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increase in on-chip parallelism that multicore
computing will soon offer. Search-intensive
approaches to AI will play an increasingly
important role in the evolution of the field.

With checkers finished, the obvious question
is whether chess is solvable. Checkers has
roughly the square root of the number of
positions in chess (somewhere in the 10* to
10°° range). Given the effort required to solve
checkers, chess will remain unsolved for a long
time, barring the invention of new technology.
The disk-flipping game of Othello is the next
popular game that is likely to be solved, but it will
require considerably more resources than were
needed to solve checkers (7).
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Some Toll and Toll-like receptors (TLRs) provide immunity to experimental infections in animal
models, but their contribution to host defense in natural ecosystems is unknown. We report a
dominant-negative TLR3 allele in otherwise healthy children with herpes simplex virus 1 (HSV-1)
encephalitis. TLR3 is expressed in the central nervous system (CNS), where it is required to
control HSV-1, which spreads from the epithelium to the CNS via cranial nerves. TLR3 is also
expressed in epithelial and dendritic cells, which apparently use TLR3-independent pathways to
prevent further dissemination of HSV-1 and to provide resistance to other pathogens in
TLR3-deficient patients. Human TLR3 appears to be redundant in host defense to most microbes
but is vital for natural immunity to HSV-1 in the CNS, which suggests that neurotropic viruses have
contributed to the evolutionary maintenance of TLR3.

ceptors to immunity has been studied ex-

tensively in the past decade. Toll-deficient
Drosophila were shown to be susceptible to ex-
perimental infections with certain fungi in 1996
(1), and a Toll-like receptor 4 (TLR4) null muta-
tion in mice resistant to lipopolysaccharide (LPS)
but susceptible to certain Gram-negative bacte-
ria was identified in 1998 (2). Mice deficient
for individual TLRs have since been generated
and shown to have diverse infectious pheno-
types, from susceptibility to resistance, depending
on the TLR-pathogen combination (3). How-
ever, it remains unclear whether TLRs play
nonredundant roles—beneficial or detrimental—
in natural, as opposed to experimental, infections.
This biological question is important, because

The contribution of Toll and Toll-like re-

natural selection acts on a given species in the
setting of natural (rather than experimental) eco-
systems. The human model is particularly suit-
able for analyses of the relevance of genes such
as those of TLRs to host defense in natural eco-
systems (4). Nevertheless, although many studies
have suggested that TLR genes are involved in
human infectious diseases, this has not been un-
ambiguously demonstrated (5). In particular, no
primary immunodeficiency involving TLRs has
been identified.

The discovery of inherited interleukin 1 receptor-
associated kinase-4 (IRAK-4) deficiency in
children with bacterial diseases implicated hu-
man TLRs, interleukin-1 receptors (IL-1Rs), or
both in host defense (6, 7). However, the narrow
range of infections documented in such patients

indicates that IRAK-4—dependent, TLR-mediated
immunity is redundant for protective immunity to
most microbes. In particular, IRAK-4—deficient
patients are not susceptible to herpes simplex
virus 1 (HSV-1) encephalitis (HSE). In HSE,
HSV-1 infects epithelial cells in the oral and nasal
mucosa and progresses to the central nervous
system (CNS) via the trigeminal or olfactory
nerves (8). A genetic etiology of HSE was found
in two children who lacked functional UNC-93B
(9), an endoplasmic reticulum protein required
for TLR3, TLR7, TLRS, and TLRY signaling
(10). Both UNC-93B- and IRAK-4—deficient
patients fail to signal through TLR7, TLRS, and
TLRY, but unlike IRAK-4—deficient patients (7),
UNC-93B—deficient patients display impaired
TLR3-dependent interferon-o. (IFN-a) -8, and -A
production (9). Moreover, HSV-1 is a double-
stranded DNA virus with double-stranded RNA
(dsRNA) intermediates (/), and TLR3 recog-
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nizes dsRNA (72). Finally, TLR3 is expressed in
CNS-resident cells (/3—15) and peripheral nerves
(16). Collectively, these observations suggest that
impaired TLR3-dependent induction of [FN-o,, -B
and -A might be involved in HSE.

A heterozygous TLR3 mutation in two chil-
dren with HSE. We investigated two unrelated
French children (P1 and P2) with HSE (SOM
Text, note 2). UNC-93B deficiency was ex-
cluded on genetic and immunological grounds
(fig. S1, A to D). Leukocytes and fibroblasts
from P1 and P2 harbored the same heterozygous
substitution (C—T) in TLR3 at nucleotide
position 1660 (c.1660C>T) (Fig. 1, A and B).
The two kindreds represent independent muta-
tional events because the two P554S mutations
were in different 7LR3 haplotypes. The muta-
tion leads to the replacement of a proline (P)
by a serine (S) at residue 554 (P554S) (Fig.
1C). P554S has not previously been described
(17, 18) and was not found in any of the 1581
unrelated healthy individuals examined (3162
chromosomes), including 241 Europeans. Res-
idue P554 of TLR3 is conserved in the 18 ani-
mal species studied (Fig. 1D). The extracellular,
ligand-binding domain of TLR3 contains 23
contiguous leucine-rich repeats (LRRs) forming
a large, horseshoe-shaped solenoid (Fig. 1E) (79).

Fig. 1. Heterozygous A
TLR3 P554S mutation
in two unrelated chil-
dren with HSE. (A) Fam- '
ily pedigrees, with allele
segregation in the two "
families. The patients, in
black, are heterozygous
for the mutation. The 1
other family members
heterozygous for the mu-
tation are indicated by
bold vertical lines. (B)

Kindred A

P554 anchors the TLR3-specific insertion of
residues 544 to 554 in LRR20 (Fig. 1E) (19, 20).
This region is thought to be critical for dsRNA
binding to TLR3 (20) and TLR3 multimeriza-
tion (/9). Three relatives of P1 and two of P2
were also heterozygous for the mutation (Fig.
1A). They were HSV-1 seropositive but had not
suffered from HSE, which suggests that the
P554S TLR3 mutation conferred an autosomal
dominant predisposition to HSE with incom-
plete clinical penetrance.

Impaired responsiveness of fibroblasts to
poly(1:C) stimulation. We derived dermal fibro-
blastic cell lines, which selectively express TLR3
(9), from patients and controls. The TLR3 ago-
nist polyinosine-polycytidylic acid [poly(I:C)],
which mimics dsRNA (7/2), induced IFN-B, -2,
and IL-6 in a dose- and time-dependent man-
ner in all control fibroblasts but not in the
TLR3-deficient fibrosarcoma P2.1 cell line (SOM
Text, note 1) (Fig. 2A and fig. S2A). Primary
and simian virus 40 (SV40)-transformed fibro-
blasts from P1 and P2 displayed only a resid-
ual response at high concentrations of poly(I:C)
and late time points (Fig. 2A). IL-6 induction
was less impaired. The induction of IFN-§ and
-A mRNA production by poly(I:C) was marked-
ly weaker in P1 fibroblasts (fig. S2B). Both

RESEARCH ARTICLES I

nuclear factor kappa B (NF-xB) (Fig. 2B) and
IFN regulatory factor-3 (IRF-3) (Fig. 2C) ac-
tivation were impaired in response to poly(I:C)
in the patients’ fibroblasts, which responded
normally to tumor necrosis factor—o (TNF-a)
and IL-1B (Fig. 2B and fig. S2C). NF-kB es-
sential modulator (NEMO)—deficient fibroblasts
(SOM Text, note 1) did not respond to poly(1:C),
IL-1B, or TNF-o (Fig. 2B), and UNC-93B—
deficient fibroblasts (9) did not respond to poly
(I:C) (Fig. 2C). Finally, all tested relatives
carrying the TLR3 mutation, but none of the
relatives without this mutation, displayed im-
paired responses to poly(I:C) (fig. S2D). The
cosegregation of genotype and fibroblastic
phenotype suggests that heterozygosity for the
P554S TLR3 allele confers autosomal dominant
hyporesponsiveness to poly(I:C) in fibroblasts.
Dominant-negative effect of the P554S
TLR3 allele in fibroblasts. TLR3 multimerizes
upon binding dsRNA, and several TLR3 mu-
tants are dominant negative (20—22), which sug-
gests that the P554S mutation may be dominant
negative. 7LR3 mRNA is produced in normal
quantities (Fig. 2D) in the patients’ fibroblasts
(fig. S2E), and the wild-type (WT) and P554S
TLR3 mRNAs were equally abundant (fig. S2F).
Stable transfection of P2.1 cells with C-terminal

B WTIWT WT/1660C>T
sa reocr|] o aa TN =
no» :
\ c R 1 o e
Kindred B Uu WA JL“J WV
1 2 c
NHz2 1, 904 COOH
x Il ai i
1 ] 3 4 i i* .
P2 1e a 11 i | v
5 3
P854 AI’G rL\

531 ! s62 E
KLEILDLOHN NLARLWEKHAN PGGPIYFLKG LS
KLEILDLOHN NLARTWHEHAN PGGEVYFLKG LS
KLEILDLOHN NLARLWKHAN PGGPVYFLKG LS
KLEILDLOHN NLARLWKHAN PGGPVQFLKG LF
KLEILDLOHN NLARLWKHAN PGEEVQFLKG LS
KLEILDLOHN NLARLWEHAN PGGFVQOFLKG LS

Heterozygous ¢.1660C>T D :

mutation in the patients, oo saplens
The sequence of the poly-
merase chain reaction
products of genomic DNA

Macaca mulatta

Pan troglodytes

Bos taurus

Bubalus bubalis
Boselaphus tragocamelus

from leukocytes of a Sus scrofa KLQTLDLQHN NLARLWKHAN PGGEVQFLKG LS
. Equus caballus KLEVLDLQHN NLARLWEKHAN PGGPVHFLKG LS

control (O and P1 (P) 15 Felis catus KLEILELQHN NLARLWKRAN PSGEVYFLKG LS
shown. The mutation was Oryctolagus cuniculus KLEVLDLQHN NLARLWKQAN PGGEVHFLKG LS
Gallus gallus ELDILNLQHN NLARLWKCAN PGGPVLFLKD VP

confirmed in genomic
DNA and cDNA from
leukocytes and fibro-

Rattus norvegicus
Mus musculus
Oncorhynchus mykiss

NLEILDFQHN NLARIWKHAN PGGPVNFLEG LS
NLEILDFQHN NLARLWKRAN PGGEVNFLHKG LS
NLEVLEFQHN NLARLWKSAN PGGEVLFLEG LR

. Carassius auratus HLKVPKMQHN NLARILWKTAN PGGEVFFLKD AT
blasts. (C) Schematic rep- Danio rerio NLEKVVEMOHN NLARLWEMAN PGGEVLFLED AT
resentation of TLR3 gene letalurus punctatus HLSVLKLOHN NLARVWENAN PGGEVLILED AQ

Takifugu rubripes NLRVLEKLOHN NFARLWKNNN VGGEVMFLOD TL

structure. Human TLR3
has five exons (Roman
numerals) encoding a
protein (shown in gray)
composed of a leader sequence (L), an LRR domain, a transmembrane (TM)
domain, and a TolVinterleukin-1 receptor (TIR) domain. The various LRR
motifs, the N-terminal cap, and the C-terminal cap of the LRR domain are
separated by dotted vertical lines, and the two LRRs with an insertion are
indicated by asterisks. The ¢.1660C>T mutation results in a proline (P) to
serine (S) substitution at amino acid position 554 (P554S) in LRR20. (D)
LRR20 of TLR3 in humans and the corresponding region in the other 17

Insertion(544-554)
LRR20 (531-562)

species studied, with the insertion indicated. The amino acids conserved in
the insertion in all these species are shaded in gray. (E) Two views of the
human TLR3 ectodomain (ECD) surface. H539 and N541 (left), implicated in
ligand binding, and P554 (right) are shown in magenta. “Ins” refers to the
eight residues from W546 to G553 in the TLR3-specific insertion 544 to 554
of the LRR20, and is shown in dark gray. Glycan is shown in yellow, and the
C terminus of the TLR3 ECD is at the bottom.
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hemagglutinin (HA)-tagged WT 7LR3, but not
with P554S TLR3, restored the cell response to
poly(I:C), as measured by IFN-B (fig. S2G) and
IFN-A production (Fig. 2E). Both WT and P554S
TLR3 mRNAs were detected (Fig. 2F). The
P554S TLR3 protein had a lower molecular
weight than the WT, as shown by Western blot-
ting with two antibodies that specifically recog-
nize the TLR3 N-terminal ectodomain, but not
with an antibody to C-terminal-tagged HA (Fig.
2G). Upon transient transfection of control fibro-
blasts with various ratios of mock vector and
P554S TLR3 allele, the response to poly(I:C) de-
creased as the proportion of P554S TLR3 allele
increased (fig. S2H). Moreover, control fibroblasts
stably transfected with the P554S TLR3 allele lost
their ability to respond to poly(I:C) (Fig. 2H).
These observations were extended to P2.1 recipient
cells (SOM Text, note 3). The P554S TLR3 protein
is thus C-terminally truncated, loss-of-function for

poly(I:C) responsiveness, and dominant negative
in dermal fibroblasts and the fibrosarcoma P2.1 cell
line, at least for IFN induction.

Impaired IFN-dependent control of viruses
in TLR3-deficient fibroblasts. UNC-93B-
deficient fibroblasts produce little IFN-$ and -A
upon viral stimulation, resulting in high levels of
viral replication and cell death (9). We therefore
infected TLR3-heterozygous fibroblasts with
HSV-1 and another neurotropic virus, vesicular
stomatitis virus (VSV)—a highly cytopathic virus
and potent IFN inducer in human fibroblasts.
IFN-B and -\ production after infection with
VSV and HSV-1 was markedly weaker in fibro-
blasts from the patients than in those from con-
trols (Fig. 3, A and B). Six hours after VSV
infection, viral replication rates were higher in P1
cells—as in Stat-1-deficient (23) and UNC-93B—
deficient (9) cells—than in controls (Fig. 3C).
Cell survival was also markedly lower for the

patients than the controls and was similar to that
for UNC-93B- and Stat-1—deficient cells after 24
hours of VSV and 96 hours of HSV-1 infection
(Fig. 3D). Treatment with IFN-o or IFN-f com-
plemented the phenotype of TLR3- and UNC-
93B-deficient, but not Stat-1-deficient, cells
(Fig. 3, C and E) in a dose-dependent manner
(fig. S3). IFN-A also partially complemented the
phenotype, albeit less effectively than IFN-o or
IFN-B (Fig. 3E). Our results thus demonstrate a
causal relationship between heterozygosity for
the P544S TLR3 mutation, impaired TLR3 sig-
naling, abnormally weak IFN-0/B and -A produc-
tion, enhanced viral replication, and higher levels
of fibroblast cell death upon viral infection.
Impaired response to poly(l:C) stimulation in
MDDCs, NK, and CD8 T cells. Monocyte-derived
dendritic cells (MDDCs) (24) from P1 and the
third sibling of P2 (S3-P2), both heterozygous for
the TLR3 mutation, responded more weakly than

Fig. 2. Impaired response to poly(l:C) of fibroblasts and
dominant-negative effect of the TLR3 P554S allele in fibroblasts
(A) IFN-B, -A, and IL-6 production in SV40-transformed fibro-
blasts (SV40 fibroblasts) from a control (C), P1, P2, and a UNC-
93B—deficient (UNC-93B™") patient upon stimulation with
various doses of poly(l:C) for 12 or 24 hours. (B) NF-kB-DNA—
binding activity of nuclear extracts from the SV40 fibroblasts of
a control (C), P1, P2, and a NEMO-deficient (IP) patient upon
TNF-a and IL-1B stimulation for 30 min, or poly(1:C) stimulation
for 60 min or 90 min, as assessed by electrophoretic mobility
shift assay. The experiment is representative of two. (C) IRF-3
monomers and dimers in total cell extracts from SV40 fibroblasts
of a control (C), P1, P2, and a UNC-93B™'~ patient, upon poly(1:C)
stimulation for 1 or 2 hours, as assessed by Western blotting. (D)
TLR3 mRNA levels in SV40 fibroblasts from six controls (C) [mean
value indicated by ()], P1, and P2; B-glucuronidase (GUS) was
used for normalization. The experiment shown is representative
of two. (E to G) In P2.1 cell lines not transfected (P2.1) or stably
transfected with pUNO expression vectors carrying no insert
(P2.1-mock), or the C-terminal HA-tagged 7LR3 ¢DNA with the
WT sequence (P2.1-TLR3 WT) or with the P554S mutation (P2.1-
TLR3 P554S), IFN-A production (E) was measured after 24 hours
stimulation with poly(1:C). The TLR3 cDNA in these cells (F) is
shown, with the internal amplification control GAPDH; the
experiment shown is representative of three. TLR3 expression in
these cells (G) was assessed by Western blotting, using two
antibodies to N-terminal TLR3 [anti-TLR3 (N) Abl and anti-TLR3
(N) Ab2] and an antibody to C-terminal-tagged HA. The ex-
periment shown is representative of six. The recombinant TLR3
ECD protein was used as a positive control for the antibody. The
internal expression control was glyceraldehyde-phosphate de-
hydrogenase (GAPDH). (H) IFN-A production, in a control SV40-
fibroblast cell line, stably transfected with an empty vector
(C-mock), a C-terminal HA-tagged pUNO-TLR3 WT vector
(C-TLR3 WT), or an HA-tagged pUNO-TLR3 vector containing
the P554S mutation (C-TLR3 P554S) upon stimulation with
various doses of poly(l:C) for 12 or 24 hours. In (A), (E) and (H),
the production of IFNs and IL-6 was measured by enzyme-linked
immunosorbent assay (ELISA). Mean values +SD were calculated
from three independent experiments.

A B
E NFxB-> MMM CL o
G ES S SIS S S S LSS S SLE S S8
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control cells to poly(I:C) but responded normally
to LPS and R-848 in terms of IFN-, IFN-A, and
IL-12p40 production (Fig. 4A) and CD40, CDSO0,
and CD86 up-regulation (fig. S4A). We tested
leukocyte subsets ex vivo to gain further insight
into HSE pathogenesis. Unlike purified natural
killer (NK) cells from controls (25), the patients’
NK cells barely responded to poly(I:C) (Fig. 4B)
but responded normally to K562 (Fig. 4B and
SOM Text, note 4). Nevertheless, the known pa-
tients with inherited NK deficiency were not prone

to HSE (9, 26). We did not test v/ T cells, but
unlike CD8 o/B T cells (27) from controls, cells
from P2 and her father, both heterozygous for the
P554S mutation, responded weakly to poly(I:C)
costimulation (fig. S4C) but normally to costim-
ulation with CD28 (fig. S4C). However, the
known CD8- and HLA-I-deficient patients did
not present HSE (28). Although affected by the
TLR3 mutation, the contribution of NK and CDS8
T cells to the pathogenesis of HSE in TLR3-
heterozygous children is probably modest.
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Response of blood DCs and keratinocytes
to poly(l:C) stimulation. Like IRAK-4— and
UNC-93B—deficient peripheral blood mono-
nuclear cells (PBMCs) (7, 9), the patients’ cells
responded normally to poly(I:C) in terms of
IFN-0, -B and -A production (fig. S1, A to C, and
fig. S5A). The patients’ purified myeloid DCs
(MDCs) (24) responded normally to poly(I:C)
in terms of IFN-A production (Fig. 4C). More-
over, IFN-a (Fig. 4D) and -A (fig. S5B) were
produced by poly(I:C)-stimulated purified plas-
macytoid DCs (PDCs) from patients and con-
trols, although PDCs are not thought to express
TLR3 (24). The lack of clinical HSV-1 dissem-
ination, particularly by the blood, in patients
with HSE may therefore be due to the induction
of IFNs by MDCs and PDCs stimulated with
dsRNA or other viral intermediates (29). HSV-1
also does not spread to epithelia during or fol-
lowing HSE (9). Several epithelial cell types,
keratinocytes in particular (30), express TLR3
and respond to poly(I:C). TLR3-heterozygous ke-
ratinocytes from P2 did not respond to poly(I:C),
as shown by measurements of IL-6 secretion
(Fig. 4E). However, they responded to poly(I:C),
as shown by IFN-A (Fig. 4E) and IL-8 (fig. S5C)
production. The IFN-A response of the patients’
keratinocytes suggested that the sensing of
dsRNA and, possibly, other viral intermediates
(29) in epithelial cells prevented the epithelial
dissemination of HSV-1 in TLR3-heterozygous
patients with HSE. The poly(I:C) responsiveness
of DCs and keratinocytes probably operated
through TLR3-independent pathways (29), al-
though we cannot exclude the possibility of
residual TLR3 signaling or a lack of dominance
of the P554S TLR3 mutant in such cells.

Most viruses trigger IFNs in TLR3 hetero-
zygous cells. The lack of other severe viral
diseases in TLR3-heterozygous and UNC-
93B—deficient patients with HSE is intriguing
(9, 31). Our demonstration of poly(I:C) re-
sponsiveness in keratinocytes and blood DCs
is important because most viruses enter the
host via the epithelium, and most forms of
human viral encephalitis other than HSE and
rabies are blood-borne. We then stimulated the
patients’ blood cells with 11 viruses (7, 9).
TLR3-deficient PBMCs displayed normal pro-
duction of IFN-a, -B and -A, and other cyto-
kines in response to the viruses tested (Fig. 4F
and fig. S5D). Similarly, cells from IRAK-4—
deficient patients showed normal or weak but
detectable responses to all viruses (7). Cells
from UNC-93B-deficient patients showed
impaired, but not abolished, responses to
several viruses, including HSV-1 (9). We then
tested the responses of the patients’ fibroblasts
to the six viruses that stimulated IFN-f and -A
production in control fibroblasts. Like IRAK-
4—deficient fibroblasts (7), both TLR3-deficient
and UNC93-B—deficient fibroblasts responded
well to four of the viruses, but unlike the
IRAK-4—deficient fibroblasts (7), they responded
poorly to HSV-1 and VSV (Fig. 4G). The in-
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duction of IFN-a, -B, and -\ in blood cells and
fibroblasts from TLR3-heterozygous patients,
after stimulation with most of the viruses
tested, was consistent with the natural resist-
ance of these patients to most viruses other
than HSV-1.

Concluding remarks. After autosomal reces-
sive UNC-93B deficiency (9), autosomal dom-
inant TLR3 deficiency is the second genetic
etiology of isolated HSE to be identified.
Because Stat-1—deficient (32) patients are also
prone to HSE (and other infectious diseases),
the molecular pathogenesis of HSE primarily
involves impaired TLR3-dependent, IFN-a, -B,
and -\ responses. Several lines of evidence also
indicate that the pathogenic cellular mechanism
underlying HSE in TLR3-heterozygous pa-

tients involves an intrinsic defect affecting
CNS-resident cells: the neurotropic infection
of the CNS by HSV-1, the CNS-restricted clinical
course of HSE, the widespread and preferential
expression of TLR3 in the CNS, the poly(I:C)-
inducible production of antiviral IFNs by blood
DCs in TLR3 heterozygotes, and the absence of
HSE in patients with conventional primary
immunodeficiencies. In addition to revealing
the pathogenic mechanism and a basis for both
molecular diagnosis and genetic counseling,
our findings provide further support for the
treatment of HSE patients with IFN-a in
addition to acyclovir (9). Interestingly, five of
the seven TLR3-deficient individuals and one of
the three UNC-93B—deficient individuals did
not develop HSE after HSV-1 infection. The

incomplete clinical penetrance of TLR3 and
UNC-93B deficiency is consistent with the
typically sporadic, as opposed to familial, occur-
rence of HSE (8, 9). Multiple factors may affect
clinical penetrance, including age at infection
with HSV-1, the viral inoculum, and human
modifier genes.

The infection of TLR3-deficient mice with
HSV-1 has not yet been reported, but mouse
TLR3 appears to be largely redundant in antiviral
immunity. TLR3-deficient mice are susceptible
to encephalomyocarditis virus (EMCV) (33) and
mouse cytomegalovirus (MCMV) (34, 35), at
least in some experimental conditions and, to a
lesser extent, to respiratory syncytial virus (RSV)
(36). However, TLR3-deficient mice have normal
resistance to lymphocytic choriomeningitis virus
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Fig. 4. Impaired response to poly(l:C) in MDDCs and NK cells but not in
blood DCs and keratinocytes; most viruses trigger IFNs in TLR3 het-
erozygous blood and fibroblasts (A) IFN-B, -A, and IL-12p40 production,
by MDDCs from controls (C), P1, and a sister of P2 (53-P2) heterozygous
for the P554S mutation. Mean values +SD were calculated from the data
for 12 controls. (B) IFN-y production, in purified NK cells from five
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and IFN-A production by keratinocytes from controls (C) and P2. Mean
values +SD were calculated for two replicates in each experiment, with
two different controls. (F) IFN-o production by PBMCs 24 hours after stim-
ulation with intact viruses. Means +SD were calculated for the controls (C)
from data for six healthy individuals, each tested once, for P1 (tested four
times for HSV-1 and VSV and once for the other viruses), and for P2 (tested
twice for all the viruses). (G) IFN-B and -\ production, 24 hours after
stimulation with intact viruses, in fibroblasts from controls, P1, and a UNC-
93B™" patient. Mean values +SD were calculated from three independent
experiments with two different controls. The production of IFNs and IL-6 was
measured by ELISA in (A) to (G).

SCIENCE www.sciencemag.org



(LCMV), VSV, and reovirus (35). Moreover,
TLR3-deficient mice are resistant to influenza A
virus (37), West Nile virus (38), and phlebovirus
(39). Human TLR3 also appears to be largely
redundant for antiviral immunity, as the known
TLR3- and UNC-93B-deficient patients have
had infections with numerous viruses without
developing severe disease (9, 37). Nevertheless,
human TLR3 is essential for primary immunity
to HSV-1 in the CNS, at least in some circum-
stances. Our study provides conclusive evidence
that an individual TLR can play a nonredundant
role in host defense in the setting of a natural
ecosystem. Given its ability to recognize dsRNA,
human TLR3 may have been of evolutionary im-
portance: Most patients with HSE died until the
advent of acyclovir in 1981 (8). As naturally oc-
curring mutations in TLR3 may be dominant
negative, it is tempting to speculate that HSV-1
and other neurotropic viruses may have exerted
direct selective pressure, driving the maintenance
of human TLR3.
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Lighting the Universe with Filaments

Liang Gao* and Tom Theuns?

The first stars in the universe form when chemically pristine gas heats as it falls into dark-matter
potential wells, cools radiatively because of the formation of molecular hydrogen, and becomes self-
gravitating. Using supercomputer simulations, we demonstrated that the stars’ properties depend
critically on the currently unknown nature of the dark matter. If the dark-matter particles have intrinsic
velocities that wipe out small-scale structure, then the first stars form in filaments with lengths on the
order of the free-streaming scale, which can be ~10%° meters (~3 kiloparsecs, corresponding to a
baryonic mass of ~107 solar masses) for realistic “warm dark matter” candidates. Fragmentation of the
filaments forms stars with a range of masses, which may explain the observed peculiar element
abundance pattern of extremely metal-poor stars, whereas coalescence of fragments and stars during
the filament's ultimate collapse may seed the supermassive black holes that lurk in the centers of most

massive galaxies.

ost of the matter in the universe does
Mnot interact with light except gravita-

tionally. This “dark matter” is usually
assumed to be “cold,” meaning that its velocity
dispersion is sufficiently small for density pertur-
bations imprinted in the early universe to persist
up to very small scales. Although this model is
able to describe the large-scale distribution of

institute for Computational Cosmology, Durham Univer-
sity, South Road, Durham DH1 3LE, UK. ®Department of
Physics, University of Antwerp, Groenenborgerlaan 171, B-
2020 Antwerpen, Belgium.

*To whom correspondence should be addressed. E-mail:
liang.gao@durham.ac.uk

www.sciencemag.org SCIENCE VOL 317

galaxies in impressive detail, it may face prob-
lems on the scale of galaxies and below; for ex-
ample, it may predict too many satellite galaxies
(1), as well as too-cuspy profiles for the dark-
matter halos that surround galaxies (2).

Dark matter has yet to be detected in the
laboratory, however, and there exist many viable
dark-matter candidates from particle physics
that are not cold. “Warm” dark matter (WDM)
particles have intrinsic thermal velocities, and
these motions quench the growth of structure
below a “free-streaming” scale (the distance
over which a typical WDM particle travels),
which depends on the nature of the particle.

Because small and dense halos do not form
below the free-streaming scale, the dark-matter
halos that surround galaxies in a WDM model
have far less substructure and are less concen-
trated as compared with their cold dark matter
(CDM) counterparts, which may help alleviate
both the satellite and galactic-core problems (3).
Structures on larger scales are similar in WDM
and CDM, and therefore the distribution of
galaxies is not affected. The first generation of
stars in the universe forms when primordial gas
gets compressed by falling into small-dark-
matter potential wells (4-7). Because WDM
affects structure formation on such small scales,
it may influence how the first stars form; we have
performed simulations to analyze this idea in
more detail.

Large-scale power in the spectrum of density
perturbations causes progenitors of present-day
clusters of galaxies to be among the first objects
to condense out of the initially almost smooth
mass distribution. We studied the early formation
stages of such an object by identifying a massive
cluster of galaxies in a dark-matter simulation of
a large cosmological volume at redshift z =0 and
used a multiscale technique (8, 9) to resimulate
its formation and evolution with the cosmologi-
cal hydrodynamics code Gadget-2 (9, 10). Bary-
ons compressed by falling into the developing
dark-matter potential wells cool radiatively through
molecular hydrogen emission lines (9, 17); we
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