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Innate immunity plays an important role in measles virus (MV) infection. MV-
derived double-stranded RNA is recognized by toll-like receptor 3 (TLR3),
retinoic acid�inducible protein I (RIG-I) and melanoma differentiation�
associated gene 5 (MDA5). We investigated whether genes encoding these
molecules contributed to the development of subacute sclerosing panence-
phalitis (SSPE) in Japanese individuals. Four single nucleotide polymorph-
isms (SNPs) of the three genes (TLR3 rs3775291:Leu412Phe, RIG1 rs277729
and rs9695310, and MDA5 rs4664463) were assessed in 40 SSPE patients and
84 controls. Because the TLR3 SNP showed a positive association with SSPE,
three additional SNPs were subjected to haplotype analysis. The frequency of
412Phe allele of TLR3 rs3775291 in SSPE patients was significantly higher
than that in controls (P�.03). In haplotype analysis of four SNPs in the TLR3
gene, the frequency of �7C/IVS3�71C/Phe412/c.1377C haplotype was sig-
nificantly increased in SSPE patients (P�.006, odds ration [OR]: 2.2). TLR3
gene may confer host genetic susceptibility to SSPE in Japanese individuals. -
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Introduction

Subacute sclerosing panencephalitis (SSPE) is a
fatal degenerative neuronal disease caused by per-
sistent infection with a measles virus (MV), the
nature of which is quite different from that of
common wild types. The viruses isolated from
SSPE brains, called SSPE viruses, are not able to
form infective particles owing to extensive muta-
tions in their envelope-associated proteins, espe-
cially the M protein. Sequence analysis, however,
has revealed that most of the mutations considered
to be common and specific for SSPE viruses are also
found in recently isolated wild-type strains (Jin
et al, 2002; Kai et al, 1996)
In addition to viral factors, host factors seem to

contribute to the development of SSPE (Gascon,
1996; Schneider-Schaulies et al, 1999). Epidemiolo-
gic studies have shown that contraction of measles
before 2 years of age increases the risk of SSPE,
suggesting that immaturity of the host immune
system and central nervous system (CNS) plays an
important role in host susceptibility factors for the
development of SSPE. Our previous study demon-
strated that the combination of TT genotype of
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interleukin-4 gene promoter �589C/T single-nu-
cleotide polymorphism (SNP) and an allele of
interferon regulatory factor 1 (IRF-1) gene GT repeat
polymorphism, and the T allele of �88 G/T SNP of
MxA gene encoding an antivirally active protein,
MxA, were more frequent in SSPE patients than in
controls (Inoue et al, 2002; Torisu et al, 2004).
Innate immunity is responsible for the detection of

and the initial protective response to viral infections
(Kawai and Akira, 2006). Specific receptors of the
innate immune systemplay a key role in detecting the
presence of viruses. In MV infection, viral double-
stranded (ds) RNA is formed during the replication
cycle and recognized by toll-like receptor 3 (TLR3)
(Tanabe et al, 2003). Other cytosolic receptors for
dsRNA including retinoic-acid-inducible protein I
(RIG-I) and melanoma differentiation-associated
gene 5 (MDA5) are also involved in antiviral response
to MV infection (Berghall et al, 2006; Plumet et al,
2007). Recognition of dsRNA derived from MV
triggers the production of type I interferon (IFN),
which plays an important role in MV clearance.
It has been reported that common mutations of

genes encoding molecules related to innate immu-
nity influences susceptibility to viral infections.
TLR4 mutations were associated with an increased
risk of severe respiratory syncytial virus bronchioli-
tis (Tal et al, 2004). Rapid progression of HIV-1
infection was associated with TLR9 polymorphisms
(Bochud et al, 2007). To determine the role of TLR3,
RIG1, and MDA5 genes as a host genetic factor for
the development of SSPE, we have performed an
association study on SNPs of these genes in the
Japanese SSPE patients and controls.

Results

The frequencies of each allele of tag SNPs of TLR3
L412F (rs3775291), RIG1 rs277729, and MDA5
rs4664463, and of three additional SNPs of TLR3

(�7C/A; rs3775296, IVS3�71C/A; and c.1377C/T;
rs3775290) for haplotype analysis in SSPE patients
and controls are shown in Table 1. The distribution
of the genotypes in the controls was in Hardy-
Weinberg equilibrium. The frequency of TLR3
412Phe allele (rs3775291) in SSPE patients was
significantly higher than that in controls (P�.03).
There were no significant differences in allele
frequencies of SNPs of RIG1 and MDA5 genes
between SSPE patients and controls.
Table 2 shows linkage disequilibrium (LD) analysis

of the four SNPs spanning 6.5 kb of TLR3. A
significant linkage disequilibrium was observed
among them. To investigate if a particular haplotype
constituted by the four SNPs was associated with
SSPE, haplotype frequencies were estimated and
association analysis was done (Table 3). We observed
only one haplotype containing 412Phe allele. The
frequency of �7C/IVS3�71C/Phe412/c.1377C hap-
lotype, the sole haplotype containing 412Phe allele,
was significantly higher in SSPE patients than in
controls (P�.006, odds ratio: 2.2, confidence inter-
val: 1.3�3.9).

Discussion

In the current study, we first demonstrated an
association between a SNP of TLR3 and SSPE in
Japanese population. These data suggest that 412Phe
allele of TLR3 and the haplotype containing this
allele may be host genetic factors that confer a
predisposition to SSPE. These results imply that
TLR3 may participate in the pathogenesis of SSPE.
TLR3 is expressed in conventional dendritic cells

(DCs), a variety of epithelial cells including airway,
genital tract, biliary and intestinal epithelial cells,
and in the brain (Rock et al, 1998). TLR3 is localized
primarily in endosomal membrane and recognizes
virus-derived dsRNA. TLR3 signaling activates the
transcription factor-kB (NF-kB) and IRF-3. IRF-3

Table 1 Allele frequencies of each polymorphism

Gene Polymorphism Allele Control (%) SSPE (%) P value

RIG1 rs277729 G 120 (71.4) 50 (62.5) .16
T 48 (28.6) 30 (37.5)

rs9695310 C 118 (70.2) 54 (67.5) .66
G 50 (29.8) 26 (32.5)

MDA5 rs4664463 T 137 (81.5) 70 (87.5) .24
C 31 (18.5) 10 (12.5)

TLR3 �7C/A C 130 (77.4) 60 (75.0) .68
A 38 (22.6) 20 (25.0)

IVS3�71C/A C 132 (78.6) 61 (76.3) .68
A 36 (21.4) 19 (23.8)

c.1243C/T C (L) 122 (72.6) 47 (58.8) .03
(L412F) T (F) 46 (27.4) 33 (41.3)
c.1377C/T C 107 (63.7) 53 (66.3) .69

T 61 (36.3) 27 (33.8)

Note. P values were calculated using 2�2 chi-square test.
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induces expression of type I interferons (IFNs),
which contribute to antiviral effect via activation
of other genes, including 2?-5?-oligoadenylate
synthetase and M�A genes (Matsumoto et al,
2004). In the brain, both neurons and glial cells
have been shown to express TLR3 and initiate
inflammatory and antiviral responses upon being
triggered with dsRNA (Lafon et al, 2006; Town et al,
2006), whereas neither RIG-I nor MDA5 is expressed
in the brain (Daffis et al, 2007; DiSepio et al, 1998;
Kang et al, 2004).
Studies using TLR3-deficient mice showed that

TLR3 played contradictory roles in viral infection
and general outcome depended on several factors,
such as the type of virus, the cell type that is
infected, and the stage of infection (Vercammen
et al, 2008). TLR3-deficient mice had resistance to
influenza A virus and West Nile virus (WNV)
infections due to the absence of TLR3-mediated
inflammatory signaling (Le Goffic et al, 2006;
Wang et al, 2004), whereas they showed normal
resistance to lymphocytic choriomeningitis virus,
vesicular stomatitis virus, and reovirus (Edelmann
et al, 2004), and were susceptible to encephalomyo-
carditis virus and mouse cytomegalovirus (Hard-
arson et al, 2007; Tabeta et al, 2004). The association
between genetic variation of TLR3 and human
diseases has been suggested. Polymorphisms in the
TLR3 gene may be associated with type 1 diabetes,
Stevens-Johnson syndrome, and toxic epidermal
necrolysis (Pirie et al, 2005; Ueta et al, 2007).
Heterozygous variant for Leu412Phe of the TLR3
gene were associated with low antibody and lym-
phoproliferative responses to measles vaccination,
suggesting that the SNP influenced modulation of
the immune response to measles vaccine (Dhiman et
al, 2008). Recently, Zhang et al identified a domi-
nant-negative TLR3 allele in patients with herpes
simplex virus 1 (HSV-1) encephalitis (Zhang et al,
2007). A heterozygous TLR3 mutation (Phe554Ser)

was associated with impaired TLR3-dependent in-
duction of IFNs in response to HSV-1. 412Leu is
located near the concave surface of the TLR3
ectodomain, which binds directly to short dsRNA
(Bell et al, 2006). Based on the analysis of the crystal
structure of TLR3 ectodomain, it was predicted that
412Phe would destabilize the solenoid structure and
might disrupt potential glycosylation of neighboring
residue Asn413, which was observed to have N-
acetylglucosamines attached (Bell et al, 2005; Ran-
jith-Kumar et al, 2007). By a reporter assay of TLR3-
dependent activation, 412Phe allele of TLR3 gene
showed reduced IFN production in response to a
synthetic dsRNA (Ranjith-Kumar et al, 2007). Ac-
cordingly, it is likely that 412Phe allele is associated
with reduced ability to control viral infection as
Phe554Ser mutation in HSV-1 encephalitis patients.
MV seems to gain access to the CNS at the time of

primary infection, as the MV genome was detected
on reverse transcription polymerase chain reaction
(PCR) in cerebrospinal fluid (CSF) samples not only
from patients with measles encephalitis and SSPE
but also from those with acute measles (Nakayama et
al, 1995). In SSPE brains, neurons, oligodendro-
cytes, astrocytes, and microvascular endothelial
cells have been found to be infected (Allen et al,
1996). Microglia and astrocytes are endogenous cells
of the CNS that are key players in the immune
responses that occur within this compartment (Be-
cher et al, 2000). MV infection induces type I IFN via
TLR3 and type I IFN dramatically up-regulates TLR3
expression in a positive-feedback fashion in virus-
infected cells (Tanabe et al, 2003). Previous studies
have shown that type I IFN acts as a barrier to
efficient MV replication in mice (Mrkic et al, 1998).
Although the role of TLR3 signaling in MV infection
in the brain has not been evaluated in TLR3-
deficient mice, it is likely that 412Phe allele of
TLR3 gene with reduced TLR3-dependent IFN
production or haplotype including this allele may
be associated with high levels of viral invasion and
replication in the brain in primary MV infection.
Initial high MV titer in the brain would contribute to
the establishment of persistent CNS infection, an
essential step in the pathogenesis of SSPE. In our
previous study, we reported an association of M�A
promoter �88T allele with a high MxA-producing
capability and SSPE. It is suggested that, once

Table 2 Linkage disequilibrium between all pairs of loci (D’) in

TLR3 gene

IVS3�71C/A Leu412Phe c.1377C/T

�7C/A 0.83 0.77 0.84
IVS3�71C/A 0.88 0.90
Leu412Phe 1

Table 3 Estimated haplotype frequencies in healthy controls and SSPE patients

Haplotype Controls SSPE P value OR (95%CI)

�7C/IVS3�71C/Leu412/c.1377C 0.341 0.25 .15 0.6 (0.4�1.2)
�7C/IVS3�71C/Phe412/c.1377C 0.241 0.412 .006* 2.2 (1.3�3.9)
�7A/IVS3�71A/Leu412/c.1377T 0.162 0.237 .16 1.6 (0.8�3.2)
�7C/IVS3�71C/Leu412/c.1377T 0.147 0.067 .19 0.6 (0.2�1.3)

Note. OR: odds ratio, CI: confidence interval.

The frequencies were estimated using the EH software program.

Haplotype with frequency�0.05 were shown.

*Corrected P value was .024.
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persistent CNS infection has established, MV might
benefit from IFN signaling through attenuation of
viral gene expression and resultant escape from
immunologic clearance. We could not find any
synergism of Leu412Phe of TLR3 gene and �88G/
T of MxA gene (data not shown).
In summary, among SNPs of the genes encoding

molecules related to dsRNA recognition, frequen-
cies of 412Phe allele of TLR3 gene and haplotype
including it were significantly higher in SSPE
patients. These findings suggested that TLR3 might
confer host genetic susceptibility to SSPE in Japa-
nese population.

Materials and methods

Subjects
The study population comprised 40 unrelated SSPE
patients (27 males and 13 females) and 84 unrelated
normal school children. All the SSPE patients
fulfilled the diagnostic criteria, that is, clinical
features, increased MV antibody titer in the CSF,
and typical electroencephalograph (EEG) showing
periodic slow wave complexes early in the disease.
The age at onset of SSPE ranged between 2 and 15
years (mean9SD, 8.093.1 years). Thirty-five pa-
tients had contracted natural measles occurring
between ages 0.4 and 4 years (1.390.9 years). The
history of natural measles was unknown in the other
five patients, including one with a history of live
attenuated measles vaccination. The places where
SSPE patients lived and had contracted measles
were distributed all over Japan. The age of SSPE
patients, when studied, ranged between 5 and 26
years (median 11 years, mean9SD 12.495.1 years).
The control subjects were randomly selected from
among normal schoolchildren around 10 years of
age and were not matched for age or histories of
measles and measles vaccination. Informed consent
was obtained from their parents. The current study
was approved by the Ethics Committee of Kyushu
University, Japan.

DNA extraction
Genomic DNA was extracted from peripheral blood
using a QIAmp DNA Blood Kit (Qiagen, Tokyo,
Japan).

Selection of SNPs
We used data on common SNPs from HapMap
(Japanese samples, October 2005 release) to identify
tag SNPs. We selected one tag SNPs with the highest
minor allele frequency within one linkage disequili-
brium block: TLR3 L412F (rs3775291), RIG1
rs277729 and rs9695310, and MDA5 rs4664463. We
selected two tag SNPs of RIG1 gene, because this
gene consists of two LD blocks. For haplotype
analysis, we selected additional three SNPs of
TLR3 gene based on the previous study; �7C/A
(rs3775296), IVS3�71C/A, and c.1377C/T (rs377-
5290) (Noguchi et al, 2004).

Genotype analysis of SNPs in the TLR3, RIG1, and
MDA5 genes
SNPs and genotyping methods are described in Table
4. Genotyping of each subject was performed by
either TaqMan method or PCR restriction fragment
length polymorphism (RFLP). TaqMan SNP Geno-
typing Assays (Applied Biosystems, Foster City, CA)
was performed following the manufacturer’s instruc-
tions. PCR was carried out with mixes consisting of
8 ng of genomic DNA, 5 ml of Taqman master mix,
0.5 ml of 20�assay mix, and double distilled H2O up
to 10 ml of final volume. The following amplification
protocol was used: denaturation at 958C for 10 min,
followed by 40 cycles of denaturation at 928C for 15 s
and annealing and extension at 608C for 1 min. After
PCR, the genotype of each sample was attributed
automatically by measuring the allelic specific fluo-
rescence on the ABI PRISM 7700 Sequence Detection
Systems using the SDS 2.2.2 software for allelic
discrimination (Applied Biosystems). Additional
three SNPs of TLR3 gene were analyzed by PCR-
RFLP as previously described (Noguchi et al, 2004).
PCR was performed with a listed primer pair under
the following conditions: 948C for 5 min; then
35 cycles of 948C for 30 s, 568C for 1 min, and 728C
for 1min. The PCR products were digested with each
restriction enzyme, followed by separation in 3%

Table 4 Genotyping methods of each polymorphism

Gene Polymorphism Method Primer Enzyme

TLR3 �7C/A RFLP 5’-gcatttgaaagccatctgct MboII
(rs3775296) 5’-aagttggcggctggtaatct
IVS3�71C/A RFLP 5’-gctggaaaatctccaagagc NlaIII

5’-gaggctagagagcattacattcat
L412F TaqMan
(rs3775291)
c.1377 C/T RFLP 5’-ccaggcataaaaagcaatatg TaqI
(rs3775290) 5’-ggaccaaggcaaaggagttc

RIG1 rs277729 TaqMan
rs9695310 TaqMan

MDA5 rs4664463 TaqMan
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agarose gels and visualization by ethidium bromide
staining.

Haplotype analysis of SNPs in the TLR3 gene
We performed haplotype analysis using four SNPs
in the TLR3 gene. Haplotype frequencies were
estimated using the Estimating Haplotype Frequen-
cies (EH) software program (ftp://linkage.rockefel-
ler.edu/software/rh). LD coefficients D’ values, odd’s
ratio, and 95% were calculated using data in the EH
software program.

Statistical analyses
The Hardy-Weinberg equilibrium of alleles in con-
trols was assessed by means of 2�2 x2 statistics.

Differences in the allele or genotype frequencies
between two groups were evaluated by means of the
x2 analysis with a 2�2 or 2�3 contingency table. A
P value of .05 was considered to be significant
except for haplotype analysis, in which a P value
of .05/4 (� .0125) was considered to be significant,
taking Bonferroni’s multiple adjustments into con-
sideration.

Declaration of interest: The authors report no
conflicts of interest. The authors alone are respon-
sible for the content and writing of the paper.

References

Allen IV, McQuaid S, McMahon J, Kirk J, McConnell R
(1996). The significance of measles virus antigen and
genome distribution in the CNS in SSPE for mechan-
isms of viral spread and demyelination. J Neuropathol
Exp Neurol 55: 471�480.

Becher B, Prat A, Antel JP (2000). Brain-immune connec-
tion: immuno-regulatory properties of CNS-resident
cells. Glia 29: 293�304.

Bell JK, Askins J, Hall PR, Davies DR, Segal DM (2006).
The dsRNA binding site of human Toll-like receptor 3.
Proc Natl Acad Sci U S A 103: 8792�8797.

Bell JK, Botos I, Hall PR, Askins J, Shiloach J, Segal DM,
Davies DR (2005). The molecular structure of the Toll-
like receptor 3 ligand-binding domain. Proc Natl Acad
Sci U S A 102: 10976�10980.

Berghall H, Siren J, Sarkar D, Julkunen I, Fisher PB,
Vainionpaa R, Matikainen S (2006). The interferon-
inducible RNA helicase, mda-5, is involved in measles
virus-induced expression of antiviral cytokines. Mi-
crobes Infect 8: 2138�2144.

Bochud PY, Hersberger M, Taffe P, Bochud M, Stein CM,
Rodrigues SD, Calandra T, Francioli P, Telenti A, Speck
RF, Aderem A (2007). Polymorphisms in Toll-like
receptor 9 influence the clinical course of HIV-1
infection. Aids 21: 441�446.

Daffis S, Samuel MA, Keller BC, Gale M Jr, Diamond MS
(2007). Cell-specific IRF-3 responses protect against
West Nile virus infection by interferon-dependent
and -independent mechanisms. PLoS Pathog 3: e106.
1005�1015.

Dhiman N, Ovsyannikova IG, Vierkant RA, Ryan JE,
Pankratz VS, Jacobson RM, Poland GA (2008). Associa-
tions between SNPs in toll-like receptors and related
intracellular signaling molecules and immune re-
sponses to measles vaccine: preliminary results. Vac-
cine 26: 1731�1736.

DiSepio D, Ghosn C, Eckert RL, Deucher A, Robinson N,
Duvic M, Chandraratna RA, Nagpal S (1998). Identifi-
cation and characterization of a retinoid-induced class
II tumor suppressor/growth regulatory gene. Proc Natl
Acad Sci U S A 95: 14811�14815.

Edelmann KH, Richardson-Burns S, Alexopoulou L, Tyler
KL, Flavell RA, Oldstone MB (2004). Does Toll-like
receptor 3 play a biological role in virus infections?
Virology 322: 231�238.

Gascon GG (1996). Subacute sclerosing panencephalitis.
Semin Pediatr Neurol 3: 260�269.

Hardarson HS, Baker JS, Yang Z, Purevjav E, Huang CH,
Alexopoulou L, Li N, Flavell RA, Bowles NE, Vallejo JG
(2007). Toll-like receptor 3 is an essential component of
the innate stress response in virus-induced cardiac
injury. Am J Physiol Heart Circ Physiol 292: H251�
H258.

Inoue T, Kira R, Nakao F, Ihara K, Bassuny WM, Kusuhara
K, Nihei K, Takeshita K, Hara T (2002). Contribution of
the interleukin 4 gene to susceptibility to subacute
sclerosing panencephalitis. Arch Neurol 59: 822�827.

Jin L, Beard S, Hunjan R, Brown DW, Miller E (2002).
Characterization of measles virus strains causing SSPE:
a study of 11 cases. J Neuro Virol 8: 335�344.

Kai C, Yamanouchi K, Sakata H, Miyashita N, Takahashi
H, Kobune F (1996). Nucleotide sequences of the M
gene of prevailing wild measles viruses and a compar-
ison with subacute sclerosing panencephalitis virus.
Virus Genes 12: 85�87.

Kang DC, Gopalkrishnan RV, Lin L, Randolph A, Valerie K,
Pestka S, Fisher PB (2004). Expression analysis and
genomic characterization of human melanoma differ-
entiation associated gene-5, mda-5: a novel type I
interferon-responsive apoptosis-inducing gene. Onco-
gene 23: 1789�1800.

Kawai T, Akira S (2006). Innate immune recognition of
viral infection. Nat Immunol 7: 131�137.

Lafon M, Megret F, Lafage M, Prehaud C (2006). The innate
immune facet of brain: human neurons express TLR-3
and sense viral dsRNA. J Mol Neurosci 29: 185�194.

Le Goffic R, Balloy V, Lagranderie M, Alexopoulou L,
Escriou N, Flavell R, Chignard M, Si-Tahar M (2006).
Detrimental contribution of the Toll-like receptor
(TLR)3 to influenza A virus-induced acute pneumonia.
PLoS Pathog 2: e53. 526�535.

Matsumoto M, Funami K, Oshiumi H, Seya T (2004). Toll-
like receptor 3: a link between toll-like receptor,
interferon and viruses.Microbiol Immunol 48: 147�154.

Mrkic B, Pavlovic J, Rulicke T, Volpe P, Buchholz CJ,
Hourcade D, Atkinson JP, Aguzzi A, Cattaneo R (1998).
Measles virus spread and pathogenesis in genetically
modified mice. J Virol 72: 7420�7427.

Nakayama T, Mori T, Yamaguchi S, Sonoda S, Asamura S,
Yamashita R, Takeuchi Y, Urano T (1995). Detection of
measles virus genome directly from clinical samples by

TLR3 and SSPE

490 Y Ishizaki et al



reverse transcriptase-polymerase chain reaction and
genetic variability. Virus Res 35: 1�16.

Noguchi E, Nishimura F, Fukai H, Kim J, Ichikawa K,
Shibasaki M, Arinami T (2004). An association study of
asthma and total serum immunoglobin E levels for Toll-
like receptor polymorphisms in a Japanese population.
Clin Exp Allergy 34: 177�183.

Pirie FJ, Pegoraro R, Motala AA, Rauff S, Rom L, Govender
T, Esterhuizen TM (2005). Toll-like receptor 3 gene
polymorphisms in South African Blacks with type 1
diabetes. Tissue Antigens 66: 125�130.

Plumet S, Herschke F, Bourhis JM, Valentin H, Longhi S,
Gerlier D (2007). Cytosolic 5’-triphosphate ended viral
leader transcript of measles virus as activator of the RIG
I-mediated interferon response. PLoS ONE 2: e279.
1�11.

Ranjith-Kumar CT, Miller W, Sun J, Xiong J, Santos J,
Yarbrough I, Lamb RJ, Mills J, Duffy KE, Hoose S,
Cunningham M, Holzenburg A, Mbow ML, Sarisky RT,
Kao CC (2007). Effects of single nucleotide polymorph-
isms on Toll-like receptor 3 activity and expression in
cultured cells. J Biol Chem 282: 17696�17705.

Rock FL, Hardiman G, Timans JC, Kastelein RA, Bazan JF
(1998). A family of human receptors structurally
related to Drosophila Toll. Proc Natl Acad Sci U S A
95: 588�593.

Schneider-Schaulies J, Niewiesk S, Schneider-Schaulies
S, ter Meulen V (1999). Measles virus in the CNS: the
role of viral and host factors for the establishment and
maintenance of a persistent infection. J NeuroVirol 5:
613�622.

Tabeta K, Georgel P, Janssen E, Du X, Hoebe K, Crozat K,
Mudd S, Shamel L, Sovath S, Goode J, Alexopoulou L,
Flavell RA, Beutler B (2004). Toll-like receptors 9 and 3
as essential components of innate immune defense
against mouse cytomegalovirus infection. Proc Natl
Acad Sci U S A 101: 3516�3521.

Tal G, Mandelberg A, Dalal I, Cesar K, Somekh E, Tal A,
Oron A, Itskovich S, Ballin A, Houri S, Beigelman A,

Lider O, Rechavi G, Amariglio N (2004). Association
between common Toll-like receptor 4 mutations and
severe respiratory syncytial virus disease. J Infect Dis
189: 2057�2063.

Tanabe M, Kurita-Taniguchi M, Takeuchi K, Takeda M,
Ayata M, Ogura H, Matsumoto M, Seya T (2003).
Mechanism of up-regulation of human Toll-like recep-
tor 3 secondary to infection of measles virus-attenuated
strains. Biochem Biophys Res Commun 311: 39�48.

Torisu H, Kusuhara K, Kira R, Bassuny WM, Sakai Y,
Sanefuji M, Takemoto M, Hara T (2004). Functional
MxA promoter polymorphism associated with
subacute sclerosing panencephalitis. Neurology 62:
457�460.

Town T, Jeng D, Alexopoulou L, Tan J, Flavell RA (2006).
Microglia recognize double-stranded RNA via TLR3.
J Immunol 176: 3804�3012.

Ueta M, Sotozono C, Inatomi T, Kojima K, Tashiro K,
Hamuro J, Kinoshita S (2007). Toll like receptor 3 gene
polymorphisms in Japanese patients with Stevens-
Johnson syndrome. Br J Opthalmol 91: 962�965.

Vercammen E, Staal J, Beyaert R (2008). Sensing of viral
infection and activation of innate immunity by toll-like
receptor 3. Clin Microbiol Rev 21: 13�25.

Wang T, Town T, Alexopoulou L, Anderson JF, Fikrig E,
Flavell RA (2004). Toll-like receptor 3 mediates West
Nile virus entry into the brain causing lethal encepha-
litis. Nat Med 10: 1366�1373.

Zhang SY, Jouanguy E, Ugolini S, Smahi A, Elain G,
Romero P, Segal D, Sancho-Shimizu V, Lorenzo L, Puel
A, Picard C, Chapgier A, Plancoulaine S, Titeux M,
Cognet C, von Bernuth H, Ku CL, Casrouge A, Zhang
XX, Barreiro L, Leonard J, Hamilton C, Lebon P, Heron
B, Vallee L, Quintana-Murci L, Hovnanian A, Rozen-
berg F, Vivier E, Geissmann F, Tardieu M, Abel L,
Casanova JL (2007). TLR3 deficiency in patients with
herpes simplex encephalitis. Science 317: 1522�1527.

This paper was first published online on iFirst on 18November

2008.

TLR3 and SSPE

491Y Ishizaki et al


