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Systemic lupus erythematosus (SLE) is an autoimmune disease with
a complex genetic basis that includes susceptibility gene(s) within
the chromosome 1q41–1q42 region. Toll-like receptor 5 (TLR5), the
innate immune receptor for bacterial flagellin, maps to chromo-
some 1q41 and contains a common stop codon polymorphism that
abrogates signaling (allele C1174T) and is associated with an
increased risk of infection. By using transmission disequilibrium
testing in a cohort containing 199 affected patients and their 75
unaffected siblings and 326 parents, we found that allele 1174C,
but not 1174T (with the stop codon), was preferentially transmit-
ted to SLE-affected offspring (a 19:6 transmitted�not transmitted
ratio, P � 0.009). In contrast, the alleles of the other three TLR5
SNPs did not exhibit preferential transmission. In addition, we
found that allele 1174C was not preferentially transmitted to
unaffected offspring (3:6 transmitted�not transmitted ratio, P
value not significant). The allele frequency of 1174T in the pro-
bands was 3.2% compared with 5.8% in unaffected individuals,
which was consistent with a protective association (odds ratio,
0.51; 95% confidence interval, 0.26–0.98; P � 0.041). Subjects with
the TLR5 stop codon produced significantly lower levels of proin-
flammatory cytokines in comparison with individuals with the
wild-type genotype. Together, these results indicate that the TLR5
stop codon polymorphism is associated with protection from the
development of SLE. These data support a role for flagellated
bacteria and the innate immune response in the development of
SLE with implications for novel immunomodulatory treatment
strategies.

genetic markers � genetic predisposition to disease �
immunity � inflammation

Systemic lupus erythematosus (SLE) is an autoimmune dis-
ease with a complex genetic basis that includes susceptibility

gene(s) on multiple chromosomes (1–3). Linkage of chromo-
somal region 1q41–1q42 with susceptibility to SLE has been
identified and confirmed in independent cohorts that included
several different ethnic backgrounds (4–6). In addition, a syn-
tenic murine region of chromosome 1, named Sle1, is also
associated with lupus susceptibility (3). By using a multiallelic,
transmission-disequilibrium test (TDT), we previously found
preferential transmission in this region of a poly(ADP-ribose)
polymerase allele to affected offspring and lack of transmission
to unaffected offspring (7). However, a different study failed to
confirm this association and raised the possibility that another
locus in linkage disequilibrium with poly(ADP-ribose) polymer-
ase was the causative gene (8). Subsequent genomic sequencing
and mapping data revealed that Toll-like receptor (TLR)5, the
innate immune receptor for bacterial f lagellin, is located at
1q41 (9).

TLRs constitute a family of transmembrane proteins that
differentially recognize pathogens and initiate inflammatory
signaling pathways (10–13). TLRs are type I transmembrane
proteins that contain an extracellular leucine-rich region in-

volved in pathogen recognition and a conserved intracellular
Toll�IL-1 receptor domain that activates a signaling pathway.
Stimulation of the TLR pathway culminates in NF-�B activation
and transcription of immune response genes, such as cytokines
and chemokines. Because of their central role in the regulation
of inflammation and the immune response to pathogens, TLRs
are excellent candidate genes for genetic susceptibility studies for
autoimmune diseases. In fact, a recent study indicated that TLR9
and MyD88 pathways, when stimulated by certain immune
complexes, mediated production of autoantibodies (14). We also
recently found that polymorphisms in TLR9 are associated with
SLE and lupus nephritis.� We previously demonstrated that
TLR5 recognizes bacterial f lagellin, a potent inflammatory
stimulus present in the flagellar structure of many bacteria (9).
We also found that a common stop codon polymorphism in the
ligand-binding domain of TLR5 (TLR5392STOP) is unable to
mediate flagellin signaling, acts in a dominant fashion, and is
associated with increased susceptibility to pneumonia caused by
Legionella pneumophila (15).

Because TLR5 is a critical regulator of inflammatory pathways
and maps to chromosome 1q41, we hypothesized that the stop
codon variant is associated with susceptibility to SLE. To test this
hypothesis, we used a TDT in a Caucasian SLE cohort and found
that the TLR5 stop codon polymorphism, but not other TLR5
alleles, is associated with protection from developing SLE. We
also found that this association was most pronounced in indi-
viduals who are seronegative for anti-dsDNA autoantibodies.
These results suggest a role for the innate immune response in
the development of SLE that involves flagellated bacterial
infections.

Materials and Methods
Materials. RPMI medium 1640, L-glutamine, and penicillin–
streptomycin were from Life Technologies (Carlsbad, CA).
Ultrapure lipopolysaccharide was from Salmonella minnesota
R595 (List Biological Laboratories, Campbell, CA). Flagellin
(FliC) was purified from Salmonella typhimurium strain TH4778,
which is f ljB-�f liC�, as described in refs. 9 and 16.

Human Subjects and Data Collection. Approval for human study
protocols was obtained from the human subjects review boards
at University of California, Los Angeles, the University of
Washington, and the Western Institutional Review Board. All
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participants gave written informed consent. Genomic DNA was
purified from peripheral blood leukocytes. The study design and
enrolment criteria for this cohort have been described in ref. 7.

Genotyping. Genotyping was carried out with MassARRAY
(Sequenom, San Diego), a chip-based MALDI-TOF mass spec-
trometer technique (17). Multiplex SNP assays were designed
with SPECTRODESIGNER software (Sequenom); 384-well plates
containing 5 ng of DNA in each well were amplified by PCR by
following the manufacturer’s (Sequenom) specifications. After
PCR, arctic shrimp alkaline phosphatase (Sequenom) was added
to samples to prevent future incorporation of unused dNTPs that
could interfere with the primer extension assay. Allele discrim-
ination reactions were conducted by adding the extension prim-
er(s), DNA polymerase, and a mixture of dNTPs and
dideoxynucleoside triphosphates to each well. MassEXTEND
clean resin (Sequenom) was added to the mixture to remove
extraneous salts that could interfere with MALDI-TOF analysis.
Genotypes were determined by spotting 15 nl of each sample
onto a 384 SpectroCHIP (Sequenom) which was subsequently
read by the MALDI-TOF mass spectrometer.

Statistics. The TDT for individual SNPs and haplotypes was
performed with GENEHUNTER and TRANSMIT. A contingency
table Fisher exact two-tailed test was performed using PRISM 3.02
(GraphPad, San Diego). Linkage disequilibrium statistics were
calculated with GOLD software.

Protein Analysis. Peripheral blood mononuclear cells (PBMCs)
were isolated from 50 ml of blood from individuals with a Ficoll
gradient separation as described in ref. 15. Cells were plated in
RPMI medium 1640 supplemented with 10% FCS, penicillin,
and streptomycin and stimulated for 18 h; supernatants were
then harvested. Cytokine levels were determined with a sand-
wich ELISA technique (DuoSet, R & D Systems).

Results
To examine whether TLR5 polymorphisms are associated with
susceptibility to SLE, we used the TDT in an extended
Caucasian SLE cohort containing 199 affected patients and
their 75 unaffected siblings and 326 parents (7). TLR5 is a type
I transmembrane protein with a 642-aa, leucine-rich extracel-
lular domain, an 18-aa transmembrane domain, and a 198-aa

cytoplasmic Toll�IL-1 receptor homology signaling domain.
The coding region of TLR5 has four common SNPs, including
a cytosine-to-thymidine transition at base pair 1174 that
changes an arginine at amino acid 392 to a stop codon and
prematurely truncates TLR5 in the extracellular domain and
causes the loss of the transmembrane domain and the entire
signaling cytoplasmic tail (TLR5392STOP) (15). Two additional
nonsynonymous SNPs [A1775G (amino acid N592S) and
T1846C (F616L)] alter residues in the ectodomain, and a
fourth synonymous SNP [A2523G (K841K)] is in the cytoplas-
mic tail. By using the TDT, we found that allele 1174C, but not
1174T (with the stop codon), was preferentially transmitted to
SLE-affected offspring [a 19:6 transmitted�not transmitted
(T�NT) ratio, P � 0.009), whereas the alleles of the other three
TLR5 SNPs did not exhibit preferential transmission (Table 1).
Thus, the stop codon allele (1174T) was significantly under-
transmitted to SLE offspring. In addition, we found that allele
1174C was not preferentially transmitted to unaffected off-
spring (a 3:6 T�NT ratio; P value not significant). SNP 1174
exhibited linkage disequilibrium with SNPs 1775 and 1846 but
not with 2523 (D� � 1 for 1174–1775, D� � 0.88 for 1174–1846,
and D� � 0.64 for 1174–2523; GOLD software). In light of this
finding, we analyzed TLR5 haplotypes and their association
with SLE (Table 1). Consistent with the TDT results, the 2-,
3- and 4-loci haplotypes containing SNP 1174 also showed
association with SLE in affected siblings (global P � 0.0037,
0.0069, and 0.043, respectively; TRANSMIT 2.5.4 software) but
not in unaffected siblings. The percent transmission was not
significantly altered in haplotypes containing 1174C with other
TLR5 SNPs when compared with analyzing allele 1174C alone.
Together, these results suggest a strong association of the
TLR5 1174 locus with susceptibility to lupus.

We analyzed this association further by comparing allele
frequencies of the four TLR5 SNPs in the affected probands
with unaffected siblings and parents (Table 2). The allele
frequency of 1174T in the probands was 3.0% compared with
5.8% in the total unaffected individuals (5.3% in the unaf-
fected siblings and 5.9% in the unaffected parents) (Table 2).
The odds ratio for this comparison was 0.51 (95% confidence
interval, 0.26 to 0.98; P � 0.041; PRISM 3.02 software), consis-
tent with a protective association. The allele frequency of the
other three TLR5 SNPs did not show a significant difference
between these two groups. Similar to the TDT analysis, these

Table 1. Transmission disequilibrium test of TLR5 alleles and haplotypes in Caucasian
SLE cohort

TLR5 allele(s) Allele(s)

Affected offspring Unaffected offspring

T�NT T, % P value T�NT T, % P value

Allele
C1174T C 19:6 76.0 0.009 3:6 33.3 NS
A1775G A 37:26 58.7 0.166 11:11 50.0 NS
T1846C T 61:57 51.7 0.713 20:22 47.6 NS
A2523G A 34:26 56.7 0.302 7:9 43.8 NS

Haplotype
1-2 CA 45:22 67.2 0.005 11:14 44.0 NS

TA 4:17 19.0 0.005 5:3 62.5 NS
1-2-3 CAC 48:29 62.3 0.030 15:14 51.7 NS

TAC 3:14 17.6 0.008 4:1 80.0 NS
1-2-3-4 CACA 48:29 62.3 0.030 15:14 51.7 NS

TACA 3:14 17.6 0.008 4:1 80.0 NS

Data presented are derived from TLR5 alleles transmitted and not transmitted from heterozygous parents to
offspring in 199 Caucasian families. Data represent families that had complete genotyping data available for both
parents and the affected or unaffected offspring. Data are shown as the percentage transmission (T) of each allele.
The P value for each allele is the level of significance based on the deviation from the expected random (50%)
allele transmission and was evaluated by using a �2 statistic. NS, not significant.
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results suggested that the TLR5 stop codon allele (1174T) is
associated with protection from SLE.

We next considered whether the TLR5 stop codon showed
preferential association with particular clinical manifestations
of SLE. Congenic analyses in mice have shown that Sle1 is
composed of several loci that are associated with a loss of
tolerance to chromatin and the production of anti-chromatin
antibodies (Sle1a, Sle1b, or Sle1c) (3). These three loci require
an additional locus, Sle1d, to increase susceptibility to nephri-
tis. Mapping studies indicate that TLR5 is in the Sle1d region.
These findings in the murine system suggest that different SLE
clinical phenotypes may be preferentially associated with
alleles in the 1q41 region. To explore this possibility, we used
a stratified analytic approach with TDT to determine whether
transmission of allele 1174 was associated with different SLE
phenotypes. Although our sample size was limited for this
analysis, the results were intriguing. For most of the pheno-
types, there was a similar transmission frequency of allele
1174C for those with the phenotype in comparison with those
without it (Table 3). However, for anti-dsDNA antibody, 100%
of the seronegative individuals transmitted allele 1174C com-
pared with only 60% of seropositive individuals (an 8:0
seronegative T�NT ratio, P � 0.00087; a 9:6 seropositive T�NT
ratio, P � 0.44). In addition, the stop codon heterozygous

genotype frequency (1174CT) was lower in the seronegative
subjects (3.2%) in comparison with the seropositive subjects
(8.5%) (Table 3). Although this latter comparison suggested a
trend toward a difference, it was not statistically significant
because of the small sample size (P � 0.21). Together, these
results suggest that transmission of TLR5 1174C is more
strongly associated with SLE in anti-dsDNA seronegative as
opposed to seropositive individuals. Titers of autoantibodies to
dsDNA are found in many patients with SLE and often
correlate with the level of disease activity. The selective
association of TLR5392STOP with anti-dsDNA seronegative
individuals suggests that the clinical heterogeneity of SLE may
be caused by distinct molecular mechanisms.

Previous investigators have found dysregulated levels of proin-
f lammatory cytokines in SLE individuals, including IL-6,
TNF-�, and IL-1 (18). To better understand the cellular function
of the TLR5 stop codon and its ability to mediate inflammation
during SLE pathogenesis, we examined whether primary cells
from individuals with the stop codon produced similar levels of
these proinflammatory cytokines in comparison with subjects
with the wild-type TLR5 gene. We have previously shown that
IL-6 production is impaired in flagellin-stimulated PBMCs from
individuals who are heterozygous for the stop codon (15). To
further understand the ability of the TLR5 stop codon to

Table 2. TLR5 polymorphism genotype frequencies in cases and controls

Base pair Amino acid

No. of polymorphisms (frequency)

Affected offspring Unaffected siblings Unaffected parents

1174CC 392RR 187 (0.940) 67 (0.893) 257 (0.889)
1174CT 392R* 12 (0.060) 8 (0.107) 30 (0.104)
1174TT 392** 0 (0) 0 (0) 2 (0.007)
1775AA 592NN 121 (0.742) 51 (0.729) 196 (0.737)
1775AG 592NS 39 (0.239) 18 (0.257) 61 (0.229)
1775GG 592SS 3 (0.018) 1 (0.014) 9 (0.034)
1846TT 616FF 68 (0.407) 29 (0.408) 98 (0.364)
1846TC 616FL 70 (0.419) 33 (0.465) 130 (0.483)
1846CC 616LL 29 (0.174) 9 (0.127) 41 (0.152)
2523AA 841KK 152 (0.813) 64 (0.780) 238 (0.799)
2523AG 841KK 32 (0.171) 18 (0.220) 58 (0.196)
2523GG 841KK 3 (0.016) 0 (0) 2 (0.007)

TLR5 genotypes are presented for cases (SLE affected offspring) and controls (unaffected siblings and parents).
Data are from families that had complete genotyping data available for both parents and the affected offspring.
*, stop codon.

Table 3. Transmission disequilibrium test and genotype frequency of TLR5 stop codon in SLE
clinical subgroups

SLE characteristic T�NT for 1174C T, % P value 1174CC, n 1174CT, n (%) P value

Renal � 9:2 81.8 0.035 72 4 (5.3) 0.76
� 8:4 66.7 0.25 96 7 (6.8)

Arthritis � 13:5 72.2 0.059 147 11 (7.0) 0.61
� 4:1 80.0 0.17 19 0 (0)

Hematologic � 10:5 66.7 0.20 83 8 (8.8) 0.22
� 6:1 85.7 0.047 77 3 (3.8)

�-CL Ab � 8:2 80.0 0.058 54 4 (6.9) 1.00
� 6:3 66.7 0.31 66 6 (8.3)

�-dsDNA Ab � 9:6 60.0 0.44 97 9 (8.5) 0.21
� 8:0 100.0 0.00087 61 2 (3.2)

�-Sm Ab � 2:2 50.0 1 19 2 (9.5) 0.67
� 14:4 77.8 0.019 110 9 (7.6)

Transmission (T) rates and genotype frequency of TLR5 SNP C1174T were evaluated in 199 SLE patients with
different available clinical features. Rates indicate transmission of 1174C (wild-type allele). For the genotype
frequency analysis, only SLE patients who had the indicated clinical data available were included. �-CL, anti-
cardiolipin; Sm, Smith antigen.
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mediate inflammation, we examined additional cytokines. We
isolated PBMCs from individuals who were TLR5 wild type
homozygotes (base pair 1174CC, amino acids 392RR) or TLR5
stop codon heterozygotes (base pair 1174CT, AA392R*). We
stimulated the PBMCs with purified flagellin (125 ng�ml) or
lipopolysaccharide (10 ng�ml) for 18 h, collected culture super-
natants, and determined IL-6, TNF-�, and IL-1� levels by
ELISA. Flagellin-stimulated PBMCs from wild-type individuals
(392RR) secreted IL-6, TNF-�, and IL-1� (Fig. 1 A, C, and D).
In contrast, PBMCs from individuals with the TLR5 stop codon
(392R*) produced less of each of these cytokines in comparison
with wild type [392RR vs. 392R* average � SEM: IL-6, 1,893 �
528 pg�ml vs. 249 � 164 pg�ml (P � 0.05); TNF-�, 114 � 15
pg�ml vs. 20 � 6 pg�ml (P � 0.05); IL-1�, 1,098 � 364 pg�ml vs.
358 � 70 pg�ml (P � 0.08)]. As a control, the PBMCs were
stimulated with lipopolysaccharide, and no significant differ-
ences were detected between TLR5 wild-type and TLR5 stop
codon individuals for each of the cytokines (Fig. 1B and data not
shown). Together, these results suggest that individuals who are
heterozygous for the TLR5 stop codon have a significantly
impaired ability to produce several cytokines in response to
flagellin stimulation. This blunted inflammatory response may
protect these individuals from developing SLE.

Discussion
Linkage of chromosome region 1q41–1q42 region with SLE
susceptibility has been found in multiple independent cohorts
with different ethnic backgrounds, including European-
Americans, African-Americans, and Asians (4–6). In addition,
linkage of region 1q44 with SLE has been found in Mexican-
American families (19). The causative gene(s) and polymor-
phism(s) in this region remain(s) unknown. We have found a
strong genetic association of a stop codon polymorphism in
TLR5 with protection from SLE. Although these results

suggest an association of TLR5 with lupus, we cannot exclude
the possibility that these SNPs are in linkage disequilibrium
with a nearby causative gene. However, the lack of transmis-
sion of allele 1174C to unaffected siblings and the lack of an
association of the three other TLR5 SNPs with SLE argue
against this possibility. Furthermore, because of its central role
in regulating inf lammatory pathways, the biologic plausibility
of TLR5’s association with SLE is compelling.

A three-step hypothetical model has been previously pro-
posed to illustrate the role of different genes in SLE patho-
genesis (3). Step 1 includes genes that trigger the loss of
tolerance to nuclear autoantigens. In step 2, disruption of the
immune system occurs, leading to immune dysregulation.
Finally, step 3 includes genes that mediate autoimmune de-
struction of specific organs. Previous studies in congenic mice
suggest that the Sle1 region includes at least four different loci
and that three of them (Sle1a, Sle1b, and Sle1c) mediate loss
of tolerance to nuclear antigens (step 1) (20, 21). In contrast,
Sle1d, the fourth locus, which is syntenic with human chro-
mosome 1q41–1q42, is involved in the development of nephri-
tis (step 3). It is hypothetically plausible that TLR5 and
f lagellin could affect any of the three steps in the SLE
pathogenesis model, including step 3, for which murine genetic
studies suggest its strongest effect. In addition to stimulating
cytokine production and innate effector mechanisms, f lagellin
promotes maturation of dendritic cells and inf luences forma-
tion of the adaptive immune response (22). In fact, f lagellin is
a powerful adjuvant that promotes a T helper-2-type T cell
response that stimulates antibody production (23, 24). Acti-
vation of TLR5 triggers production of proinf lammatory cyto-
kines, such as IL-6, which, in turn, can stimulate B cells to
proliferate, differentiate, and secrete antibodies. Dysregula-
tion of this process may lead to excessive production of
cytokines as well as autoantibodies (18). We previously dem-
onstrated that TLR5392STOP is nonfunctional in reconstitution
assays and associated with markedly decreased IL-6 produc-
tion in response to f lagellin stimulation of primary cells from
heterozygous individuals (15). In the current study, we have
extended these studies and found that production of additional
proinf lammatory cytokines (TNF-� and IL-1�) is also im-
paired. TLR5392STOP may provide protection from SLE by
decreasing production of proinf lammatory cytokines during
infection, which may inf luence formation of the adaptive
immune response and production of autoantibodies.

These findings suggest a provocative hypothesis that flagel-
lated bacteria trigger the development of SLE. Flagellated
bacteria cause a number of medically important infections from
pathogens, such as Escherichia coli, Pseudomonas aeruginosa,
Salmonella species, Listeria monocytogenes, Treponema pallidum,
and Borrelia burgdorferi. A recent study found that flagellins are
immunodominant antigens that may trigger autoimmune intes-
tinal pathology in patients with Crohn’s disease (25, 26). We
hypothesize that flagellin could similarly stimulate systemic
pathology in SLE. Overall, these genetic findings suggest a role
for TLR5 in the pathogenesis of SLE and a potential treatment
strategy directed at control of f lagellated bacterial infections.
The high population frequency of TLR5392STOP raises the ques-
tion of whether there is an evolutionary advantage to having this
genetic variant. Our data suggests that TLR5392STOP provides
protection against autoimmune disease as one of those evolu-
tionary pressures.
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physicians for referring patients and verifying their diagnoses. We also
thank Marta Janer and Sarah Li for genotyping work. This work was
supported by grants from the National Institutes of Health, the Southern
California Chapter of the Arthritis National Research Foundation, and
the Paxson Family Foundation.

Fig. 1. Flagellin stimulation of cytokine production in PBMCs. PBMCs were
harvested from individuals who were wild type TLR5 homozygotes (392RR,
n � 7–8) or stop codon TLR5 heterozygotes (392R*, n � 3–4). Cells were
stimulated with flagellin at 125 ng�ml�1 (A, C, and D) or lipopolysaccharide at
10 ng�ml�1 (B) for 18 h, and supernatants were assayed by ELISA for IL-6 (A and
B), TNF-� (C), or IL-1� (D). The mean level and SEM of each cytokine were
derived by averaging the responses of different individuals’ cells stimulated in
triplicate. †, P � 0.05 by Student’s t test.
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