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Systemic autoimmune disease in humans and mice is characterized by loss of immunologic 

tolerance to a restricted set of self-nuclear antigens. Autoantigens, such as double-stranded 

(ds) DNA and the RNA-containing Smith antigen (Sm), may be selectively targeted in 

systemic lupus erythematosus because of their ability to activate a putative common 

receptor. Toll-like receptor 9 (TLR9), a receptor for CpG DNA, has been implicated in the 

activation of autoreactive B cells in vitro, but its role in promoting autoantibody production 

and disease in vivo has not been determined. We show that in TLR9-deficient lupus-prone 

mice, the generation of anti-dsDNA and antichromatin autoantibodies is specifically 

inhibited. Other autoantibodies, such as anti-Sm, are maintained and even increased in 

TLR9-deficient mice. In contrast, ablation of TLR3, a receptor for dsRNA, did not inhibit the 

formation of autoantibodies to either RNA- or DNA-containing antigens. Surprisingly, we 

found that despite the lack of anti-dsDNA autoantibodies in TLR9-deficient mice, there was 

no effect on the development of clinical autoimmune disease or nephritis. These results 

demonstrate a specific requirement for TLR9 in autoantibody formation in vivo and indicate 

a critical role for innate immune activation in autoimmunity.

 

Systemic lupus erythematosus (SLE) is the

prototypical human autoimmune disease. Al-

though the underlying causes of SLE remain

unknown, the characteristic loss of immuno-

logic tolerance to a restricted set of self-nuclear

antigens is a common and defining feature of

disease (1–3). Autoantibodies to macromolec-

ular complexes of protein and nucleic acid,

such as chromatin and small nuclear ribonucle-

oproteins (snRNPs), are predominant in SLE

patients; antibodies directed against the indi-

vidual components of double-stranded (ds)

DNA, histones, and the several Smith antigen

(Sm) polypeptides can also be found in many

lupus patients (4–6). Because the ubiquitous

autoantigens targeted in SLE all contain some

form of nucleic acid, it is possible that the ca-

nonical antinuclear antibodies of lupus arise

because these autoantigens can stimulate invari-

ant receptors that recognize conserved nucleic

acid determinants (3).

Toll-like receptors (TLRs) are a class of

germline-encoded receptors that can be activated

by pathogen-associated molecular patterns. They

are essential for the generation of adaptive im-

mune responses against a wide variety of micro-

bial components (7, 8). Recent evidence,

however, indicates that certain TLRs may also

be activated by nonmicrobial endogenous

ligands. TLR9, a receptor for hypomethylated

CpG DNA motifs (9), is expressed by B cells

in humans (10) and mice (9) and has been im-

plicated in the breakdown of immunologic

tolerance to self-nucleic acids in SLE. In vitro,

rheumatoid factor B cells proliferate in the

presence of chromatin-containing IgG im-

mune complexes; anti-dsDNA B cells similarly

respond to free chromatin. Both of these re-

sponses require signaling through TLR9 (11–13).

TLR3 is a receptor for dsRNA and is thought

to play a role in the immune response to RNA-

containing viruses (14). Although TLR3 has

not been directly linked to autoimmunity,

there is evidence that mRNA released from
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necrotic cells can activate signaling pathways downstream of

TLR3 (15). Moreover, the RNA-containing Sm and U1-

snRNP autoantigens contain stemloop and double-stranded

structures and may therefore represent endogenous TLR3

ligands (16). Such activation of TLR9 and TLR3 by the nu-

clear remnants of dying cells may focus the autoimmune re-

sponse on DNA and RNA antigens in lupus.

Despite several lines of intriguing in vitro data, there is as

of yet no direct in vivo evidence for a TLR-mediated mech-

anism of autoreactive B cell activation in SLE. Furthermore,

the relevance of TLR activation to autoimmune pathogenesis

and end organ disease has not been determined. In this re-

port, we have used the MRL/Mp

 

lpr/lpr

 

 murine lupus model to

investigate the requirements for TLR9 and TLR3 in autoan-

tibody production and clinical autoimmune disease. We find

that TLR9, but not TLR3, plays a critical role in determining

autoantibody specificity, as TLR9-deficient mice failed to

generate anti-DNA antibodies. However, the lack of TLR9

and resultant block of anti-DNA antibodies did not inhibit

clinical disease, indicating that multiple mechanisms, perhaps

mediated by other TLRs, contribute to SLE pathogenesis.

 

RESULTS
ANA profiles in TLR9- and TLR3-deficient mice

 

The inbred MRL/Mp mouse strain develops a lupus-like

syndrome marked by characteristic autoantibodies, dermati-

tis, nephritis, and early mortality, which are all accelerated in

the presence of the Fas

 

lpr/lpr

 

 mutation (17). To investigate the

role of TLR9 in autoimmune disease, we generated lupus-

prone TLR9-deficient (TLR9

 

�

 

/

 

�

 

) mice by making F2

crosses of TLR9

 

�

 

/

 

�

 

 mice and Fas-deficient MRL/Mp

 

lpr/lpr

 

mice. We selected those TLR9

 

�

 

/

 

�

 

 

 

�

 

 MRL/Mp

 

lpr/lpr

 

 F2 lit-

termates that were homozygous for Fas deficiency and either

wild-type TLR9 (TLR9

 

�

 

/

 

�

 

; 

 

n

 

 

 

�

 

 19) or TLR9

 

�

 

/

 

�

 

 (

 

n

 

 

 

�

 

 16)

mice. The heterogeneous genetic composition of the F2

generation was controlled with the use of large cohorts of

littermate controls such that background genes were evenly

divided between the two groups. Furthermore, the develop-

ment of autoimmunity in Fas-deficient mice has been docu-

mented on multiple genetic backgrounds (18). Similar

breeding strategies have been used previously to study the

effects of single genes on autoimmune disease (19, 20).

Because the fluorescent antinuclear antibody (ANA) as-

say is the most sensitive detection method for antibodies to a

variety of nuclear components in their native antigenic form

(21, 22), we used it as an initial measure of autoantibody

production in the serum of F2 mice. By classification of the

ANA staining pattern, we were able to determine the speci-

ficity of the autoimmune response and identify the dominant

autoantigens targeted by individual mice. Homogenous nu-

clear staining is known to correlate with anti-dsDNA anti-

bodies, whereas a coarsely speckled nuclear staining pattern

corresponds to antibodies directed against RNA-containing

antigens such as snRNPs or Sm (6, 23). Serum from 7 out of

Figure 1. TLR9-deficient sera lack anti-DNA and antichromatin 
staining patterns. (A) ANAs were determined in sera (1:200) from 20-wk-

old F2 mice. TLR9�/� sera are shown at the top (left, homogenous pattern; 

middle and right, speckled pattern); TLR9�/� sera are shown at the bottom 

(left and middle, speckled pattern; right, cytoplasmic pattern). Some 

TLR9�/� sera had predominantly speckled patterns superimposed on faint 

homogenous staining (middle). White arrows indicate cells in metaphase 

that demonstrate positive (top, TLR9�/�) or negative (bottom, TLR9�/�) 

chromatin staining. Original magnification, 400. (B) Digitally enlarged 

images of metaphase cells with positive (top, TLR9�/�) or negative (bottom, 

TLR9�/�) chromatin staining. (C) Serum ANAs were classified as nuclear 

homogenous, nuclear speckled, or cytoplasmic staining patterns. Black 

bars indicate TLR9�/� sera (n � 19), and white bars indicate TLR9�/� sera 

(n � 16). (D) As in C, but serum ANAs were classified as either positive or 

negative for mitotic chromatin staining. *, P � 0.02; **, P � 0.01; and

***, P � 0.0001 by Fisher’s exact test.
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19 TLR9

 

�

 

/

 

�

 

 mice exhibited homogenous nuclear staining,

whereas 0 out of 16 TLR9

 

�

 

/

 

�

 

 sera showed this pattern (Fig.

1, A and C; P 

 

�

 

 0.009, Fisher’s exact test), suggesting an im-

pairment in the generation of anti-dsDNA autoantibodies.

Moreover, equatorial staining of chromosomes in metaphase

cells, indicative of antichromatin antibodies, was observed in

17 out of 19 TLR9

 

�

 

/

 

�

 

 sera and 0 out of 16 TLR9

 

�

 

/

 

�

 

 sera

(Fig. 1, A, B, and D; P 

 

�

 

 0.0001). The high prevalence of

metaphase chromatin staining in TLR9

 

�

 

/

 

�

 

 sera presumably

reflects the presence of multiple different anti-DNA and an-

tinucleosome antibody specificities. TLR9

 

�

 

/

 

�

 

 mice were in-

capable of producing any of these autoantibodies.

In contrast to the lack of staining for anti-dsDNA and

antichromatin autoantibodies in TLR9

 

�

 

/

 

�

 

 sera, there was no

decrease in the proportion of mice with predominantly

speckled ANA patterns, though TLR9

 

�

 

/

 

�

 

 sera had a qualita-

tively different speckled pattern compared with TLR9

 

�

 

/

 

�

 

sera. Although wild-type sera demonstrated mixed speckled

and homogenous staining, TLR9

 

�

 

/

 

�

 

 sera had exclusively

speckled patterns in the absence of any superimposed ho-

mogenous staining (Fig. 1 A and not depicted). In addition,

TLR9

 

�

 

/

 

�

 

 sera had an increased incidence of primarily cyto-

plasmic staining compared with wild-type littermates (Fig. 1,

A and C; P 

 

�

 

 0.013), although the sera with cytoplasmic

patterns also stained nuclei in a faint speckled pattern. These

findings indicate that TLR9

 

�

 

/

 

�

 

 mice were capable of target-

ing the typical RNA-containing autoantigens of lupus and

account for the equivalence of quantitative ANA titers in the

two groups of mice (median titer 

 

�

 

1:2,000; unpublished

data). Furthermore, the distribution of ANA patterns in

TLR9

 

�

 

/

 

�

 

 mice suggests that in the absence of anti-DNA an-

tibodies, other autoantibody specificities are maintained and

may even become more prominent.

TLR3-deficient lupus-prone mice were generated by F2

crosses with MRL/Mp

 

lpr/lpr

 

 mice in an analogous fashion to

TLR9 mice. Unlike the TLR9 cohort, there was no differ-

ence in the distribution of either homogenous or speckled

nuclear ANA patterns between TLR3

 

�

 

/

 

�

 

 (

 

n

 

 

 

�

 

 15) and

TLR3

 

�

 

/

 

�

 

 (

 

n

 

 

 

�

 

 17) littermates (Fig. 2, A and C). In addition,

nearly all mice in both groups produced antibodies to chro-

matin, as evidenced by bright staining of metaphase chromo-

somes in mitotic cells (Fig. 2, A, B, and D). Because TLR3 is

a receptor for dsRNA and may be involved in the generation

of autoantibodies to RNA-containing antigens, we examined

speckled ANA staining patterns in TLR3

 

�

 

/

 

�

 

 sera but could

detect no difference in either the quality or intensity of stain-

ing for RNA-containing antigens. Both TLR3

 

�

 

/

 

�

 

 and

TLR3

 

�

 

/

 

�

 

 mice produced autoantibodies that stained nuclear

substrates with fine speckled, discrete speckled, and mixed

speckled/homogenous patterns (Fig. 2 A and not depicted).

Based on the ANA, the autoantibody profile of TLR3

 

�

 

/

 

�

 

mice was thus indistinguishable from wild-type littermates.

 

Lack of anti-dsDNA autoantibodies in TLR9-deficient mice

 

The loss of homogenous nuclear and mitotic chromatin

staining in TLR9

 

�

 

/

 

�

 

 sera implied a block in the generation

of autoantibodies to DNA-containing antigens; thus, we

sought to confirm this with a specific assay for anti-dsDNA

Figure 2. Unaltered ANA patterns in TLR3-deficient sera. (A) Serum 

ANAs were determined as in Fig. 1. TLR3�/� sera are shown at the top 

(left, homogenous pattern; middle and right, speckled pattern); TLR3�/� 

sera are shown at the bottom (left, homogenous pattern; middle and 

right, speckled pattern). White arrows indicate cells in metaphase that 

demonstrate positive chromatin staining. Original magnification, 400. 

(B) Digitally enlarged images of metaphase cells with positive chromatin 

staining. (C) Serum ANAs were classified as nuclear homogenous, nuclear 

speckled, or cytoplasmic staining patterns. Black bars indicate TLR3�/� 

sera (n � 15), and white bars indicate TLR3�/� sera (n � 17). (D) As in C, 

but serum ANAs were classified as either positive or negative for mitotic 

chromatin staining.
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antibodies. Indirect immunofluorescence on 

 

Crithidia luciliae

 

substrates is an established assay for the detection of anti-

dsDNA autoantibodies in SLE (24). Because the kinetoplast

organelle of 

 

C. luciliae

 

 is composed exclusively of circular ds-

DNA in the absence of single-stranded (ss) DNA, RNA, or

histones, the 

 

C. luciliae

 

 assay is clinically the most specific test

for antibodies to native dsDNA (25, 26). To further enhance

the detection of anti-DNA antibodies, we costained the 

 

C.

luciliae

 

 DNA with DAPI, thus permitting the differentiation

of irrelevant cytoplasmic structures from true staining of ki-

netoplast and nuclear dsDNA (Fig. 2 A).

Among the TLR9 F2 mice, a subset of TLR9

 

�

 

/

 

�

 

 sera

contained specific anti-dsDNA antibodies as detected by

strong staining of the 

 

C. luciliae

 

 kinetoplast, but these antibod-

ies were absent in sera from TLR9

 

�

 

/

 

�

 

 mice (Fig. 3, A and B;

P 

 

�

 

 0.0121, Mann-Whitney U test). 7 out of 19 wild-type

and 3 out of 16 TLR9

 

�

 

/

 

�

 

 sera were also found to have bor-

derline staining of dsDNA, as evidenced by a faint ring around

the kinetoplast (intensity score, 1; Fig. 3, A and B). It was un-

clear whether these staining patterns represented low-affinity

anti-dsDNA or nonspecific antibodies. We therefore analyzed

the incidence of anti-dsDNA using intensity scores of either

 

�0 or �1 as positive. With both methods of analysis, we ob-

served a significant reduction in anti-dsDNA antibodies in

TLR9�/� sera (P � 0.05, Fisher’s exact test). In contrast,

TLR3�/� mice appeared to have no impairment in the gener-

ation of anti-dsDNA autoantibodies, as there was no differ-

ence in the incidence or intensity of kinetoplast staining be-

tween TLR3�/� and TLR3�/� sera (Fig. 3 C). Thus, TLR9,

but not TLR3, was required for the generation of specific au-

toantibodies to dsDNA in the context of murine lupus.

Anti-Sm and anticardiolipin autoantibodies 
in TLR-deficient mice

Autoantibodies to Sm are exclusive to SLE and occur in

�25% of diseased humans and mice (27, 28). We performed

Western blots to detect antibodies against the protein compo-

nents of the Sm complex. Mice in both the TLR9 and TLR3

F2 cohorts generated antibodies reacting with a cluster of

bands in the 29–34-kD region of the gel, corresponding to

the complex of B and B� proteins (Fig. 4, A and B). As ex-

pected, TLR9�/� mice produced anti-Sm autoantibodies. In

fact, there was a significant increase in the proportion of

TLR9�/� mice with anti-Sm reactivity compared with

TLR9�/� littermates (Fig. 4, A and C; P � 0.0049, Fisher’s

exact test). We confirmed these findings with a solid phase

ELISA using purified whole Sm antigen as the target and

again found higher levels of anti-Sm autoantibodies in

TLR9�/� mice (Fig. 4 D; P � 0.0014, Mann-Whitney U

test). Consistent with the presence of speckled ANA patterns,

TLR3�/� mice also generated anti-Sm autoantibodies at fre-

quencies equivalent to their wild-type counterparts (Fig. 4,

B, C, and E). Thus, neither TLR9 nor TLR3 was required

for the production of autoantibodies to the RNA-containing

Sm antigen, even though, unexpectedly, there was a relative

increase in anti-Sm autoantibodies in TLR9�/� mice.

Antiphospholipid antibodies are also commonly found in

autoimmune disease and are associated with coagulation ab-

normalities and thrombosis (6). Because of the polyanionic

nature of the lipid antigen, antiphospholipid antibodies can

cross-react with DNA, and anti-DNA antibodies can like-

wise have dual specificity for lipids such as phosphati-

dylserine (29). To determine if TLR9 deficiency or the loss

of anti-dsDNA antibodies in TLR9�/� mice affected the

generation of antiphospholipid antibodies, we measured au-

toantibodies to cardiolipin, a prototypical phospholipid anti-

gen. We found that TLR9�/� mice developed serum titers

of anticardiolipin antibodies that were comparable to

TLR9�/� littermates (Fig. S1, available at http://www.jem.

org/cgi/content/full/jem.20050338/DC1), indicating that

anti-dsDNA and antiphospholipid antibodies are controlled

by separate mechanisms in these mice.

Figure 3. Reduced anti-dsDNA autoantibodies in TLR9�/� but not 
TLR3�/� mice. (A) Anti-dsDNA antibodies were detected by C. luciliae 

immunofluorescence. IgG antibodies to C. luciliae DNA are shown in green 

(left), and DAPI staining of DNA is shown in red (middle). White arrows 

indicate the kinetoplast. Specific anti-dsDNA antibodies are identified by 

colocalization of IgG and DAPI staining in the kinetoplast and appear in 

yellow (right). Representative TLR9�/� sera are shown in the top two rows 

(intensity scores of 3� and 1�), and TLR9�/� sera are shown in the bottom 

two rows (intensity scores of 1� and 0). Original magnification, 1,000. 

(B and C) Specific anti-dsDNA staining of C. luciliae kinetoplasts was scored 

from 0 to 4 as in A for either TLR9�/� (n � 19) and TLR9�/� (n � 16) sera 

(B), or TLR3�/� (n � 15) and TLR3�/� (n � 17) sera (C). *, P � 0.02 by the 

Mann-Whitney U test.
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Global immune activation in TLR-deficient lupus-prone mice

Antichromatin and antiribonucleoprotein antibodies are

among the earliest detectable autoantibodies in SLE and are

known to precede the appearance of overt clinical disease in

both humans and mice (30, 31). The breakdown of toler-

ance to DNA-containing antigens may thus be a critical first

step in systemic autoimmunity, and the early appearance of

antichromatin autoantibodies may facilitate disease progres-

sion and epitope spreading to other nuclear autoantigens

(32). We therefore determined whether the lack of TLR9 or

TLR3 had any effect on several parameters of global autoim-

mune disease. TLR-intact and TLR-deficient mice from

both the TLR9 and TLR3 cohorts exhibited massive lym-

phadenopathy and splenomegaly (Fig. 5 A), characteristic of

the accumulation of activated lymphocytes in Fas-deficient

autoimmunity. Both groups of mice also had elevated levels

of total IgG and IgG2a in the serum relative to nonautoim-

mune C57BL/6 mice (Fig. 5 B). To further define the au-

toimmune phenotype, we enumerated T cells, B cells, and

CD4�/CD8� double-negative T cells, which accumulate

with age in MRL/Mplpr/lpr mice (17). These cell populations

were not decreased in TLR-deficient mice in the spleen

(Fig. 5 C) or lymph nodes (unpublished data), nor was there

any block in the accumulation of activated and memory

phenotype CD4� T cells (Fig. 5 D). Thus, neither deficiency

of TLR9 or TLR3 nor the specific absence of anti-DNA

autoantibodies in TLR9�/� mice inhibited the disregulated

immune activation and aberrant lymphocyte accumulation

of systemic autoimmune disease.

There was, however, an unexpected increase in immune

activation in TLR9�/� animals compared with wild-type lit-

termates. This was not observed for animals in the TLR3

cohort. Lymph node weight (P � 0.0016), splenic T cell

count (P � 0.0277), double-negative T cell count (P �

0.0150), and activated CD4� T cell count (P � 0.0327)

were all significantly greater in TLR9�/� mice compared

with TLR9�/� littermates. Because the vast majority of the

lymph node in these animals is composed of activated and

double-negative T cells (unpublished data), these findings all

point toward an increased level of T cell activation in

TLR9-deficient mice.

In addition to hypergammaglobulinemia and the accu-

mulation of activated lymphocytes, increased production of

type I IFNs is associated with SLE in humans and mice (33–

35). Moreover, genetic ablation of the type I IFNR mark-

edly reduced clinical and immunologic signs of lupus in

New Zealand Black mice (36), although this was not ob-

served in other autoimmune strains (37). Because activation

of TLR9 and TLR3 is known to stimulate the secretion of

type I IFNs (38, 39), we determined whether lack of either

of these receptors influenced spontaneous IFN levels in au-

toimmune mice. Using an ELISA to detect serum IFN-�,

we could not detect any impairment in IFN production by

TLR9�/� or TLR3�/� F2 mice (unpublished data). Al-

though the sensitivity of this assay was limited to IFN-�, it

was clear that a subset of mice exhibited markedly elevated

levels type I IFNs even in the absence of TLR9 or TLR3.

Glomerulonephritis and immune complex deposition in the 
absence of anti-DNA autoantibodies

To assess renal disease in TLR9- and TLR3-deficient au-

toimmune mice, we first measured spot proteinuria at the

time of sacrifice. There was no difference between TLR9�/�

or TLR3�/� mice and their wild-type counterparts, with

most mice exhibiting mild to moderate levels of proteinuria

(unpublished data). Histologically, interstitial and perivascu-

lar lymphocytic infiltrates were present in the kidneys of all

mice. There was a moderate increase in glomerular size and

Figure 4. Presence of anti-Sm autoantibodies in TLR-deficient 
mice. (A) Anti-Sm antibodies were detected by Western blot in TLR9�/� 

(WT; n � 19) and TLR9�/� (KO; n � 16) sera. The monoclonal anti-Sm 

antibody Y12 was used as a positive control. Depicted portion of the gel 

is from 29–34 kD, corresponding to the B and B� cluster of Sm proteins. 

(B) Anti-Sm antibodies were detected in TLR3�/� (WT; n � 15) and TLR3�/� 

(KO; n � 17) sera as in A. Nonautoimmune control sera are also depicted 

(neg; n � 4). (C) Sera from TLR9 and TLR3 cohorts was scored as either 

positive or negative for anti-Sm antibodies by Western blot as in A and B. 

(D and E) Anti-Sm antibodies were confirmed by ELISA in either TLR9�/� 

(n � 19) and TLR9�/� (n � 16) sera (D), or TLR3�/� (n � 15) and TLR3�/� 

(n � 17) sera (E). Bars represent median values. *, P � 0.005 by Fisher’s 

exact test (C) or the Mann-Whitney U test (D).
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cellularity, with no detectable difference in any parameter

between TLR9�/� and TLR9�/� (Fig. 6, A, C, and E) or

TLR3�/� and TLR3�/� mice (Fig. 6, G, I, and K). Periodic

acid Schiff (PAS) staining of kidney sections further revealed

that TLR9�/� (Fig. 6, B, D, and F) and TLR3�/� (Fig. 6,

H, J, and L) mice developed substantial glomerular protein

deposition that was comparable to wild-type littermates,

with marked thickening of capillary loops and obliteration of

Figure 5. Lymphadenopathy, hypergammaglobulinemia, and lym-
phocyte accumulation in TLR-deficient mice. TLR9�/� (n � 19), TLR9�/� 

(n � 16), TLR3�/� (n � 15), and TLR3�/� (n � 17) mice were killed at 

20 wk of age and assessed for evidence of aberrant immune activation; 

nonautoimmune C57BL/6 control mice (n � 4) were killed at 26 wk of age. 

(A) Spleens and the two largest axillary lymph nodes were removed and 

weighed. (B) Total serum IgG and IgG2a were determined. (C) Splenocyte 

subsets were enumerated by FACS analysis for T cells (Thy1.2�), DNTC 

(CD4�/CD8� double-negative T cells), and B cells (CD22�). (D) Splenic 

CD4� T cells were classified as either naive (CD44� CD62L�), activated 

(CD44� CD62L�), or memory (CD44� CD62L�) phenotype. The analysis in 

D was performed on 12 TLR3�/� and 12 TLR3�/� mice. Horizontal lines 

represent mean values.

Figure 6. Glomerulonephritis in the absence of anti-DNA autoanti-
bodies. Histological renal disease was assessed in TLR9�/� (n � 19), 

TLR9�/� (n � 16), TLR3�/� (n � 15), and TLR3�/� (n � 17) mice at 20 wk 

of age. (A–F) Paraffin kidney sections from TLR9�/� (A and B) and TLR9�/� 

(C and D) mice were stained with H&E (A and C) or PAS (B and D). Intersti-

tial infiltrates (E) and glomerular disease (F) were scored from 0 to 4 for all 

mice. (G–L) Paraffin kidney sections from TLR3�/� (G and H) and TLR3�/� 

(I and J) mice were stained with H&E (G and I) or PAS (H and J). Interstitial 

infiltrates (K) and glomerular disease (L) were scored from 0 to 4 for all 

mice. Representative images are shown. Original magnification: 100 for 

H&E sections (A, C, G, and I) and 400 for PAS sections (B, D, H, and J).
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vessel lumens. These findings indicate that neither TLR9

nor TLR3 was essential for the induction of end organ dis-

ease in murine lupus.

Although interstitial renal disease and glomerulonephritis

were not inhibited in TLR9-deficient mice, it was unclear

whether this was caused by direct glomerular deposition of

immunoglobulin and complement-containing immune com-

plexes. We therefore assessed renal IgG and complement

deposition in TLR9�/� mice lacking anti-dsDNA and anti-

chromatin autoantibodies. Both TLR9�/� and TLR9�/�

mice had immune deposits throughout the glomerulus, in

contrast to nonautoimmune C57BL/6 mice (Fig. 7 A). Al-

though levels of IgG and C3 deposition varied among indi-

viduals, there was no difference in the mean glomerular fluo-

rescence between the two groups of mice (Fig. 7 B). Thus,

lupus nephritis and glomerular immune complex deposition

were unaffected by the absence of anti-dsDNA and antichro-

matin autoantibodies in autoimmune TLR9�/� mice.

DISCUSSION

Since the initial report of a role for TLR9 in the activation

of autoreactive B cells in vitro (11), there has been intense

interest and speculation about the importance of TLRs for

autoantibody production and clinical disease in SLE. Our

findings represent the first demonstration that a TLR is re-

quired for specific autoantibody production in vivo. We

found that TLR9, but not TLR3, was necessary for the gen-

eration of specific autoantibodies to chromatin and dsDNA

in the context of murine lupus. The control of these autoan-

tibodies by TLR9 indicates the central role of this receptor

in systemic autoimmune diseases such as SLE, in which

ANAs are a cardinal feature. Because of inherent limitations

in the determination of autoantibody specificity, however,

we could not completely exclude the presence of low-affin-

ity or cross-reactive antibodies to DNA in TLR9�/� mice,

which may arise by TLR9-independent mechanisms.

The requirement for TLR9 in anti-DNA antibody pro-

duction was surprising because TLRs are thought to dis-

criminate self from nonself by recognizing only pathogen-

associated molecular patterns not present on mammalian cells.

However, mounting evidence suggests that innate receptors

such as TLR9 exhibit some degeneracy of ligand binding.

Synthetic oligonucleotides containing methylated DNA or

lacking canonical CpG activation motifs have both been

shown to stimulate B cells in the presence of concurrent B

cell receptor (BCR) stimulation (40, 41), and murine geno-

mic DNA can induce APC activation both in vitro and in

vivo (42). More relevant to autoimmunity, chromatin–anti-

chromatin immune complexes provide a potent activation

stimulus to dendritic cells and autoreactive rheumatoid factor

B cells, both of which require TLR9 for complete stimula-

tion (11, 13, 43).

Why are TLRs that can recognize self-antigens not con-

stitutively activated? One important control mechanism ap-

pears to derive from intracellular compartmentalization. Nor-

mally, activation of TLR9 by endogenous nucleic acids may

be inhibited because the receptor is sequestered in the endo-

somal pathway (44), where host-derived nuclear antigens are

largely excluded. Other TLRs that bind nucleic acid ligands

are similarly segregated in endosomal compartments (8).

However, because anti-DNA B cells are uniquely poised to

endocytose and deliver DNA-containing antigens (via the

BCR) to TLR9 in restricted intracellular compartments, the

spatial separation of TLR9 from inappropriate self-ligands

may break down in these cells. This phenomenon could ex-

plain the selective tolerance breakdown of antinuclear B cells

in autoimmunity and the highly restricted autoantibody rep-

ertoire of SLE. Such a mechanism of BCR-mediated en-

docytosis also suggests a B cell–intrinsic requirement for

TLR9 costimulation. In vitro studies using rheumatoid factor

and anti-DNA B cells have confirmed this two signal model

of autoreactive B cell activation through both BCR and

TLR9 signaling pathways (12).

Introduction of TLR9 ligands to restricted compart-

ments may also occur when mechanisms for clearance of ap-

optotic cell debris are overwhelmed. Apoptotic cells are re-

positories of lupus autoantigens (45), and there is evidence

that residual fragments of apoptotic DNA have a greater

stimulatory capacity than native genomic DNA (12). Further

support for innate immune activation by the products of cell

death comes from studies of genetic ablation of DNaseII, a

Figure 7. Glomerular immune deposits do not require anti-DNA 
antibodies. (A) Glomerular immune deposits were detected by direct 

immunofluorescence for IgG (top) and complement C3 (bottom) in frozen 

kidney sections from TLR9�/� (left), TLR9�/� (middle), and nonautoimmune 

C57BL/6 control mice (right). Representative images are shown. Original 

magnification, 400. (B) Mean glomerular fluorescence intensity (arbitrary 

units) was determined for IgG and C3 in TLR9�/� (n � 8) and TLR9�/� 

(n � 8) mice. Horizontal lines represent mean values.
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lysosomal endonuclease required for digestion of apoptotic

DNA fragments by macrophages. In Drosophila, DNaseII de-

ficiency results in dysregulated expression of antibacterial

gene products (46), whereas in mice, the accumulation of

residual DNA induces IFN-	 secretion by fetal liver mac-

rophages, inhibition of hematopoiesis, and resultant embry-

onic lethality (47). The development of autoimmunity in

mice with impaired phagocytosis of apoptotic cells (48) and

in humans and mice lacking the early components of com-

plement (49) provides additional evidence for a model of

tolerance breakdown initiated by inappropriate innate rec-

ognition of apoptotic or necrotic debris.

In contrast to the absence of anti-dsDNA and antichro-

matin, we found an increased incidence of anti-Sm autoanti-

bodies in TLR9-deficient mice relative to wild-type litter-

mates. This could be the result of several factors. For instance,

TLR9�/� mice may have developed a compensatory increase

in levels of autoantibodies to RNA-containing antigens as a

direct result of the loss of anti-DNA antibodies. If the “im-

munizing” antigens in SLE derive from apoptotic debris and

antinuclear antibodies can aid in the clearance of these parti-

cles, then the lack of anti-DNA antibodies in TLR9�/� mice

could lead to a marked increase in circulating levels of au-

toantigens. In this situation, when the presumably dominant

epitopes of DNA and chromatin are rendered nonimmuno-

genic, alternate epitopes such as Sm, snRNPs, and cytoplas-

mic antigens may become more prominent, as observed in

TLR9�/� sera. Alternatively, the increase in anti-Sm anti-

bodies may reflect competition and reciprocal suppression

among different TLRs. Activation of various TLRs is known

to inhibit subsequent responses by TLRs that share down-

stream signaling pathways (50), and stimulation of TLR9 by

endogenous DNA may therefore prevent responses to other

TLR ligands. Because it is probable that other TLRs control

the autoantibody response to RNA antigens (as will be dis-

cussed), the removal of TLR9-mediated inhibition may allow

these alternate mechanisms of autoantibody production to

proceed unchecked. Finally, the increase in anti-Sm titers

among TLR9�/� mice may reflect an increased severity of

autoimmune disease, as suggested by the trend toward in-

creased accumulation of activated T cells in these mice.

Unlike TLR9, TLR3 had no role in the generation of

autoantibodies to DNA or the prototypical RNA-contain-

ing Sm antigen. One potential explanation for this is the

highly restricted cellular expression of TLR3. TLR3 expres-

sion has only been detected in mature dendritic cells of the

myeloid lineage (51), and was not observed in B cells by

quantitative PCR (52). It is also possible that the specificity

of TLR3 for dsRNA is not appropriate for the prototypical

RNA-containing autoantigens of lupus, which are com-

posed primarily of ssRNA alternating with regions of intra-

strand base pairing. Another candidate for the regulation of

autoantibodies to RNA antigens is TLR7, which has re-

cently been identified as an innate receptor for ssRNA (53,

54). TLR7 is closely related to TLR9 in protein sequence

and downstream signaling pathways (7), and, like TLR9, is

expressed on B cells in endosomal compartments (8, 52).

Other innate receptors capable of recognizing microbial

RNA may also promote anti-RNA antibodies in SLE.

These include the protein kinase regulated by RNA (55),

TLR8 in humans (54), and, potentially, additional RNA re-

ceptors not yet identified (56, 57).

Although TLR9 can shape the autoantibody repertoire in

SLE, lack of either TLR9 or TLR3 did not ameliorate clini-

cal disease in lupus-prone mice. This was particularly surpris-

ing given the prevailing view that anti-dsDNA and antichro-

matin antibodies are principal mediators of renal pathology in

SLE (2, 58). Although it is clear that anti-DNA antibodies are

associated with nephritis (5), are found deposited in diseased

kidneys (59), and can mediate nephritis in adoptive transfer

experiments (60), there is an accumulating body of evidence

to suggest that other autoantibody specificities can play

equally prominent roles. Anti-Sm antibodies, for example,

are also correlated with renal disease in clinical studies (61),

and the elevated titers of anti-Sm antibodies in TLR9�/�

mice may account for the persistence of nephritis and im-

mune deposits in the absence of anti-dsDNA. A definitive

experiment using NZM congenic mice further demonstrated

that severe, chronic glomerulonephritis with early mortality

could occur in the absence of any detectable ANA, including

anti-DNA antibodies (62). Our data thus provide a novel

demonstration of a previously observed finding: although

anti-dsDNA autoantibodies may predict nephritis in SLE,

they are not the exclusive pathogenic specificity. Finally, it

remains possible that disease occurs in the absence of anti-

dsDNA because autoantibodies by themselves are not re-

quired for target organ disease, and autoreactive B cells exert

pathogenic effects independent of antibody secretion (63).

Given the potential of TLR9 to recognize endogenous

DNA and the inherent predisposition toward anti-DNA re-

activity in the germline V gene repertoire of the BCR (64),

it is unclear why this dual propensity for self-reactivity

should coexist in the same cell. It is possible that self-reactiv-

ity and the rare occurrence of anti-DNA antibodies are the

unavoidable byproduct of an essential defense against patho-

genic microorganisms. It is also possible, however, that TLR

stimulation could lead to regulatory or even antiinflamma-

tory effects in certain contexts. For example, the ability of

TLR stimulation to promote homeostatic repair processes

without the induction of an inflammatory or adaptive im-

mune response was recently demonstrated in a model of in-

duced intestinal injury (65). Similarly, the regulated produc-

tion of low-affinity anti-DNA IgM antibodies in the absence

of infection may facilitate clearance of dying cells, limit inap-

propriate inflammation, and suppress autoimmune disease.

Thus, the increased lymphadenopathy and T cell activation

observed in lupus-prone TLR9�/� mice may be caused by

the lack of a protective subset of anti-DNA antibodies. Con-

sistent with this idea, the absence of secreted IgM in lupus-

prone mice exacerbates autoantibody formation, disease ac-

tivity, and mortality (66). An analogous role for physiologic

rheumatoid factor autoantibodies has been postulated, as
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these “natural” anti-IgG antibodies promote clearance of

immune complexes in conditions of high antigenic burden

(67, 68). The intriguing possibility that TLR-mediated cel-

lular activation and autoantibody production could enhance

the clearance of apoptotic cell debris, promote tissue repair

or limit autoimmune pathology remains to be investigated.

Regardless of the exact roles of anti-dsDNA and antichro-

matin antibodies in promoting or regulating disease, the dem-

onstration that TLR9 controls these canonical autoantibodies

of SLE represents an important advance in our understanding

of the mechanisms of systemic autoimmunity. The pathologic

immune response of autoimmune disease, like the adaptive

immune response to foreign antigens, may fundamentally re-

quire instruction by the innate immune system. Although

prevention of anti-dsDNA and antichromatin autoantibody

production did not ameliorate clinical disease, inhibition of

TLRs or other innate signaling pathways may yet provide

new therapeutic targets in the treatment of human lupus. This

will require a more complete understanding of the complete

complement of innate immune receptors and their individual

roles in the pathogenesis of autoimmune disease.

MATERIALS AND METHODS
Mice. Heterozygous TLR9�/� mice (9) of a mixed genetic background

(B6 and 129Sv) were bred to MRL/Mplpr/lpr mice in our colony under spe-

cific pathogen-free conditions. Intercrossing of F1 offspring in five matings

produced 22 Fas-deficient (Faslpr/lpr) F2 mice, 5 of which were TLR9�/�

and 4 of which were TLR9�/�. Intercrossing of heterozygous TLR9�/� F2

mice in four additional matings produced 56 Faslpr/lpr mice, 15 of which

were TLR9�/� and 13 of which were TLR9�/�. The genetic composition

of both generations of mice was �50% MRL/Mp. One mouse in each

group died before planned analysis at 19–21 wk of age. In a separate cohort,

homozygous TLR3�/� mice (14) of a mixed genetic background (B6 and

129Sv) were bred to MRL/Mplpr/lpr mice as above. Intercrossing of F1 off-

spring in nine matings produced 33 Faslpr/lpr mice, 9 of which were TLR3�/�

and 11 of which were TLR3�/�. Intercrossing of heterozygous TLR3�/�

F2 mice in three additional matings produced 26 Faslpr/lpr mice, 8 of which

were TLR3�/� and 6 of which were TLR3�/�. Two TLR3�/� mice died

before planned analysis at 19–21 wk of age. C57BL/6 mice (Charles River

Laboratories) were maintained in our mouse colony to an age of 26 wk. All

animal studies were conducted in accordance with protocols approved by

the Yale University Institutional Animal Care and Welfare Committee.

ANA and anti-dsDNA immunofluorescence. Serum was obtained via

retroorbital puncture just before death. For ANA, serum was diluted 1:200

and used for indirect immunofluorescence on fixed Hep-2 ANA slides (An-

tibodies Inc.) with fluorescein-conjugated goat anti–mouse IgG (Southern

Biotechnology Associates, Inc.) as the detection reagent. Slides were read

on a fluorescent microscope (BX-40; Olympus) at 400� and scored as ei-

ther nuclear homogenous, nuclear speckled, or cytoplasmic staining patterns

by a reader blinded to the genotype of the mice. In addition, each serum

sample was scored for staining of mitotic chromosomes. Images were cap-

tured with a cooled CCD camera (Spot-RT Slider; Diagnostic Instruments)

with a constant exposure time of 4 s for TLR9 sera and 2.5 s for TLR3 sera.

For TLR9 F2 mice, endpoint titration of serum was performed at reciprocal

dilutions of 50, 200, 800, 2,000, 104, 4 � 104, and 105, and samples were

scored for the presence of nuclear staining, regardless of pattern or cytoplas-

mic staining. Serum samples from 26-wk-old C57BL/6 mice were negative

for ANA at 1:50 dilution (unpublished data).

For anti-dsDNA, 1:10 diluted serum was applied to fixed C. luciliae

slides (Antibodies Inc.), with biotin-conjugated goat anti–mouse IgG

(Southern Biotech) and Alexa Fluor 555–conjugated streptavidin (Molecu-

lar Probes) as detection reagents. C. luciliae DNA was colocalized with

DAPI (Molecular Probes). Slides were read at 1,000� and scored 0–4 for

intensity of kinetoplast staining by a reader blinded to the genotype of the

mice. Images were captured with a constant exposure time of 0.5 s in red

(IgG) and blue (DAPI) channels, and then transferred into green (IgG) and

red (DAPI) channels.

Anti-Sm Western blot and ELISA. For Western blot, purified bovine

Sm antigen (Immunovision) was separated by SDS-PAGE, transferred to ni-

trocellulose membrane, and probed with 1:200 diluted serum, using alkaline

phosphatase-conjugated goat anti–mouse IgG (Southern Biotech) and

BCIP/NBT substrate (KPL, Inc.) as detection reagents. The monoclonal

mouse anti-Sm antibody Y12 (28) was used as a standard. Blots were scored

for the presence of visible anti-Sm bands at 29–34 kD. For ELISA, polysty-

rene plates were coated with Sm antigen, blocked with 1% BSA in PBS,

and serial dilutions of serum from 1:50 to 1:36,450 were added. Anti-Sm

antibodies were detected with alkaline phosphatase-conjugated goat anti–

mouse IgG (Southern Biotech), and absorbance at 405/630nm was com-

pared with the Y12 standard to quantitate.

Anticardiolipin ELISA. Polystyrene plates were coated with cardiolipin

by incubation with 100 
g/ml bovine cardiolipin (Avanti Polar Lipids,

Inc.) in 100% ethanol for 12–18 h at 4�C until completely evaporated.

Plates were blocked with 1% BSA in PBS, and serial dilutions of serum

from 1:100 to 1:2,700 were added. Anticardiolipin antibodies were detected

with alkaline phosphatase–conjugated goat anti–mouse IgG (Southern Bio-

tech), and absorbance at 405/630 nm was compared with the FD1 standard

to quantitate. Anticardiolipin standards were provided by M. Monestier

(Temple University School of Medicine, Philadelphia, PA).

Analysis of lymphocyte subsets and serum IgG. Spleen and lymph

node cells were isolated, counted, and stained with the following antibodies

for fluorescence-activated cell sorting analysis: anti-Thy1.2 (30H12), anti-

CD4 (GK1.5), anti-CD8 (TIB105), anti-CD44 (IM7), anti-CD62L (Mel-

14), and anti-CD22.2 (Cy34.1). All antibodies except anti-CD22.2 (BD

Biosciences) were made in our laboratory. Total serum IgG and IgG2a were

determined by ELISA. Polystyrene plates were coated with goat anti–mouse

IgG (Southern Biotech), blocked with 1% BSA in PBS, and serial dilutions

of serum from 1:104 to 1:7.3 � 106 were added. IgG or IgG2a was detected

with alkaline phosphatase–conjugated goat anti–mouse IgG or goat anti–

mouse IgG2a (Southern Biotech), and absorbance at 405/630nm was com-

pared with known mouse IgG or IgG2a standards to quantitate.

Serum IFN-� ELISA. Serum was collected at the age of 17–18 wk for

TLR9, or at the time of death for TLR3 mice, and IFN-� was measured by

ELISA. Polystyrene plates were coated with monoclonal rat anti–mouse

IFN-� (PBL Biomedical Laboratories), blocked with 1% BSA in PBS, and

1:10 diluted serum was added. IFN-� was detected with rabbit anti–mouse

IFN-� (PBL Biomedical Laboratories) and alkaline phosphatase–conjugated

goat anti–rabbit IgG (Southern Biotech). Absorbance at 405/630nm was

compared with recombinant mouse IFN-� standard (PBL Biomedical Lab-

oratories) to quantitate. Limit of detection of the assay was 1.0 ng/ml in un-

diluted serum.

Analysis of kidney disease. Kidneys were bisected, and one half was

fixed in formalin and the other in paraformaldehyde (0.7% in PBS with

1.37% L-lysine and 0.2% sodium periodate). Paraformaldehyde-fixed kid-

neys were then dehydrated in 30% sucrose and flash-frozen in OCT. For-

malin-fixed kidneys were paraffin-embedded, sectioned, and hematoxylin

and eosin (H&E) or PAS stained (Histo-Scientific Research Laboratories).

Stained sections were scored for glomerular and interstitial disease by a renal

pathologist (M. Kashgarian) who was blinded to the genotype of the mice.

For IgG deposition, frozen kidneys from eight TLR9�/� and eight TLR9�/�

mice were sectioned and stained with biotin-conjugated goat anti–mouse

IgG (� chain specific; Southern Biotechnology Associates, Inc.) and Alexa
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Fluor 647–conjugated streptavidin (Molecular Probes). For C3 deposition,

frozen kidney sections were stained with monoclonal rat anti–mouse C3

(Connex) and Alexa Fluor 647–conjugated goat anti–rat IgG (cross-

adsorbed against mouse IgG; Molecular Probes). Stained sections were read

on a fluorescent microscope at 400�, and images were captured with a

constant exposure time of 0.5 s. To quantitate IgG and C3 deposition,

mean fluorescence was calculated from captured images; two representative

glomeruli per mouse were outlined, and mean pixel intensity was calculated

with Photoshop (Adobe).

Online supplemental material. Fig. S1 shows the results of determina-

tions of anticardiolipin levels in sera from TLR9-deficient and intact mice,

using the assay described in Anticardiolipin ELISA section. Online supple-

mental material is available at http://www.jem.org/cgi/content/full/

jem.20050338/DC1.
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