levels remained fairly constant in B6. Sle2c2 mice, whereas they increased in B6
mice, resulting in a significant difference 21 d after induction (Fig. 6E). Similar results were
obtained with CD11b+CD11c− GR-1− macrophages (data not shown). B6 or B6.Sle2c2 DC
function was evaluated by their ability to induce bm12 CD4+ T cells to proliferate in vitro
(Fig. 6F). At a 1:5 DC:T cell ratio, bm12 T cells proliferated significantly more in response
to B6.Sle2c2 than to B6 DCs, whereas there was no difference at a 1:10 ratio. These results
suggest that DC hyporesponsiveness is unlikely to be responsible for cGVHD resistance in
B6.Sle2c2 mice.

cGVHD resistance maps to a 6-Mb interval on the telomeric end of Sle2
We have generated two recombinants within the Sle2c2 interval to further map the bm12-
cGVHD resistance (Fig. 2). The Sle2c.Rec3 interval resulting from a centromeric
recombination event between rs27493953 and rs27499949 was bred to homozygozity.
Sle2c.Rec3a was obtained from a recombination event on one chromosome of Sle2c.Rec3
between rs13477959 and rs13477964. It was therefore NZB/B6 heterozygous between
rs13477964 and D4Mit72 and centromeric to rs13477964 up to rs13477959.

bm12-cGVHD was induced in B6.Sle2c.Rec3 and B6.Sle2c. Rec3a mice comparatively to
B6 and B6.Sle2c2 controls. As shown in Fig. 7, the results were unambiguous with the
B6.Sle2. Rec3 mice failing to show splenic expansion (Fig. 7A), produce anti-dsDNA IgG
(Fig. 7B), or upregulate CD69 on CD4+ T cells and I-ab on B cells (Fig. 7C, 7D). The same
results were obtained for CD44 expression on CD4+ T cells; CD22.2, CD80, and CD86
expression on B cells; and antichromatin IgG (data not shown). This located the Sle2c2
critical interval containing the gene responsible for cGVHD resistance between rs13477959
and D4Mit72. This interval is gene rich with 106 RefSeq genes. Among these genes, Csf3r
encodes for the G-CSFR and rs13477964 corresponds to a nonsynonymous G > A SNP that
results in a Ser379 Asn amino acid change in exon 10. A recent study has shown that the
expression level of the G-CSFR regulates GVHD in mice (18). None of the other genes has
a known function related to either autoimmunity of GVHD, making Csf3r the top candidate
gene for Sle2c2. Interestingly, the Csf3r gene region corresponds to a ~30-Kb haplotype
block of identity between B6 and NZW (including rs13477964), but contains 16
polymorphic SNPs between B6 and NZB (http://phenome.jax.org/SNP/). We found that the
level of Csf3r transcripts was similar between B6 and B6.Sle2c2 spleens (data not shown),
which corroborates the absence of published polymorphisms between NZB and B6 in the
promoter region.

Amino acid 379 of the G-CSFR is not conserved between primates and rodents
(Supplemental Fig. 2A) and is located outside of the solved structure in both the human
(Brookhaven Protein Data Bank [PDB]: 2D9Q-B) and mouse (PDB: 1CD9-B) proteins (26).
According to the Conserved Domain Database (27), the I337 to E429 region of G-CSFR
contains a putative fibronectin III domain (FNIII; Supplemental Fig. 2B), which is a
structure found in ~2% of all animal extracellular and intracellular proteins, including
membrane-spanning cytokine receptors, growth hormone receptors, tyrosine phosphatase
receptors, and adhesion molecules (28). When blasted against the primary protein sequences
available in the PDB, the G-CSFR’s FNIII domain showed 30% sequence similarity to the
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FNIII domain of the IL-6R gp130 (PDB: 3L5H). To investigate the potential role of the
Ser379Asn in the function of the G-CSF3R, we constructed a homology model of the
receptor using the SWISS-MODEL web service (29), which suggested that aa 379 is
exposed to the solvent and may interact with the receptor ligand, other parts of the G-CSFR,
or other surface proteins (Supplemental Fig. 2C). An in silico glycosylation analysis
performed with NetNGlyc 1.0 (www.cbs.dtu.dk/services/NetNGlyc) predicted Asn379 is not
glycosylated; however, the homology model showed that it is in close proximity to a highly
probable glycosylation site at aa 408 (Supplemental Fig. 2B). Overall, these data do not
predict an obvious functional change associated with this nonsynonymous mutation, but do
not exclude that rs13477964 or other yet unidentified polymorphisms in this gene are
responsible for the NZB allele cGVHD resistance.

G-CSF is a growth factor for GR-1+ (Ly6G/C) granulocytes, and a recent study has shown
that CD11b+ GR-1+ MDSCs suppressed GVHD (19). We therefore compared the status of
the GR-1+ cell populations (Fig. 8A) relative to cGVHD induction between B6 and
B6.Sle2c2 mice. The CD11b− GR-1+ cells followed a similar pattern between the two
strains, initially decreasing and going back to pre-cGVHD levels by day 21 after induction
in B6, but not in B6.Sle2c2 mice (Fig. 8B). The percentage of granulocytic CD11b+ GR1high

MDSCs was significantly higher in B6.Sle2c2 than in B6 mice before cGVHD induction,
but normalized to similar levels in both strains after induction (Fig. 8C). The percentage of
monocytic CD11b+ GR1low MDSCs was also significantly higher in B6.Sle2c2 than in B6
mice before cGVHD induction, but dramatically increased in B6, but not in B6.Sle2c2 mice
(Fig. 8D). Finally, we observed a higher level of activation, as indicated by I-ab and CD86
expression, in GR-1+ cells in B6. Sle2c2 mice, most notably at day 2 after cGVHD induction
(Fig. 8E, 8F). Overall, these results show differences between B6 and B6.Sle2c2 GR1+ cells
before or early in the cGVHD response.

Discussion
This study demonstrates the existence of a NZB-derived suppressor locus at the telomeric
end of the Sle2 lupus susceptibility locus. We used an induced model of lupus to
demonstrate the suppressive activity of Sle2c2. Our previous results involving this region
crossed either to the Sle1/Sle3 combination (11) or to Fas deficiency (12) strongly suggest
that this suppressor locus is also effective in spontaneous lupus. These results predict that
the combination of Sle1/Sle2/Sle3 could be rendered more pathogenic by the elimination of
Sle2c2, which we are currently testing. A close proximity of susceptibility and suppressive
loci, such as the one that we have revealed for Sle2c1 and Sle2c2, has been previously
described as gene masking in the NOD model of type I diabetes (30), and is likely to
represent a frequent occurrence in the genetic architecture of complex traits. Other
suppressive loci have been identified in various mouse models of lupus (4, 7, 8). With
exception of the Coronin 1A gene, which affects the strength of the T cell synapse (9), and
Sles1, which has been mapped to a small H-2–linked region, very little has been achieved
toward the identification of the suppressor genes and the mechanisms by which they confer
protection.

Sle2c2 suppressed not only the lupus-like phenotypes in the classic bm12-cGVHD model,
but also in the fully allotypic T cell-induced BM-cGVDH. This indicates that Sle2c2
suppressed either the induction or maintenance of alloreactive T cell responses or their
consequences. Our time course analysis of cGVHD responses and in vitro MLR results
showed that alloreactive responses are initiated normally in Sle2c2-expressing mice, but that
they are not maintained. Our BM-chimera experiments showed that the expression of B6
alleles in BM-derived nonlymphoid cells was sufficient to restore normal cGVHD
responses, and suggest that Sle2c2 resistance is mediated by the same type of cells in which
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the B6 allele is dominant. To our knowledge, these results establish for the first time the
involvement of nonlymphoid cell population in the bm12-cGVHD models. We have ruled
out macrophages and DCs to be the most likely cell population responsible for Sle2c2
resistance first because their number and activation status is not affected by Sle2c2
expression before and in the early stage of cGVHD induction, and second because bm12
CD4+ T cells strongly respond to Sle2c2-expressing DCs. We propose that MDSCs are
strong candidates for mediating Sle2c2 expression. In addition to the BM nonlymphoid
origin of the cells in which Sle2c2 is functionally expressed, several lines of evidence
support this hypothesis. First, MDSCs expanded in vitro with G-CSF or GM-CSF have
potent immunosuppressive functions of alloreactive T cells and suppress GVHD in vivo
(19). Second, we have found that contrary to lymphocytes, Sle2c2 expression was associated
with an expanded population of MDSCs in unmanipulated mice and with a different
response of this cell compartment to cGVDH. The greatest difference was found for
monocytic GR-1low MDSCs, which have been recently associated with the greatest
suppressive activity of the proliferation of allogenic CD8+ T cells in a tumor model (31) and
syngeneic CD4+ T cells in the lupus-prone MRL/lpr mice (32). The respective roles of
GR-1high and GR-1low MDSCs in Sle2c2-mediated cGVHD resistance will have to be
addressed directly with adoptive transfers. Third, Csf3r, the gene encoding for the G-CSFR,
maps to Sle2c2, and its NZB allele carries multiple known mutations, including a
nonsynonymous mutation in the extracellular domain. The NZB genome is poorly
characterized, and genomic sequencing of the NZB allele of Csf3r may reveal additional
mutations. Altered G-CSFR function could affect either the size or the function of MDSCs.
The potential role of MDSCs in autoimmunity is still largely unexplored. A recent study
reported an increased percentage of MDSCs in the blood and kidneys of MRL/ lpr mice with
disease progression (32). This corroborates our findings of an expanded GR-1low MDSC
population in B6 mice with established cGVHD, and the hypothesis that inflammation
drives the expansion of MDSCs (20). We hypothesize that Sle2c2 cGVHD resistance is
mediated through the MDSC population existing at the initiation of the CD4+ T cell
alloreactive response, and therefore, the increase seen in B6 mice with the cGVHD
progression is a secondary effect of the inflammatory process.

Increased G-CSFR expression on DCs induced by total body irradiation exacerbated GVHD
through an amplification loop involving IFN-γ production by NKT cells (18). In contrast,
the anti-inflammatory properties of G-CSF in regulating T cell tolerance have now been well
documented (33), with G-CSF treatment preventing or ameliorating several mouse models
of immune-related diseases. Among these studies, it was shown that pre-treatment of B6
mice with G-CSF significantly reduced the severity of PF1 GVHD (34). Moreover,
preventive treatment with high doses of G-CSF reduced autoantibody production and renal
disease in MRL/lpr mice (35). Interestingly, low-dose treatment greatly accelerated the
disease process in the same strain. Overall, these studies strongly support Csf3r as the prime
candidate gene for Sle2c2, but cannot predict whether the NZB allele confers a gain or loss
of function because an increased G-CSF/G-CSFR signal has been associated with both
increased and decreased immune pathogenesis.

We have mapped Sles2, a NZW-derived suppressor of Sle1, to the same general region as
Sle2c2 (4). The quantitative trait locus mapping of Sles2 was performed at a low resolution,
and our work with the Sle1 locus (36) has shown that multiple loci can be closely linked.
Therefore, we cannot predict at this time whether Sles2 and Sle2c2 are allelic. If Csf3r is the
gene corresponding to Sle2c2, it is unlikely that it also corresponds to Sles2, as the region
containing this gene is highly conserved between B6 and NZW. Our results with the BM
chimeras and with the B6.Sle2c.Rec3a strain suggest that Sle2c2 suppression is recessive, as
coexpression of the B6 and NZB alleles was sufficient to restore B6-like cGVHD. Because
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Sles2 is also recessive (4), complementation experiments should be able to determine
whether these two suppressive loci correspond to the same gene.

In conclusion, we have identified a NZB-derived suppressor locus that prevents T cell-
induced autoimmune and cGVHD manifestations. We have mapped this locus to a small
region that contains the Csf3r gene, with a nonsynonymous mutation in the NZB allele, and
shown that suppression is not mediated by either B or T cells. The fact that this gene has
recently been implicated in the regulation of GVHD and our functional data on Sle2c2
suppression suggest a novel regulation of T cell-induced systemic autoimmunity through
myeloid-derived suppressor cells. The validation of Csf3r as the causative gene for Sle2c2
and the further characterization of the Sle2c2 MDSCs promise to unveil new mechanisms by
which lupus pathogenesis is regulated.
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Abbreviations used in this article

aGVHD acute graft-versus-host disease

BM bone marrow

cGVHD chronic graft-versus-host disease

DC dendritic cell

FNIII fibronectin III domain

GVHD graft-versus-host disease

MDSC myeloid-derived suppressor cell

MFI mean fluorescence intensity

NZB New Zealand Black

NZW New Zealand White

PDB Brookhaven Protein Data Bank

PF1 parent-into-F1

SLE systemic lupus erythematosus

SNP single nucleotide polymorphism
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FIGURE 1.
B6.Sle2 and B6.Sle2c2 mice are resistant to bm12-cGVHD induction. A, Spleen weight.
Anti-dsDNA (B) and antichromatin (C) IgG. Percentage of CD69+ (D)- and CD44+ (E)-
expressing CD4+ T cells. CD22.2 (F), I-Ab (G), CD86 (H), and CD80 (I) mean fluorescence
intensity (MFI) on B220+ B cells. Measurements were performed 3 wk after cGVHD
induction. The graphs show means and SEMs. All phenotypes were significantly different
between B6 and either B6.Sle2 or B6.Sle2c2. p < 0.001. Differences between B6.Sle2 and
B6.Sle2c2 mice are indicated when significant. *p < 0.05, ***p < 0.001.
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FIGURE 2.
Genetic map of the Sle2c2 locus. The Sle2 region located between 115 and 130 Mb is
shown, as well as the three Sle2c congenic intervals used in this study. The NZM2410
(NZB)-derived homozygous intervals are shown by black boxes flanked on each side by a
line indicating the area of recombination with the B6 genome in between the indicated
markers. The B6. Sle2c.Rec3a interval is defined by a recombination event that occurred on
one chromosome between rs13477959 and rs13477964. The region between rs13477964 and
D4Mit72 is heterozygous in that strain. The filled rectangles indicate the strains that showed
cGVHD resistance, and the open rectangle indicates the strain that showed a B6-like
cGVHD. This mapped the Sle2c2 critical interval between rs13477959 and D4Mit203.
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FIGURE 3.
The B6.Sle2c2 strain is resistant to BM-cGVHD induction. A, Representative B6 (left) and
B6.Sle2c2 mice 20 d after receiving BALB/c BM and T cells. The arrows point to alopecia-
affected areas. B, Progression of the skin semiquantitative clinical scores following
induction. Percentage of survival (C) and percentage of symptom-free mice combining skin
involvement and survival (D). The graphs show means and SEMs. The statistical
significance shown in graphs C and D corresponds to χ2 tests performed on values at the last
day of observation. *p < 0.05, ***p < 0.001.
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FIGURE 4.
cGVHD resistance occurs late in the response of B6.Sle2c2 mice. Phenotypes were analyzed
in cohorts of five mice sacrificed 2, 7, and 21 d after cGVHD induction with purified CFSE-
labeled bm12 CD4+ T cells and compared with age-matched unmanipulated mice. A, Spleen
weight. B, Serum anti-dsDNA IgG. C, Serum antichromatin IgG. Activation markers
CD22.2 (D) and I-ab (E) MFI on B cells. CSFEnegative host CD4+ T cell activation as
measured by CD69 (F) and naive markers CD62L+CD44− (G) expression. H, Percentage of
CFSE+ bm12 CD4+ T cells that have proliferated at day 2. I, CFSE+ bm12 CD4+ T cells
expressed as the percentage of total CD4+ T cells in host mice. The graphs show means and
SEMs. **p < 0.01, ***p < 0.001.
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FIGURE 5.
cGVHD resistance is maintained by non-B non-T BM-derived cells. cGVHD was induced
by bm12 splenocytes transferred into five groups of mixed BM chimeras described in Table
I (1, B6 + Sle2c2; 2, Sle2c2; 3, B6.Rag−/− + Sle2c2; 4, B6.Tcr−/− + Sle2c2; 5, B6.Igh6 +
Sle2c2). Phenotypes were analyzed 3 wk later. A, Spleen weight. B, Serum anti-dsDNA IgG.
C, Serum antichromatin IgG. Surface activation marker expression on splenic B cells (D–F)
and CD4+ T cells (G–I). The graphs show means and SEMs. *p < 0.05, **p < 0.01, ***p <
0.001.
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FIGURE 6.
cGVHD resistance in B6.Sle2c2 mice is not due to DC hyporesponsivess to alloreactive T
cells. Number (A), percentage (B), and I-ab expression (C) of CD11c+CD11b+ splenocytes 3
wk after cGVHD induction with bm12 splenocytes. Time course of the percentage of
CD11c+CD11b+ splenocytes (D) and their I-ab expression (E) after transfer of bm12 CD4+

T cells. F, bm12 CD4+ T cell proliferation induced by either B6 or B6.Sle2c2 DCs in 72-h
cocultures at a 1:5 and 1:10 DC:T cell ratio. Representative FACS plot of CD4+ gated
BrdU+ cells is shown on the left. The graphs show means and SEMs. *p < 0.05, ***p <
0.001.
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FIGURE 7.
cGVHD resistance maps to the ~6 Mb at the telomeric end of the Sle2c2 interval. cGVHD
was induced in the B6.Sle2c.Rec3 and B6.Sle2c.Rec3a strains with B6 and B6.Sle2c2 as
negative and positive controls, respectively. Spleen weight (A), serum anti-dsDNA IgG
production (B), CD69 expression on CD4+ T cells (C), and I-Ab MFI on B220+ B cells (D) 3
wk after induction. For each phenotype, Bonferroni’s multiple comparison tests showed a
significant difference between B6.Sle2c2 and either B6 or B6.Sle2c. Rec3a, but not with
B6.Sle2c.Rec3 values. p < 0.01. The graphs show means and SEMs.
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FIGURE 8.
Differential response of GR-1+ cells to cGVHD in B6 and B6.Sle2c2 mice. A,
Representative FACS plots showing the GR-1 and CD11b stains on B6 and B6.Sle2c2
splenocytes before and at day 21 after bm12 CD4+ T cell transfer. The three populations
evaluated in the study are shown as gates I–III. Percentage of CD11b− GR-1+ (B, gate I),
CD11b+ GR-1high (C, gate II), and CD11b+ GR-1low (D, gate III) splenocytes. I-ab (E) and
CD86 (F) expression on GR-1+ splenocytes. Filled symbols represent B6 values, and open
symbols represent B6.Sle2c2 values (mean and SEM of five mice per strain per time point).
Statistical significance values are between the two strains at specific time points. *p < 0.05,
***p < 0.001.
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