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Introduction
Systemic lupus erythematosus (SLE) is an autoimmune disease 
characterized by loss of tolerance to nuclear antigens, immune 
cell activation, autoantibody production, and multiorgan dam-
age. SLE is a complex disease involving the dysregulation of 
multiple immune cell lineages, and numerous cellular and 
genetic mediators of SLE pathogenesis have been elucidated. 
However, none have been so robustly recapitulated in multiple 
mouse models as components of the toll-like receptor (TLR) 
signaling pathways (1, 2). Among these, several components of 
the TLR signaling pathway have been identified as risk alleles in 
patients with SLE, including TLR7, TLR8, TLR9, IRAK1, IRAK4, 
OPN, and ACP1 (3–5).

TLRs are a family of conserved surface and endosomal pattern 
recognition receptors that can detect microbial products. Liga-
tion of TLRs culminates in the activation of transcription factors, 
including NF-κB and interferon regulatory factors. Genetic stud-
ies in murine models of SLE highlight the endosomal TLRs TLR7, 
TLR8, and TLR9 as critical regulators of SLE pathogenesis (1, 2). 
TLR7 and TLR8 are cellular sensors for ssRNA, whereas TLR9 
senses dsDNA (1, 6). We have previously shown that TLR7, TLR9, 
and their shared signaling adaptor MyD88 are indispensable for 
autoantibody production, with TLR9 driving anti-DNA antibodies 
(i.e., anti–double stranded DNA and anti-nucleosome) and TLR7 
driving anti–RNA antibody (i.e., anti-Sm) production (7, 8). Both 

anti–DNA and anti–RNA classes of autoantibody were absent in 
MyD88-deficient lupus-prone mice.

Genetic overexpression of Tlr7 is a driver of SLE pathogenesis 
and is a major contributor to disease in Y chromosome–linked auto-
immune accelerator–associated (Yaa-associated) models of dis-
ease (9). Moreover, genetic deletion of Tlr7 in the MRL/lpr mouse 
model of lupus resulted in ameliorated kidney disease and reduced 
immune activation (8). Strikingly, and in contrast to the prevail-
ing hypothesis at the time, global Tlr9 deficiency instead resulted 
in decreased survival with exacerbated nephritis and dermatitis, 
despite the loss of anti–DNA and specifically anti–nucleosome auto-
antibodies (8). Furthermore, Tlr9-regulated disease — manifested 
by worse disease in its absence — is dependent on Tlr7 (7). The pro-
tective role of Tlr9 in SLE was counterintuitive given that (a) TLRs 
are thought of as proinflammatory receptors, (b) TLR9 signaling is 
responsible for anti–DNA antibody production (8), which in turn 
was long thought to be a pathogenic mediator of disease, and (c) 
TLR9 signals similarly to TLR7, an accelerator of disease (10). Since 
the protective role of TLR9 in SLE was first reported, this finding 
has been confirmed in at least 7 models of lupus, including MRL/ 
lpr, MRL/+, B6/lpr, Ali5 B6, Nba2.Yaa, WASp, and pristane (11–17). 
In each of these models, when Tlr9 was deleted severity of renal dis-
ease was increased. In nearly all the lupus models examined, Tlr9 
deficiency led to a loss of anti–DNA autoantibodies.

Despite substantial research, it remains unclear why TLR9 and 
TLR7 have paradoxical effects on SLE pathogenesis, especially as 
these 2 receptors are thought to engage nearly identical downstream 
signaling pathways (10). Insights into this issue will be important 
for understanding lupus pathogenesis, designing lupus therapy, 
and possibly for understanding lupus patient heterogeneity. Impor-
tantly, deciphering why TLR7 and TLR9 play such different roles 
in SLE will provide basic insights into the biology of these critical 
TLRs and TLR signaling in general. One hypothesis to explain the 
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of lupus. Either over- or underexpression in B cells led to suppres-
sion or exacerbation of lupus phenotypes, respectively. Deletion 
of Tlr9 via any of the other tested Cre lines failed to show a phe-
notype, together suggesting that B cell TLR9 expression was both 
necessary and sufficient to modulate SLE pathogenesis.

Results
TLR9 is expressed in B cells, myeloid cells, and DC lineages. Previ-
ously, others and we demonstrated that global Tlr9 deficiency 
results in exacerbated disease in murine lupus. Employing a Cre-
lox approach, we set out to determine which hematopoietic cell 
type(s) mediated this acceleration/exacerbation of disease.

To date, a comprehensive analysis has not shown which cell 
lineages express TLR9 during autoimmunity, the process of which 
could alter or induce expression. Therefore, we evaluated TLR9 
expression in varying immune cell subsets in nonautoimmune and 
lupus prone prediseased and diseased MRL/lpr mice at the pro-
tein level using a relatively new antibody reagent (28). RNAseq 
data compiled on ImmGen from nonautoimmune mice suggested  
transcription of Tlr9 in DC, B cell, and monocyte subsets, but no 
detectable expression on T cell populations (29). We extended  
these data at the protein level by intracellular flow cytometry and 
further delineated TLR9 expression on specific lymphocyte and 
myeloid subsets (Figure 1). As expected, BALB/c mice had TLR9 
expression that correlated with the previously published tran-
scriptional data (29). Given that TLR9 expression may have been 
altered in the setting of autoimmunity, we aimed to determine if 
the expression patterns of autoimmune MRL/lpr mice differed 

dichotomous effects of TLR7 and TLR9 is that there are cell type–
specific roles for each TLR, and while TLR9 may be protective due 
to its effects in one cell type, TLR7 may accelerate disease due to its 
effects in another cell type. Alternatively, and nonexclusively, TLR9 
may regulate TLR7 in a cis fashion within the same cell type by com-
peting for shared rate-limiting downstream signaling components.

To unravel the mechanisms behind this unsolved paradox, a 
key step is to determine the cell-specific role of the TLRs in SLE 
— the goal of this study. Here, we evaluated the effects of TLR9 
expression in multiple target populations to identify which, if any, 
regulate SLE in a TLR9-dependent fashion. This was important 
because multiple hematopoietic cell lineages express TLR9 and 
could modulate disease. These cell lineages include B cells (18–
20), neutrophils (21, 22), macrophages (23, 24), DCs (25, 26), and 
plasmacytoid DCs (pDCs) (26, 27).

To address this, we generated 2 alleles to manipulate TLR9 
expression, allowing either selective deletion or overexpression 
using different cell type–specific Cre-expressing lines. These 
alleles were crossed onto appropriate autoimmune-prone genetic 
backgrounds for this study. We evaluated the effect of TLR9 loss 
using a conditional Tlr9 knockout (Tlr9fl) in B cells (CD19-Cre), 
DCs (CD11c-Cre), neutrophils (MRP8-Cre), and myeloid cells, 
both macrophages and neutrophils (LysM-Cre). Based on the 
results of these studies, we determined the reciprocal effect of 
Tlr9 overexpression in B cells. This strategy allowed us to delin-
eate the contributions of TLR9 signaling in various hematopoietic  
cell types in lupus pathogenesis. Indeed, we found striking cell 
type–specific dependence on Tlr9 expression for the regulation 

Figure 1. TLR9 is expressed on B cell, DC, and myeloid populations. Quantification of TLR9 MFI is shown for each of the defined populations representing 
TLR9–/– BALB/c (n = 5), BALB/c (n = 7), 5-week-old prediseased MRL/lpr (n = 5), and diseased 21-week-old MRL/lpr mice (n = 5). Scatter plots represent 
individual mice, with bars identifying mean and error bars representing standard deviations. **P < 0.01, as determined by ANOVA with Tukey’s multiple 
comparison test evaluating for differences within each cell type.
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lpr mice with global Tlr9 deficiency (7, 8), the CD19-Cre  
Tlr9fl/fl mice exhibited significant increases in proteinuria and 
exacerbated glomerular and interstitial nephritis compared 
with Cre– littermate controls (Figure 2, C–F). No differences in 
dermatitis were identified across genotypes (Figure 2G). Global 
Tlr9-deficient MRL/lpr mice exhibit pronounced splenomegaly 
and lymphadenopathy, while CD19-Cre Tlr9fl/fl mice exhibited 
modest but statistically significantly decreased lymph node 
weight compared with littermate controls and demonstrated 
no differences in spleen weight (Figure 2, H and I). This sug-
gests that the observed exacerbated renal disease is regulated 
at least in part independently of lymphoproliferation. To con-
trol for a possible effect of haploinsufficiency of CD19 (as the 
CD19-Cre is a knockin allele resulting in a deletion of 1 copy 
of CD19), CD19-Cre MRL/lpr mice were compared with MRL/ 
lpr WT mice for disease outcomes. CD19-Cre MRL/lpr mice 
did not exhibit any significant differences in renal disease,  
dermatitis, lymph node weight, or spleen weight (Supplemental 
Figure 1A).

B cell–specific TLR9 deletion alters the autoantibody response. 
Serum anti–nuclear antibody (ANA) profiles were significantly  
altered by B cell–specific Tlr9 deletion with complete loss of 
homogenous nuclear staining typical of anti–chromatin antibod-
ies and increased cytoplasmic, nucleolar, and fine-speckled stain-
ing indicative of RNA-related specificities (Figure 3, A and B), 
mirroring the ANA alterations previously documented in globally  
Tlr9-deficient lupus-prone strains (7). Consistent with the loss 
of homogenous staining pattern, the anti–nucleosome antibody 
titers were significantly reduced in the CD19-Cre Tlr9fl/fl group 
compared with controls. Titers of RNA-associated autoantibodies, 
such as anti-Smith and anti-RNA, remained unchanged (Figure 
3C). These autoantibody patterns were attributable to Tlr9 dele-
tion, as they were not observed in mice carrying the CD19-Cre 
allele alone (Supplemental Figure 1B). Thus, TLR9 expression in 
B cells is required for the development of autoantibodies to DNA- 
associated autoantigens.

Effects of B cell–specific TLR9 deletion on splenic T cell activa-
tion markers. CD19-Cre Tlr9fl/fl mice exhibited fewer CD19+ cells 
as a percentage of the total splenocytes (Supplemental Table 2), 
which is attributable to a concomitant increase in the frequency of  
double-negative T cells (not shown). Notably, Tlr9-intact control 
mice had increased percentages of CD44loCD62Lhi naive CD4 
and CD8 cells compared with CD19-Cre Tlr9fl/fl mice, suggest-
ing increased activation of the T cell population when B cells lack 
TLR9 (Supplemental Table 2). Since CD19-Cre Tlr9fl/fl mice had 
larger spleens, there was no net change in absolute cell number of 
naive CD4 and CD8 cells (Supplemental Table 3). Mice carrying 
the CD19-Cre allele without the Tlr9fl/fl genotype were not signifi-
cantly different from WT MRL/lpr mice in the T cell compartment 
or in any of the disease assessments (Supplemental Figure 1C).

Myeloid-specific TLR9 deficiency did not alter clinical param-
eters of SLE pathogenesis. Although the CD19-Cre Tlr9fl/fl mice 
recapitulated the exacerbated nephritis observed in global Tlr9- 
deficient MRL/lpr mice, it remained possible that Tlr9 expres-
sion in other cell lineages contributes to SLE pathogenesis. TLR9 
expression has been documented in myeloid lineages including 
cDCs, pDCs, neutrophils, and macrophages (10). Therefore, we 

from those of either preautoimmune (5-week-old MRL/lpr) or 
nonautoimmune mice (BALB/c). In all groups, the highest expres-
sion was observed in both DC lineages (cDC and pDCs), in which 
expression was 2.2- to 3.3-fold higher than in B cells. Within the B 
cell compartment, expression of TLR9 was similar in both mar-
ginal zone and follicular B cells (Figure 1). However, plasmablasts 
did not express TLR9 when compared with Tlr9–/– controls (not 
shown). Lack of Tlr9 mRNA expression in T cells was confirmed at 
the protein level, and despite reports to the contrary (30, 31), neu-
trophils did not exhibit TLR9 expression (Figure 1). BALB/c mice 
had statistically higher TLR9 expression in the cDC and macro-
phage compartments compared with diseased MRL/lpr mice. 
However, the overall pattern of TLR9 expression when compar-
ing cell types was the same among different mouse strains (Fig-
ure 1). Furthermore, preautoimmune MRL/lpr mice exhibited no 
significant differences in TLR9 expression compared with older 
diseased MRL/lpr counterparts (Figure 1).

Generation of a Tlr9 conditional allele. Based on prior stud-
ies highlighting B cell–specific MyD88 as a major driver of SLE 
kidney disease (32), we postulated that Tlr9 exerts its protec-
tive effects through its expression in B cells. Thus, to evaluate 
the role of Tlr9 in B cells, we generated a Tlr9-floxed allele and 
backcrossed it to the MRL/lpr lupus-prone background (Figure 
2A). We then generated homozygous MRL/lpr Tlr9fl/fl mice that 
were also heterozygous for CD19-Cre. Cre-negative Tlr9fl/fl litter-
mates served as a negative control in this cohort. Tlr9 deletion in 
CD19-Cre Tlr9fl/fl mice was assessed by qPCR of genomic DNA 
from FACS-sorted immune cell populations in 16-week-old mice. 
Tlr9 was efficiently deleted in B cells (96.3% allele deletion) (Sup-
plemental Table 1; supplemental material available online with 
this article; https://doi.org/10.1172/JCI132328DS1). As expect-
ed, TLR9 deletion was more than 10% in all other immune cell 
populations (Supplemental Table 1). Consistent with effective 
Tlr9 DNA deletion, CD19-Cre Tlr9fl/fl B cells stimulated with CpG 
DNA demonstrated significant reduction in IgM secretion com-
pared with controls (Figure 2B).

B cell–specific deletion of TLR9 results in acceleration of 
murine SLE. To evaluate the impact of cell lineage–specific 
Tlr9 deletion on disease state, several pathologic indicators of 
disease were assessed in 16-week-old mice. Similar to MRL/ 

Figure 2. B cell–specific TLR9 deficiency results in exacerbated renal 
disease. (A) Schematic representation of Tlr9 floxed allele generation. 
Exons (open rectangles), LoxP sites (black triangles), FLP recombinase tar-
get sites (block open arrowheads) are also shown. (B) Sorted B cells from 
control or CD19-Cre Tlr9fl/fl mice were stimulated with CpG ODN 1826 (5 μg/
mL) for 3 days and IgM secretion was quantified by ELISA (n = 2 per group). 
Scatter plots display data from individual mice with black lines showing 
means. **P < 0.01 using the 2-tailed Student’s t test. Phenotypic markers 
were assessed in 16-week-old MRL/lpr mice from each indicated genotype, 
including (C) proteinuria, (D) glomerular renal disease, (E) interstitial and 
perivascular renal infiltrates, with (F) representative images of H&E kidney 
sections from mice of indicated genotype, where black arrowheads indi-
cate interstitial inflammation and white arrows show glomeruli. Additional 
phenotypic endpoints were assessed for each noted genotype including 
(G) dermatitis, (H) spleen weight, and (I) lymph node weight. Controls: 
n = 24–31; CD19-Cre Tlr9fl/fl: n = 19–24. Scatter plots display data from 
individual mice with black lines showing median values. *P < 0.05, 2-tailed 
Mann-Whitney U test.
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is no Cre line that specifically and efficiently targets all macro-
phage subpopulations. Therefore, we employed LysM-Cre, which 
is predominantly expressed in macrophages and neutrophils, and 
MRP8-Cre, which is predominantly expressed in neutrophils, to 
deduce the differential contribution of macrophage and neutro-

examined 3 additional promoter-driven Cre lines with myeloid 
tropism to assess the effect of TLR9 in myeloid lineages on clin-
ical parameters and immune activation, including autoantibody 
production, in SLE. We used CD11c-Cre to delete TLR9 in cDCs 
and pDCs, and MRP8-Cre to target neutrophils. To date, there 

Figure 3. B cell–intrinsic deletion of TLR9 alters autoantibody patterns. (A) Representative HEp-2 ANA staining patterns from serum of control or 
CD19-Cre Tlr9fl/fl mice. Arrows indicate mitotic chromatin staining. Original magnification ×200. (B) Frequency of ANA staining patterns produced by sera 
from control and CD19-Cre Tlr9fl/fl mice with numbers in the circles indicating the number of mice analyzed. Patterns were compared using χ2 analysis. (C) 
Serum concentrations of anti–nucleosome, anti–Sm, and anti–RNA IgG of control (n = 27) and CD19-cre Tlr9fl/fl (n = 19), as measured by ELISA. Scatter plots 
display data from individual mice with black lines showing median values. ****P < 0.0001, 2-tailed Mann-Whitney U test.
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phil TLR9 in lupus. For each cohort, mice were 
homozygous for the Tlr9fl allele and either het-
erozygous or negative for the indicated Cre.

LysM-Cre was previously reported to target 
a reporter gene in 80% of polymorphonuclear 
cells, 40%–50% of inflammatory monocytes, 
and 30%–40% of splenic macrophages (33). 
To assess the deletion of Tlr9 in our MRL/lpr 
system, we used quantitative PCR (qPCR) of 
genomic DNA prepared from FACS-sorted 
splenocytes. In LysM-Cre Tlr9flfl mice, deletion 
of TLR9 evaluated by qPCR on genomic DNA 
was 58.2% in macrophages (CD11b+F4/80+), 
69.3% in neutrophils (CD11b+Ly6G/C+), 26.5% 
in cDCs, and less than 15% in other assessed 
lymphoid lineages (Supplemental Table 1). 
Notably, these efficiencies may underestimate 
deletion in tissue-resident macrophages, since 
targeting rates of 90% or more were report-
ed for LysM-Cre in peritoneal and alveolar  
macrophages (33).

We assessed clinical parameters of SLE 
in LysM-Cre Tlr9fl/fl mice, including renal dis-
ease, dermatitis, and lymphoproliferation. No 
differences in dermatitis were identified across 
genotypes (Figure 4A). A trend toward reduced 
proteinuria (P = 0.057) was observed in LysM-
Cre Tlr9fl/fl mice when compared with Cre– lit-
termate controls. This trend toward improved 
proteinuria in the setting of Tlr9 deficiency is 
opposite of what is seen in global Tlr9 deficien-
cy. Moreover, we did not identify differences in 
either glomerulonephritis or interstitial disease 
(Figure 4A). Lymph node and spleen weights 
were similar among all genotypes (Figure 4A). 
No changes in autoantibody formation were 
observed in these mice (Figure 5A), nor did Tlr9 
deletion by LysM-Cre alter the composition 
of the myeloid or lymphoid compartments in 
MRL/lpr mice (Supplemental Table 2).

Although we observed no basal expression 
of TLR9 in neutrophils in MRL/lpr mice (Figure 

Figure 4. Myeloid-specific TLR9 deficiency does 
not alter clinical parameters of SLE pathogenesis. 
Evaluation of phenotypic markers of disease including 
proteinuria, glomerulonephritis, interstitial and peri-
vascular renal infiltrates, dermatitis, spleen weight, 
and lymph node weight for the indicated Cre lineages. 
(A) Tlr9fl/fl versus LysM-Cre Tlr9fl/fl, n = 37–38 and n = 
36 per group, respectively. (B) Tlr9fl/fl versus MRP8-Cre 
Tlr9fl/fl, n = 40 per group, and (C) Tlr9fl/fl versus CD11c-
Cre Tlr9fl/fl, n = 26 and n = 32 per group, respectively, for 
phenotypic markers and n = 22 and n = 29 for histologic  
scoring. Scatter plots display data from individual 
mice, with black lines representing median values. No 
comparisons were statistically significant by 2-tailed 
Mann-Whitney U test.
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deletion resulted in exacerbated disease, we hypothesized that 
TLR9 overexpression would result in ameliorated disease. To test 
this hypothesis, we created what we believe to be a novel murine 
model in which a Tlr9 conditional allele was targeted to the rosa26 
locus (Figure 6A). The targeted allele has a floxed region compris-
ing EGFP, a neomycin resistance cassette, and a transcription-
al stop sequence, which is followed by HA-tagged TLR9. Upon 
Cre-mediated recombination, the floxed region is excised, result-
ing in loss of eGFP and Tlr9 overexpression driven by the rosa26 
promoter. The absence of eGFP denotes successful recombination 
and serves as a surrogate for TLR9 expression.

As B cell–specific loss of Tlr9 resulted in exacerbated dis-
ease, we chose to overexpress Tlr9 in the B cell lineage using the 
CD19-Cre allele. The TLR9 overexpresser strain is referred to as 
CD19-Cre RosaTlr9. Tlr9 gene expression was 2.0 ± 0.15-fold higher 
in FACS-sorted B cells from CD19-Cre RosaTlr9 mice compared 
with control mice, as measured by qPCR (Figure 6B), and the 
HA-tagged TLR9 was found in both the cleaved and uncleaved 
forms (Figure 6C). To test the function of the RosaTlr9 conditional  
allele, CD19-Cre RosaTlr9 B cells were stimulated with varying 
doses of TLR9 agonist CpG ODN 1826, which resulted in a 1.7- to 
2.5-fold increase in IgM secretion (Figure 6D). Using EGFP as a 
surrogate for TLR9 expression, the percentage of B cells escap-
ing the complete TLR9 overexpression phenotype was found to 
be 16% ± 9% (Figure 6E). This is of particular importance, as B 
cell escape has been responsible for altered or loss of phenotype 
in several other genetic deficiency models of SLE. Previously, 
selective pressure in the CD19-Cre Myd88fl/fl mice and CD19-Cre 
MHCIIfl/fl mice resulted in only 50% and 29% of AFCs, respec-
tively, having deletion of target genes, compared with 90% of 
naive B cells (32, 38). This suggests that autoreactive B cells 
without protective mutations undergo increased expansion and 
differentiation. Despite this technical caveat, we aimed to deter-
mine whether even incomplete overexpression of TLR9 in B cells 
would result in altered disease.

We generated homozygous MRL/lpr RosaTlr9 mice that were 
also heterozygous for CD19-Cre. In these experiments, CD19-
Cre–negative littermates served as controls. Indeed, as hypoth-
esized, B cell–specific Tlr9 overexpression ameliorated disease 
in MRL/lpr mice. CD19-Cre RosaTlr9 mice exhibited a significant 
reduction in proteinuria and glomerulonephritis but no dif-
ference in interstitial disease (Figure 7, A and C–E). There was 
no difference between the groups in dermatitis, splenomegaly, 
or lymphadenopathy (Figure 7, B, F, and G). The composition 
of both the lymphoid and myeloid compartments was similar 
among all the groups (Supplemental Table 2). CD19-Cre RosaTlr9 
mice demonstrated no change in serum anti–nucleosome auto-
antibodies (Figure 7H); nonetheless, they exhibited a modest but 
significant decrease in anti–RNA antibodies (Figure 7I). Notably, 
the ratio of anti-nucleosome/RNA antibodies within each ani-
mal was increased in B cell–specific Tlr9-overexpressing mice 
(Figure 7J), suggesting that the balance between TLR7 and 9 sig-
naling had been altered.

To further confirm our findings in the MRL/lpr background 
and to determine whether overexpression of TLR9 could protect 
against a TLR7-driven disease, we crossed the RosaTlr9 allele to 
the B6.Fcgr2b–/–.Yaa SLE model. In this model, the Yaa modifier 

1, F and G), we felt it prudent to evaluate the role of neutrophil Tlr9 
in lupus, given numerous reports suggesting Tlr9 is expressed and 
functional in neutrophils (22, 34, 35). Using a neutrophil-specific 
Cre (MRP8-Cre), Tlr9 deletion efficiency was 90.6% in neutro-
phils, with only minor effects on other cell lineages (Supplemental 
Table 1). No alteration of pathophysiology in the MRP8-Cre Tlr9fl/fl  
mice was noted when compared with littermate controls for any 
of the assessed parameters, including renal disease, dermatitis, 
and lymphadenopathy or splenomegaly (Figure 4B). MRP8-Cre 
Tlr9fl/fl mice did exhibit mildly reduced anti-nucleosome titers. 
However, no differences were observed for anti–Sm and anti–RNA 
autoantibodies (Figure 5B). Tlr9 deletion in neutrophils did not 
substantially alter the composition of the myeloid or lymphoid 
compartments. Minor but significant alterations were observed in 
the CD4+ T cell compartment with an increase in the percentage 
of CD4+ T cells, as well as naive CD4+ T cells within the CD4+ T 
cell compartment (Supplemental Table 2). None of these minor 
changes would be explanatory of the global Tlr9 deletion pheno-
type of exacerbated disease.

pDCs and cDCs express high amounts of TLR9 protein and 
mRNA compared with other cell types (Figure 1). pDCs have 
been implicated in SLE pathogenesis as major producers of type 1 
IFNs following stimulation by TLR7 or TLR9. To assess the role of  
these lineages in TLR9-mediated SLE pathogenesis, we crossed 
the Tlr9fl allele to the CD11c-Cre allele on the MRL/lpr background.  
The CD11c-Cre depleted greater than 90% of Tlr9 alleles as  
assessed by qPCR in sorted cDCs and pDCs. As previously report-
ed, this Cre line can be promiscuous and also targets B cells (33, 36).  
In accordance with these data, we observed 93.2% deletion effi-
ciency in plasmablasts, and 62.8% allele deletion in the B cell com-
partment. Despite the extensive deletion of Tlr9 in pDCs, cDCs, 
and plasmablasts, the CD11c-Cre Tlr9fl/fl mice did not exhibit signif-
icant alterations in any of the measured clinical parameters of SLE, 
including proteinuria, glomerulonephritis, interstitial inflammation, 
dermatitis, or lymphoproliferation (Figure 4C). CD11c-Cre Tlr9fl/fl 
mice had a substantial reduction in anti–nucleosome antibodies (a 
subtype of anti–DNA antibody) and an altered ANA pattern, com-
parable to the antibody pattern observed in CD19-Cre Tlr9-deplet-
ed mice (Figure 5, C and D, and Figure 3). This is consistent with 
extensive deletion of Tlr9 mediated by CD11c-Cre in plasmablasts. 
There was also a significant increase in plasmablasts in CD11c-Cre  
Tlr9fl/fl mice, despite high deletion levels in this compartment, consis-
tent with prior data (ref. 37 and Supplemental Tables 1 and 2).

B cell–specific overexpression of TLR9 ameliorates disease in 
murine SLE. Given that suppression of TLR9 signaling via genetic  

Figure 5. Alterations in autoantibody production after Tlr9 deletion in 
myeloid cell lineages. Serum concentrations of anti–nucleosome, anti–
Sm, and anti–RNA IgG from (A) Tlr9fl/fl versus LysM-Cre Tlr9fl/fl, n = 37 and 
n = 36 per group, (B) Tlr9fl/fl versus MRP8-Cre Tlr9fl/fl, n = 40 and n = 39, 
respectively, per group, and (C) Tlr9fl/fl versus CD11c-Cre Tlr9fl/fl, n = 22 and n 
= 29 per group respectively. Scatter plots display data from individual mice 
with black lines representing median values. *P < 0.05; ****P < 0.0001, 
2-tailed Mann-Whitney U test. (D) Frequency of ANA staining patterns 
produced by sera from control (Tlr9fl/fl) and CD11c-Cre Tlr9fl/fl mice, with 
numbers in the circles indicating the number of mice analyzed. *P < 0.05; 
****P < 0.0001, using χ2 analysis.
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deficiency. Despite the broad expression pattern of Tlr9 (and the 
use of multiple Cre lines that targeted lineages including B cells, 
DCs, neutrophils, and macrophages), only B cell–specific Tlr9 
deficiency resulted in acceleration of lupus nephritis. Further, we 
found that in 2 independent models of SLE, Tlr9 overexpression 
in the B cell compartment resulted in ameliorated renal disease. 
Taken together, these results identify B cells as a primary and pos-
sibly unique site of TLR9-based regulation of multiple aspects of  
lupus-like autoimmunity.

Specific promoter-driven Cre lines commonly used to target 
immune cell lineages in fact affect multiple lineages and also often 
affect only a fraction of the intended target cells, making inter-
pretation more complicated. Moreover, not all target floxed loci 
are equally affected by a given Cre line (42). Here we have been 
careful to directly measure the extent of deletion in relevant lin-
eages using qPCR of genomic DNA to help clarify conclusions. In 
addition, our strategy of using multiple Cre lines that inevitably 
overlap is helpful when taking the data together for interpretation.

From these data we can conclude that TLR9 expression in 
both pDCs and cDCs is not likely to be important in regulating 
lupus in MRL.Faslpr mice. Deletion was extensive in both lineages  
using the CD11c-Cre, yet no significant clinical effects were 
observed. A potential complication of CD11c-Cre is substantial 
off-target effects in B lineage cells, in particular plasmablasts. But 
as our CD19-Cre mice did show a phenotype, while the CD11c-Cre 
did not, we can conclude that TLR9 expression in pDCs and cDC 
TLR9 does not contribute to disease regulation. Neutrophils were 
also extensively targeted by LysM-Cre, yet we saw no effect on dis-
ease. This was corroborated by the MRP8-Cre mice that targeted 
neutrophils with reasonable efficiency but much more specifically. 
From these 2 crosses we can conclude that neutrophil-expressed 
TLR9 is also unlikely to regulate lupus.

The role of Tlr9 in macrophages is harder to interpret, since 
only one Cre (LysM) affected them, and then only to a partial 
degree. This Cre line is reported to variably affect macrophages 
depending on their location, so it is conceivable that there was 
more extensive deletion in some tissue macrophages that we 
did not assay (33). Nonetheless, it remains possible that macro-
phage-expressed TLR9 could still regulate disease in addition to 
B cell–expressed TLR9. This will not be resolvable until the advent 
of Cre lines with both greater efficiency and specificity within 
the macrophage lineages. Additionally, our data do not rule out a 
role for Tlr9 in nonhematopoietic lineages. However, recent work 
showed that Tlr9 expression on renal tubular epithelial cells pro-
motes acute kidney injury, albeit in a nonautoimmune model, sug-
gesting parenchymal Tlr9 is likely not renal-protective (43).

The importance of TLR regulation in B cells, though supported 
by other data, was not completely anticipated. For example, TLR7 
overexpression in cDCs was identified as an important driver of 
nephritis in 2 different B6-based models (44, 45). However, over-
expression can show what is sufficient, but does not necessarily 
pinpoint what is happening at more physiological levels of expres-
sion. In our case, to the extent that TLR7 is constrained by TLR9, 
deletion of TLR9 in cDCs was not sufficient to drive more disease 
in a model where global TLR9 deletion was sufficient to drive dis-
ease in a TLR7-dependent manner (7). Nonetheless, others and we 
do identify a unique role for DCs per se in promoting nephritis (25, 

that harbors a duplication of TLR7 is responsible for amplifying 
the lupus pathology in the Fcgr2b–/– mouse strain (39). Similar 
endpoints were assessed in 24-week-old male mice, with the 
exception of dermatitis, which is not a feature of this genetic 
background. As with the MRL/lpr model, Fcgr2b–/–.Yaa- RosaTlr9 
mice had a significant decrease in renal disease, as assessed 
by proteinuria and glomerulonephritis; in addition, they also 
demonstrated reduced interstitial nephritis (Figure 8, A–D). 
Spleen and lymph node weight remained unchanged, recapitu-
lating the data from the MRL/lpr model (Figure 8, E and F, and 
Figure 7, F and G). There was no observed difference in auto-
antibody production, although all antibodies were observed at 
much lower titers than in the MRL/lpr model (Figure 7 and data 
not shown). Altogether, our results demonstrate that the severe 
glomerulonephritis manifested in Fcgr2b–/–.Yaa mice due to a 
2-fold increase in TLR7 was ameliorated by a 2-fold overexpres-
sion of TLR9 in B cells.

One potential mechanism for the regulation of TLR7 by 
TLR9 is that TLR9 may suppress TLR7 at the transcriptional 
level. To assess this, TLR7 mRNA was measured in the B cells 
of TLR9-deficient and -overexpressing mice. Although TLR9 
mRNA was expressed at 2-fold-increased levels in the overex-
pressing mice, there was no effect on the expression of TLR7 
(Supplemental Figure 2).

Discussion
The roles of TLRs and MyD88 have been well established in 
numerous models of SLE as well as in patients with SLE (1, 2, 
40, 41). A major unsolved puzzle with respect to TLR signals 
and disease pathogenesis is why and how TLR9 actually protects 
from disease, even as it promotes the hallmark lupus-associated 
anti–chromatin antibody response. To gain further insight into 
this paradox, we examined the cell type–specific effects of Tlr9 

Figure 6. Generation and validation of a conditional TLR9 overexpres-
sion allele. (A) Diagram of the TLR9 overexpression plasmid and insertion 
into the rosa26 locus. The plasmid contains 2 rosa26 homology arms 
flanking the expression vector. The vector is composed of a floxed region 
(demarcated by black triangles) containing eGFP, a Neo cassette, and a 
transcriptional stop sequence. This floxed sequence is followed by an 
HA-tagged Tlr9. PGK-DTA was used as a negative selection marker for ES 
cells; bPA represents the bovine growth hormone polyadenylation site. The 
top panels show the targeting plasmid and rosa26 locus, and the bottom 
2 panels show the RosaTlr9 locus before and after Cre-mediated excision. 
(B) qPCR analysis of TLR9 expression in sorted B cells from control (n = 7) 
and CD19-Cre RosaTlr9 mice (n = 4) mice. (C) Representative Western blot 
showing TLR9-HA expression in CD19-Cre RosaTlr9 mice but not control 
mice. Sorted B cells were immunoprecipitated (IP) with isotype control 
antibody (rat IgG1) or anti–HA antibody and immunoblotted with anti–HA 
antibody. Arrows depict the full-length (FL-TLR9) and cleaved (C-TLR9) 
forms of TLR9. (D) Sorted B cells from control and CD19-Cre RosaTlr9 mice 
were stimulated with CpG ODN 1826 (at indicated concentrations) for 3 
days and IgM secretion was measured by ELISA. Scatter plots display data 
from individual mice, with black lines showing means. (E) Left shows rep-
resentative FACS plots showing GFP expression in CD19+ (red) and TCRβ+ 
cells derived from CD19-Cre RosaTlr9 mice, with the right panel showing 
summary data from CD19-Cre+ and Cre-negative RosaTlr9 mice (n = 42 and 
n = 46, respectively). For tabulated data, each dot denotes an individual 
mouse and horizontal lines represent the mean and standard deviation. *P 
< 0.05; **P < 0.01; ****P < 0.0001 using Student’s t test.
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findings (13). However, we note that this model depends on the 
loss of a single gene that is not implicated in lupus (in contrast to 
our multigenic MRL model) and, most importantly, that this loss 
of WASp was itself restricted to B cells in this model. The use of 
a model driven solely by the loss of a single gene in B cells may 
render it as a foregone conclusion that TLR expression in B cells 
would also be important in this context. For these reasons, it would 
be hard to generalize from this model to more polygenic models in 
which multiple cell types play a role in pathogenesis. Nonetheless, 

45). Previously, we deleted MyD88 in B cells and found markedly 
reduced disease. This indicated that proinflammatory TLR effects 
in B cells were important (32). Presumably, these were driven by 
TLR7 in the B cell, though that has yet to be directly tested. Our 
current results nicely complement these prior studies by showing 
that TLR9 is required in the B cell to restrain disease.

Previously, using a Wiskott Aldrich syndrome protein (WASp) 
model of autoimmunity, Jackson et al. showed that B cell–intrinsic 
loss of TLR9 resulted in exacerbated disease, consistent with our 

Figure 7. B cell–specific overexpression of Tlr9 results in ameliorated renal disease and altered antibody profile in MRL/lpr mice. CD19-Cre RosaTlr9 MRL/lpr 
and Cre-negative RosaTlr9 MRL/lpr controls were aged until 19 weeks (female) and 21 weeks (male). Phenotypic markers were assessed, including (A) protein-
uria, (B) dermatitis, (C) glomerular renal disease, and (D) interstitial and perivascular renal infiltrates, with (E) representative images of H&E kidney sections 
from mice of indicated genotypes, where black arrowheads denote interstitial inflammation and white arrows show glomeruli. Original magnification ×200. 
Additionally, (F) spleen weight and (G) lymph node weight were assessed as markers of lymphoproliferation. Serum concentrations of (H) anti–nucleosome, (I) 
anti–RNA antibody formation, and (J) ratio of anti–nucleosome/anti–RNA antibodies of RosaTlr9 controls (n = 45) and CD19-Cre RosaTlr9 (n = 46). Scatter plots 
display data from individual mice with black lines showing median values. *P < 0.05; **P < 0.01; ***P < 0.001, 1-tailed Mann-Whitney U test.
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and murine studies suggest that IgM anti–dsDNA antibodies are 
protective (60–62). Hence it remains an intriguing possibility that 
some TLR9-driven antibodies actually have a dominant protec-
tive effect, perhaps by promoting autoantigen clearance, partly 
explaining the regulatory role of TLR9.

Although TLR9 overexpression had a significant protective 
effect in 2 models of disease, the extent of this protection may 
have been limited by some technical aspects of the model system 
used. Both TLR9 overexpression alleles were not expressed in an  
average of 15.6% of the B cells, so there were some B cells that 
lacked the suppressive effect; these cells could have dominantly 
promoted disease, for example by serving as APCs for autore-
active T cells. There is precedent for this effect from escapee B 
cells when CD19-Cre was used to conditionally delete MHCII 
in MRL/lpr mice (38). Second, expression of 2 copies of the Rosa 
allele resulted in only a 2-fold increase in expression of TLR9; 
even higher expression of TLR9 may have had greater protective 
effects. It is theoretically possible that the CD19-Cre allele and 
consequent CD19 haploinsufficiency may confer some protec-
tive effects, potentially accounting for some of the ameliorated 
disease in the CD19-Cre RosaTlr9 mice. However, there was no sig-
nificant disease amelioration or effects on any measured immu-
nologic parameter when the CD19-Cre allele was studied alone 
in the MRL/lpr background. These data suggest that the effects of 
CD19-Cre per se in ameliorating disease in the context of promot-
ing TLR9 overexpression would be limited, and thus, based on the 
data we have available, we conclude that TLR9 overexpression has 
a protective role in models of SLE.

In summary, we have delineated the role of B cell–specific  
TLR9 in SLE pathogenesis. B cell–specific Tlr9 deficiency is a 
disease accelerator in SLE pathogenesis. Further, our study is 
unique in demonstrating that B cell–specific Tlr9 overexpression 
resulted in ameliorated renal disease. These conclusions relate 
to emerging human studies demonstrating that B cells from 
lupus patients are hyporesponsive to TLR9 stimulation (63, 64). 
Our studies in turn suggest that TLR9 hyporesponsiveness in the 
B cells of these patients may represent loss of a protective mech-
anism, which results in initiation and/or potentiation of autoim-
munity. Our findings further suggest the counterintuitive notion 
that TLR9 agonism may suppress lupus. Systemically adminis-
tered TLR9 agonists have been used in the clinic in the context 
of cancer treatment, and were generally well tolerated (65, 66). 
It may be feasible to devise a strategy to deliver such agonists just 
to B cells or even to DNA-specific B cells. Hence, understanding 
how discrete cell populations regulate lupus may allow for more 
targeted therapeutic design.

Methods
Flow cytometry. Flow cytometry was performed as previously 
described (67). Spleens were processed via mechanical dissociation 
and lysed using ammonium-chloride-potassium buffer (prepared in 
house). Cells were resuspended in phosphate buffered saline (PBS) 
with 3% calf serum and the FcR-blocking antibody 2.4G2. Ethidium 
monoazide (EMA) or Ghost 510 (Tonbo) was used for live-dead dis-
crimination. Cells were fixed in 1% paraformaldehyde or Cytofix/
Cytoperm (BD Biosciences) where appropriate. Flow cytometry was 
performed on a BD Biosciences LSRII and cell sorting on BD FACS 

agreement of disparate murine models tends to support the rele-
vance of the basic mechanisms elucidated in the model systems.

Our studies, along with others, suggest that B cells that 
respond to TLR ligands control not just autoantibodies, but also 
nephritis and T cell activation. This conclusion comes from results 
of manipulating MyD88, TLR7, or TLR9 in B cells (13, 32), which 
should affect only nucleic acid–specific B cells, yet has broad global  
effects on disease. These considerations in turn imply there is a 
mechanism of tissue pathogenesis that stems from initial activa-
tion of nucleic acid–specific B cells.

At the molecular level, TLR9 likely regulates TLR7 in the same 
B cell, consistent with in vitro data suggesting disparate roles for 
TLR7 and TLR9 in B cell–specific activation, proliferation, death 
and differentiation upon stimulation of both BCR and TLR (37, 46). 
Specifically, studies of TLR signaling in the B cell compartment 
suggest that TLR9 stimulation limits expansion of autoreactive B 
cell populations (46) and is required for spontaneous peripheral 
activation of anti-DNA B cells, as well as their differentiation into 
Ab-producing cells (37, 47). Therefore, the observed Tlr9 protective 
effect we observe herein may be due, at least in part, to regulation 
of these autoreactive B cells. It has also been suggested that TLR9 
competes with TLR7 for the chaperone Unc93b that is required for 
proper processing, transport, and expression of both TLRs, and that 
in the absence of TLR9, there is enhanced TLR7 activity (48–52). 
However, these studies have been conducted in cell lines or using 
global mutations in vivo. Most studies of TLR9 signaling per se 
have focused on macrophages, although studies in pDCs and one 
study in B cells suggests marked cell type specificity in the nature 
of the signaling pathways (53–55). These differences could underlie 
in part why we observed only a regulatory role in vivo in B cells. Our 
implication of TLR9 as a key regulator operating directly in B cells 
emphasized the importance of studying TLR9-TLR7 interactions 
in B cells, which have been scarcely investigated to date (53).

TLR9 could also be regulating TLR7-driven autoimmunity in 
trans, by promoting the production of protective anti–chromatin 
antibodies. This concept may seem to disagree with the consen-
sus in the lupus field that anti–DNA and related autoantibodies 
are disease mediators (56, 57). However, the current study and 
our prior work suggest that this may not always be the case. First, 
B cell–specific Tlr9-deficient mice exhibit exacerbated disease, 
despite the fact that they do not produce any anti–nucleosome 
antibodies. Similar observations were made in the context of 
global Tlr9 deficiency in multiple murine mouse models of SLE 
(11–17). It is thought that the specific loss of anti–nucleosome 
antibodies likely is due to the fact that the BCR and TLR9 recep-
tors signal in concert and loss of TLR9 prevents the second signal 
needed for the BCR ligation to result in autoantibody production 
(58). Additionally, Tlr9 overexpression ameliorated disease with-
out a concomitant change in anti–nucleosome antibodies and 
only a slight decrease in anti–RNA antibodies. Of interest in this 
regard from the current work is the observation that both CD19-
cre and CD11c-Cre Tlr9fl/fl mice exhibit a loss of dsDNA antibod-
ies, but only CD19-Cre mice exhibit ameliorated pathology. This 
unlinking of the autoantibody response from end-organ damage 
is consistent with some prior results, for example that lupus-prone 
mice that cannot make circulating autoantibodies but do have B 
cells still develop lupus nephritis (59). Moreover, some human 
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ular architecture, segmental /global sclerosis). Interstitial nephritis 
was scored on a scale of 1 to 4 in a blinded manner (1, minimal inflam-
mation [lymphocytes and plasma cells] confined to the perivascular 
area; 2, expansion of inflammation throughout the interstitial space 
but maintained in discrete area; 3, diffuse infiltrates in over 40% of 
high-powered fields; 4, diffuse infiltrate throughout the entire intersti-
tial space). Dermatitis was scored based on the extent of dermatitis on 
the dorsum of the neck and back. The macroscopic surface area was 
scored from 0 to 5 for an affected area up to 9.1 cm2, with up to 1 addi-
tional point for the presence of ear (a quarter point each) and muzzle 
(a half point) dermatitis.

Antibodies used for FACS staining. Antibodies used for FACS sur-
face and intracellular staining were as follows: IA/E-PE (BioLegend, 
M5/114.15.2), Bst-2-biotin (in-house conjugated, 927), CD11c-PE/Cy7 
(BD Pharmingen, HL3), CD45R-APC/Cy7 (BD Pharmingen, RA3-6B2), 
SiglecH-Al647 (eBioscience, eBio440c), CD19-Pacblue (in-house con-
jugated, 1D3.2), Ly6G-Al488 (in-house conjugated, 1A8), Gr1-PE/Cy7 
(BioLegend, RB6-8C5), Gr1-PE (BioLegend, RB6-8C5), CD11b-APC/
Cy7 (BioLegend, M1/70), CD11b-PE (BioLegend, M1/70), F4/80-
Al647 (in-house conjugated, BM8), F4/80-APC (BioLegend, BM8), 
CD44-Al488 (in-house conjugated, 1M7), CD44-APC-Cy7 (BioLeg-
end, 1M7), TcRβ-APC/Cy7, (BioLegend, H57-597), TCRβ-PE/Cy7, (Bio-
Legend, H57-597), CD62L-PE/Cy7 (BioLegend, Mel-14), CD8-Al647 
(in-house conjugated, TIB 105), CD4-PE (in-house conjugated, GK1.5), 
CD138-PE (BD Pharmingen, 281-2), CD19-AI647 (in-house conjugat-
ed, 1D3.2), kappa-Al488 (in-house conjugated, 187.1), and Ly6B.2-Fitc 
(AbD Serotec, 7/4). TLR9-PE (BD Pharmingen J15A7).

Mice. A conditional allele of TLR9 was generated using homol-
ogous recombination in ES cells by Ingenious Targeting Laboratory  
(Figure 2A). Mice carrying the TLR9 floxed allele (TLR9fl/fl) were 
crossed to MRL-MpJ-Faslpr/J (Jackson Laboratory) 10 times. CD11c-Cre 
(69) and CD19-Cre (70) mice were backcrossed to MRL-MpJ-Faslpr/J  
as previously described (32), and LysM-Cre (Jackson Laboratory) and 
MRP8-Cre (Jackson Laboratory) were backcrossed to MRL-MpJ-Faslpr/J  
at least 9 generations. Experimental cohorts were generated by inter-
crossing individual promoter-driven Cre+ TLR9fl/fl with TLR9fl/fl MRL-
MpJ-Faslpr/J mice and were aged to the indicated time points. To gen-
erate mice conditionally overexpressing TLR9, HA-tagged TLR9 was 
knocked into the Rosa26 locus (R26 FL ST TLR9-HA+/+ referred to as 
RosaTlr9) as described in Figure 6 and ref. 71, and were backcrossed to 
MRL-MpJ-Faslpr/J for 7 generations. Resulting offspring were crossed 
to CD19-Cre MRL/lpr mice to generate the experimental cohort. To 
delineate the effect of B cell overexpression of TLR9 in lupus disease, 
R26 FL ST TLR9 HA+/+ mice were also crossed to B6.FcγRIIB–/–.Yaa 
mice (a gift from Silvia Bolland NIAD, NIH, Rockville, Maryland, USA) 
and the resulting progeny crossed to CD19-Cre mice to generate the 
experimental cohort. Disease pathology was evaluated in male mice at 
24 weeks of age. BALB/c mice controls were purchased from Jackson 
Laboratory and TLR9–/– of mixed genetic background (72) were bred 
to BALB/c in our colony.

Statistics. Statistics were calculated in GraphPad Prism by 1- or 
2-tailed Mann-Whitney U test or Student’s t test, and χ2 tests were used 
as indicated throughout. P values are represented as *P < 0.05, **P < 
0.01, ***P < 0.001, ****P < 0.0001.

Study approval. All work was approved by the Institutional Ani-
mal Care and Use Committees of the University of Pittsburgh and 
Yale University.

Aria II. Analysis was performed in FlowJo 10. Surface and intracellular 
staining antibodies are listed below.

Measurement of serum antibodies. HEp-2 immunofluorescence 
assays (Antibodies, Inc. or Bio-Rad) were performed as previously 
described (8) with serum diluted at 1:200. Images were captured on a 
Zeiss LSM 510 microscope and processed in Adobe Photoshop. Anti–
nucleosome, anti–Sm, and anti–RNA concentrations were measured 
by ELISA as previously described (68). Specific antibodies were 
detected with alkaline phosphatase–conjugated goat anti–mouse 
IgG (Southern Biotech [1030-04]). The monoclonal antibodies Y2, 
BWR4, 400tμ23, or PL2-3 (in-house) were used as standards for the 
anti–Sm, anti-RNA, rheumatoid factor, and anti–nucleosome mea-
surements respectively.

qRT-PCR. For assessing deletion efficiency of TLR9, qRT-PCR 
was performed on genomic DNA extracted from purified cells. The 
amount of TLR9 in each sample was normalized to the unaffected  
gene IL-10 or GAPDH. Primer sequences are as follows: TLR9 for-
ward 5′ ACTCCGACTTCGTCCACCT, reverse 5′ GGCTCAATG-
GTCATGTGGCA; IL-10 forward 5′ ATAACTGCACCCACTTCCCA, 
reverse 5′ GTCCTGCATTAAGGAGTCGG; GAPDH forward 5′ 
TCCCACTCTTCCACCTTCGA, reverse 5′ AGTTGGGATAGGG-
CCTCTCTT. qRT-PCR was performed with Agilent Brilliant II SYBR 
Green qPCR kit on a Stratagene Mx3000P or Roche LightCycler 96.

Ex vivo stimulation. To assess TLR9 functionality, splenocytes 
from the indicated mice as noted in individual figures were isolated  
as per flow cytometry methods, with the exception that all media 
was azide free. Splenic single-cell suspensions were sorted using a 
BD FACS Aria II. Isolated B cells were plated at a concentration of 
250,000 cells per well in a 96-well plate. Cells were stimulated with 
the indicated concentration of CpG DNA, CpG ODN 1826 (Hokkai-
do System Science) for 72 hours. Supernatants were collected at 72 
hours and used for anti–IgM ELISA as described (59).

Evaluation of clinical disease. Proteinuria was measured by Albustix 
strips (Bayer). Kidneys were formalin-fixed, paraffin-embedded, and 
H&E-stained. Glomerular and interstitial nephritis were scored by 
a pathologist in a blinded manner. Kidneys were removed, bisected, 
formalin-fixed, paraffin-embedded, and H&E-stained. Glomerulone-
phritis was scored on a scale of 1 to 6 (1, normal kidney; 2, mesangial 
expansion and increased mesangial cellularity and patent capillary 
loops; 3, enlarged glomeruli with moderate endocapillary hypercel-
lularity; 4, 3+ with marked endocapillary hypercellularity and loss of 
patency of most capillary loops; 5, few glomeruli with necrosis [kary-
orrhexis] or few active [cellular or fibrocellular] or organized [fibrous] 
crescents; 6, many active [cellular or fibrocellular] or organized 
[fibrous] crescents, necrosis [karyorrhexis], obliteration of glomer-

Figure 8. B cell–specific overexpression of Tlr9 results in ameliorated 
renal disease and altered antibody profile in Fcgr2b–/–.Yaa mice. CD19-Cre 
RosaTlr9 Fcgr2b–/–.Yaa and Cre-negative RosaTlr9 Fcgr2b–/–.Yaa male controls 
were aged until 24 weeks. Phenotypic markers assessed included (A) pro-
teinuria, (B) glomerular renal disease, and (C) interstitial and perivascular 
renal infiltrates, with (D) representative images of H&E kidney sections 
from mice of indicated genotype, where black arrowheads indicate inter-
stitial inflammation and white arrows show glomeruli. Original magnifica-
tions ×40 and ×200; scale bar: 200 µm. Additionally, (E) spleen weight and 
(F) lymph node weight were measured as markers of lymphoproliferation. 
Scatter plots display data from individual mice, with lines showing median 
values. *P < 0.05; ****P < 0.0001, 2-tailed Mann-Whitney U test.
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