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Toll-like receptors (TLRs) and retinoic acid-inducible gene I-like helicases (RLHs) are two major machin-
eries recognizing RNA virus infection of innate immune cells. Intracellular signaling for TLRs and RLHs is
mediated by their cytoplasmic adaptors, i.e., MyD88 or TRIF and IPS-1, respectively. In the present study, we
investigated the contributions of TLRs and RLHs to the cytotoxic T-lymphocyte (CTL) response by using
lymphocytoid choriomeningitis virus (LCMV) as a model virus. The generation of virus-specific cytotoxic T
lymphocytes was critically dependent on MyD88 but not on IPS-1. Type I interferons (IFNs) are known to be
important for the development of the CTL response to LCMV infection. Serum levels of type I IFNs and
proinflammatory cytokines were mainly dependent on the presence of MyD88, although IPS-1�/� mice showed
a decrease in IFN-� levels but not in IFN-� and proinflammatory cytokine levels. Analysis of Ifna6�/GFP

reporter mice revealed that plasmacytoid dendritic cells (DCs) are the major source of IFN-� in LCMV
infection. MyD88�/� mice were highly susceptible to LCMV infection in vivo. These results suggest that
recognition of LCMV by plasmacytoid DCs via TLRs is responsible for the production of type I IFNs in vivo.
Furthermore, the activation of a MyD88-dependent innate mechanism induces a CTL response, which even-
tually leads to virus elimination.

Viral infections are initially recognized by the innate im-
mune system, which eliminates invading viruses by itself and
activates an antigen-specific acquired immune response (2, 4,
17). Type I interferons (IFNs) are produced by innate immune
cells after virus infection and play a pivotal role in antiviral
responses, including apoptosis of virus-infected cells, cellular
resistance to viral infection, and activation of natural killer and
T cells (15, 25, 34). The expression of type I IFN genes is
controlled by intracellular signaling pathways triggered by rec-
ognition of viral components with innate pattern recognition
receptors. Toll-like receptors (TLRs) and retinoic acid-induc-
ible gene I (RIG-I)-like helicases (RLHs), also called RIG-I-
like receptors, are two major receptor families responsible for
initial viral recognition (20, 28).

TLRs are type I transmembrane receptors responsible for
the recognition of microbial components. Among TLRs, TLR7
and TLR9 recognize single-stranded RNA and CpG motif-
containing DNA, respectively, and play an important role in
virus-induced type I IFN production by plasmacytoid dendritic
cells (pDCs) (2, 20). MyD88, a cytoplasmic adaptor protein
containing a Toll/interleukin-1 receptor (IL-1R) homology
(TIR) domain, is essential for TLR/IL-1R signaling. Mice lack-
ing MyD88 do not respond to various TLR ligands, except for
TLR3, a receptor which utilizes TIR domain-containing adap-

tor-inducing IFN-� (TRIF) in its downstream pathway (2, 40).
MyD88 forms a complex with IL-1R-associated kinase 1
(IRAK-1), IRAK-4, and IFN regulatory factor 7 (IRF-7) upon
ligand stimulation. Phosphorylated IRF-7 finally translocates
into the nucleus to upregulate the expression of a set of IFN-
inducible genes (38).

RLHs, including RIG-I and melanoma differentiation-asso-
ciated gene 5 (MDA5), are cytoplasmic proteins responsible
for the recognition of viral double-stranded RNA (20, 41, 42).
RIG-I and MDA5 are comprised of caspase recruitment do-
mains (CARDs) and an RNA helicase domain. Studies using
knockout mice revealed that RIG-I is responsible for the rec-
ognition of various RNA viruses, including vesicular stoma-
titis virus, influenza virus, Japanese encephalitis virus, and
paramyxoviruses such as Newcastle disease virus and Sendai
virus, whereas MDA5 detects viruses belonging to the picor-
navirus family, such as encephalomyocarditis virus (11, 18, 19).
RIG-I and MDA5 detect double-stranded RNAs via the heli-
case domain and initiate downstream signaling cascades via the
CARDs by associating with a CARD-containing signaling pro-
tein named IFN-� promoter stimulator 1 (IPS-1) (also known
as MAVS, VISA, or CARDIF) (21, 27, 33, 39). IPS-1 signals
through I�B kinase-related kinases, called IKK-i and TBK1,
that phosphorylate IRF-3/7 to induce the expression of IFN-
inducible genes (2). Cells deficient in IPS-1 fail to produce type
I IFNs and NF-�B-dependent proinflammatory cytokines in
response to infection with different families of RNA viruses
recognized by RIG-I and MDA5 (24, 35). The RLH signaling
pathway is critical for type I IFN production in various cell
types, including conventional DCs (cDCs), fibroblasts, and
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macrophages, but not in pDCs (23, 24). Thus, both the TLR
system and the RLH system participate in virus recognition as
well as signal transduction leading to IFN induction. However,
the exact mechanisms by which TLRs and RLHs are involved
in the development of acquired immune responses have yet to
be clarified.

Lymphocytoid choriomeningitis virus (LCMV) is an am-
bisense single-stranded RNA virus belonging to the family
Arenaviridae. Numerous strains of this noncytolytic pathogen,
such as WE and Armstrong 53b (ARM), cause acute infections
in mice, whereas rapidly replicating immunosuppressive vari-
ants lead to virus persistence and a general immunosuppres-
sion (30). Nonimmunosuppressive LCMV infections result in a

profound adaptive immune response that is highlighted by the
generation of virus-specific CD4� and CD8� T lymphocytes.
Activated T cells acquire effector functions, such as IFN-�
production and cytolytic activity, that are responsible for clear-
ing the virus, usually within 7 to 15 days after infection, and
eventually lead to a functional T-cell memory (32). Initiation of
this specific T-lymphocyte induction is considered to rely on
antigen-presenting cells, mainly CD8�� DCs (3). After cap-
turing the viral antigen, the DCs migrate to lymphoid organs,
such as the spleen, where they activate naı̈ve T cells (12). In
this process, type I IFNs are believed to play a central role in
controlling viral infections such as LCMV infection. They have
been shown to act directly on T lymphocytes and to induce

FIG. 1. Induction of LCMV-specific T-cell response via the TLR system. Wild-type, MyD88�/�, IFN-�/� receptor�/�, TLR7�/� TLR9�/�, and
TRIF�/� mice were infected intravenously with 3 � 105 PFU LCMV WE, and splenocytes were harvested on day 8 after infection. Cells were
stained with LCMV major histocompatibility complex class I tetramer, CD4, and CD8� antibodies (A) or stimulated with gp33-41 prior to CD8�
antibody staining (B). Induction of LCMV-specific T lymphocytes and IFN-� production was analyzed by flow cytometry. (C) Ex vivo CTL activity
in splenocytes was determined by a 5-h 51Cr release assay, using gp33-41-loaded EL4 cells as targets. Values are means � standard deviations (SD)
for three mice. Data are representative of three independent experiments.
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massive expansion of antigen-specific CD8� T cells (1, 7, 22,
32).

Nevertheless, the source of type I IFN in response to LCMV
remains controversial, and type I IFN-producing cells are not
well characterized. pDCs have been shown to be a major
source of type I IFNs in various murine virus infections (6, 8,
9). pDCs were also implicated as the source of IFN-� in the
LCMV-infected spleen (29). Conversely, it was reported that
production of type I IFNs in response to LCMV infection was
not impaired in pDC-depleted mice, questioning the impor-
tance of pDCs in T-cell induction in response to LCMV (8).
Furthermore, cDCs extracted from mice infected with LCMV
were reported to produce high IFN-� levels (10).

In the present study, we investigated the involvement of
TLRs and RLHs in the development of antigen-specific CD8�

T cells as well as in the production of type I IFNs in response
to LCMV infection by using MyD88-deficient (MyD88�/�)
and IPS-1�/� mice. The development of cytotoxic T lympho-
cytes (CTLs) was critically dependent on MyD88 but not on
IPS-1. MyD88-deficient mice were revealed to be highly sus-
ceptible to LCMV infection. In contrast to previous reports,
levels of IFN-�, IFN-�, and proinflammatory cytokines in sera
were dependent on the presence of MyD88, whereas IPS-1
deficiency resulted in impaired IFN-� production but other-
wise normal cytokine levels. pDCs were the major source of
IFN-� in LCMV infection. These results suggest that LCMV
activates pDCs via TLRs to produce type I IFNs in vivo and
that the activation of an innate mechanism leads to the induc-
tion of the CTL response and, eventually, virus elimination.

MATERIALS AND METHODS

Mice. IFN-�/� receptor�/�, MyD88�/�, TRIF�/�, TLR2�/�, TLR4�/�,
TLR8�/�, and IPS-1�/� mice have been described previously (14, 16, 24, 36, 40).
TLR7�/� and TLR9�/� mice were crossed to yield double TLR7- and TLR9-
deficient mice (13, 14). Ifna6�/GFP mice were generated as recently described
(23).

LCMV infection and virus titration. LCMV WE and ARM were obtained
from T. Otheki (31). For virus propagation, L cells were infected with LCMV
and cultured at 37°C for 48 h. Supernatants were diluted in phosphate-buffered
saline for infection. Mice were infected intravenously with 3 � 105 PFU LCMV
strain WE or ARM after a brief anesthesia with diethyl ether. For analysis of
survival rates, mice were infected with 2 � 106 PFU. Virus loads in the spleen
and liver were investigated on days 4, 8, and 30 after infection. For virus titration,
MC57G cells were inoculated with 10-fold serial dilutions of LCMV-containing
supernatants in a 24-well plate, covered with 2% methylcellulose, and incubated
at 37°C for 48 h. Cells were then fixed with 4% formalin, permeabilized with
0.5% Triton X, and incubated with 10% fetal bovine serum. After subsequent
incubation with murine LCMV immunoglobulin G1 (IgG1; Progen Biotechnik)
and anti-mouse IgG–horseradish peroxidase (Amersham Biosciences), plates
were stained using an AEC peroxidase substrate kit (Vector Laboratories), and
virus plaques were counted for each well.

Induction of specific T-cell response. Splenocytes were harvested 8 days after
infection. To investigate the activation of LCMV-specific T lymphocytes, cells
were incubated with T-select H-2Db LCMV tetramer-KAVYNFATC-phyco-
erythrin (PE) (MBL), CD4-fluorescein isothiocyanate (CD4-FITC), and CD8�-
allophycocyanin antibodies (BD Pharmingen). Samples were acquired on a FACS-
Calibur flow cytometer (BD Biosciences) and analyzed with FlowJo software
(TreeStar). IFN-� induction was analyzed by stimulating splenocytes with an
LCMV H-2Db-binding peptide (glycoprotein 33-41 [gp33-41] [KAVYNFATM];
Peptide Institute) and 10 ng/ml murine IL-2 prior to incubation with CD8�
antibodies. Cells were then fixed, stained with IFN-�–FITC antibodies in Perm-
Wash solution (BD Pharmingen) according to the manufacturer’s recommenda-
tion, and assessed by flow cytometry. For determination of cytotoxicity of
LCMV-specific T cells, splenocytes were incubated for 5 h with EL-4 target cells
that had been loaded with gp33-41 and labeled with 51Cr. The percentage of
specific lysis for each sample was calculated as follows: [(sample release �

spontaneous release)/(maximal release � spontaneous release)] � 100. To an-
alyze the generation of LCMV-specific memory T lymphocytes, mice were in-
fected with 1 � 105 PFU LCMV WE, and splenocytes were analyzed for
activation of specific T memory cells and IFN-� induction as described below.

Cytokine and type I IFN production. IL-1�, IL-6, IL-10, IL-12(p40), IL-
12(p70), RANTES, and tumor necrosis factor alpha were measured in sera 24
and 48 h after LCMV infection by a multiplex bead-based flow cytometry assay
(Bio-Plex cytokine assay; Bio-Rad Laboratories). IFN-� and IFN-� were deter-
mined repeatedly between 12 and 96 h by enzyme-linked immunosorbent assay
(PBL Biomedical Laboratories).

Expression of green fluorescent protein (GFP) in splenic DCs and macro-
phages. Twenty-four and 48 h after LCMV infection, spleens of Ifna6�/GFP mice
were injected with 150 U/ml collagenase buffer (Wako Chemicals), 10 	g/ml
DNase I (Sigma), and 10% fetal calf serum and incubated for 40 min at 37°C.
After the addition of 10 mM EDTA and incubation for another 5 min, spleens
were shredded and passed through a nylon mesh. Erythrocytes were lysed, and
the single-cell suspension was stained with CD11b-PE, B220-PerCP, and CD11c-
allophycocyanin antibodies before fluorescence-activated cell sorter analysis.

Activation of splenic DCs. Splenocytes were harvested 48 h after infection,
incubated with B220-PerCP, CD11c-FITC, and CD40-, CD80-, or CD86-PE
antibodies (BD Pharmingen), and analyzed by flow cytometry.

RESULTS

Impaired CTL response to LCMV infection in MyD88�/�

mice but not IPS-1�/� mice. LCMV has been shown to mount
a robust CTL response in vivo. Although the involvement of
type I IFNs and innate immune cells in activating CTL
responses has clearly been demonstrated before, the mech-
anism of innate recognition of LCMV in vivo is not yet fully
understood. Therefore, we first examined the contributions
of two major innate viral recognition systems, TLRs and
RLHs, to mounting CTL responses against LCMV infection.
Eight days after intravenous administration of LCMV,
splenocytes of mice were harvested and stained with an
H-2Db LCMV-specific tetramer (Fig. 1A) or stimulated with
gp33-41 for analysis of IFN-� production (Fig. 1B), and total
and virus-specific CD8� T lymphocytes per spleen were
counted (Table 1). To assess LCMV-specific CTL activity,
cells were incubated with gp33-41-loaded, 51Cr-labeled EL-4
target cells and specific lysis was calculated (Fig. 1C). Wild-
type mice mounted a vigorous CTL response, demonstrated
by massive expansion of CD8� T cells, significant induction
of LCMV-specific CD8� T cells, strong IFN-� production,

TABLE 1. Total and virus-specific numbers of CD8� T lymphocytes
per spleen for uninfected mice and mice that were intravenously

infected with 3 � 105 PFU LCMV WEa

Mouse group and
genotype

Total
CD8� cells

Specific
CD8� cells % of total

Uninfected mice
C57BL/6�/� 6.6 � 2.6 0.03 � 0.04 0.5
IFNabR�/� 5.4 � 0.3 0.03 � 0.01 0.6
MyD88�/� 7.1 � 1.1 0.03 � 0.01 0.4
TLR7�/� TLR9�/� 6.7 � 2.2 0.02 � 0.02 0.3

Infected mice
C57BL/6�/� 19.7 � 9.2 2.19 � 1.04 11.1
IFNabR�/� 15.7 � 4.1 0.99 � 0.25 6.3
MyD88�/� 3.6 � 0.7 0.16 � 0.06 4.4
TLR7�/� TLR9�/� 13.0 � 2.7 0.98 � 0.23 7.5

a Splenocytes were harvested on day 8 after infection and stained with LCMV
major histocompatibility complex class I tetramer and CD8� antibodies. Cell
numbers were counted by flow cytometry. Depicted values are multipliers of 106

and indicate means � standard deviations for nine mice per indicated genotype.
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and specific, T-cell-induced lysis of 
60% of labeled target
cells. IFN-�/� receptor�/� mice and TLR7�/� TLR9�/�

mice demonstrated diminished clonal expansion of cytotoxic
T cells in response to LCMV infection, whereas DC8� T
cells even decreased in MyD88�/� mice during infection
compared to those in uninfected controls, resulting in
splenic atrophy. Consistent with previous reports, IFN-�/�
receptor�/� mice also showed impaired induction of
LCMV-specific T cells as well as decreased IFN-� produc-
tion by these cells. Furthermore, cytotoxic T cells derived
from IFN-�/� receptor�/� mice failed to effectively lyse
target cells that presented an LCMV-specific epitope.
MyD88 proved to play a crucial role in this process, as
specific T-cell induction, IFN-� production, and cytotoxicity

were severely affected in MyD88�/� mice. In contrast,
TRIF�/� mice did not show a defect in the activation of
CD8� T cells, suggesting that TLR3 is not involved in
LCMV-induced CTL responses. When mice lacking various
TLRs were infected with LCMV, TLR7�/� TLR9�/� mice
showed slightly diminished activation of CTL responses. In
contrast, TLR2, TLR4, and TLR8 were not involved in the
induction of CTL activity (Fig. 2A to C).

Next, we investigated the role of RLHs in LCMV-induced
CD8� T-cell activation. The analysis of IPS-1�/� splenocytes
revealed a normal T-cell response after LCMV infection. Spe-
cific T-cell activation, IFN-� production, and specific lysis were
comparable to those of wild-type cells (Fig. 3), suggesting that
RLHs are not involved in adaptive immunity after LCMV

FIG. 2. Involvement of other TLRs in T-cell response. Wild-type, TLR2�/�, TLR4�/�, and TLR8�/� mice were infected intravenously with
3 � 105 PFU LCMV WE, and splenocytes were harvested on day 8 after infection. Induction of LCMV-specific T lymphocytes (A), IFN-�
production (B), and CTL activity (C) were analyzed. Values are means � SD for three mice.
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infection. In general, the results obtained herein showed no
difference between the WE and ARM strains of LCMV (data
for LCMV ARM are not shown).

Role of TLRs and RLHs in the production of type I IFN and
proinflammatory cytokines in response to LCMV infection.
We further investigated how the TLR system contributes to the
activation of CTL responses. Given the importance of type I
IFN receptors in the development of LCMV-induced T-cell
activity, we hypothesized that MyD88 is involved in the pro-
duction of type I IFNs, although previous reports have shown
that IFN-� production is not impaired in MyD88�/� mice with
LCMV infection. We therefore measured serum levels of
IFN-� and cytokines between 12 h and 96 h after intravenous
LCMV challenge. In wild-type mice, IFN-� and IFN-� peaked
24 h after infection, and IFN-� levels gradually decreased after
48 h. IFN-� production was severely impaired in MyD88�/�

mice (Fig. 4A), and IFN-� production was abolished (Fig. 4B),
suggesting that TLRs play a critical role in type I IFN produc-
tion in response to LCMV. In contrast, IFN-� production was
not impaired in the absence of TRIF (data not shown), show-
ing that TLR3 is not involved in LCMV-induced type I IFN
production. Mice deficient in both TLR7 and TLR9 showed a
partially impaired type I IFN response. TLR2, TLR4, and
TLR8 did not play any role in the IFN response (data not
shown). Thus, it is possible that a combination of TLRs might
be important for the recognition of whole LCMV via MyD88

in vivo. We then investigated the involvement of RLHs by
using IPS-1�/� mice. Although LCMV-induced IFN-� produc-
tion was modestly impaired (Fig. 4A), IFN-� production was
not impaired in IPS-1�/� mice (Fig. 4B), suggesting that the
contribution of RLHs to LCMV-induced type I IFN produc-
tion is smaller than that of TLRs. In general, no strain-specific
differences were observed between LCMV WE and ARM in-
fections (data for LCMV ARM are not shown).

Furthermore, we examined the levels of proinflammatory
cytokines in sera. The production of IL-6, IL-12(p40), and
RANTES was abolished in MyD88�/� mice (Fig. 5A and B).
Conversely, IPS-1 deficiency did not significantly alter the pro-
duction of these cytokines, suggesting that the TLR system, but
not RLHs, plays an important role in the production of cyto-
kines.

Identification of IFN-�-producing cells during LCMV infec-
tion. Previous reports pointed out that cells other than pDCs
are responsible for IFN-� production during LCMV infection.
Therefore, we further investigated IFN-�-producing cells in
LCMV infection by using Ifna6�/GFP reporter mice. We found
that 24 and 48 h after intravenous LCMV infection, GFP� cells
were most frequently observed in the spleen (Fig. 6A and B)
and, to a lesser extent, in inguinal lymph nodes, bone marrow,
and the liver (data not shown). LCMV infection intensively
increased the number of GFP� B220� CD11cdull pDCs, indi-
cating that they were the major IFN-� producers in response to
LCMV infection. LCMV also modestly increased the numbers
of GFP� B220� CD11c� cDCs and GFP� CD11c� CD11b�

macrophages in the spleen (Fig. 6A and B), although this
phenomenon was not observed in other organs (data not
shown). Expression of GFP� pDCs was abolished in the ab-
sence of MyD88, whereas no significant difference was ob-
served between wild-type and IPS-1�/� mice, providing evi-
dence that pDCs utilize the TLR system to produce IFN-�.
The number of GFP� cDCs and macrophages was slightly but
constantly reduced in Ifna6�/GFP reporter mice lacking IPS-1
but was normal in MyD88�/� mice, suggesting that IFN-�
production by these cell types in response to LCMV requires
the RLH system and is independent of TLRs (Fig. 6A and B).
Taken together, these data indicate that pDCs are the main
type I IFN producers during LCMV infection through virus
recognition by the TLR-MyD88 system.

Activation of DCs in response to LCMV infection. DCs have
been shown to be important for the activation of adaptive
immunity. One attribute of DC activation is the surface up-
regulation of costimulatory molecules (29). To analyze
whether different DC subsets were activated in response to
LCMV infections, we assessed the expression of surface CD80,
CD86, and CD40 on splenic pDCs and cDCs 24 and 48 h after
infection. In wild-type mice, DC expression of CD80 (Fig. 7A
and B), CD86, and CD40 (data not shown) was enhanced after
infection. While no differences in the induction of these sur-
face molecules were found between wild-type and MyD88- or
IPS-1-deficient cDCs, upregulation was impaired in pDCs in
MyD88- but not IPS-1-deficient mice, presenting further evi-
dence that MyD88 plays an important role in the pDC-medi-
ated innate response to LCMV infections.

Enhanced susceptibility of MyD88�/� mice to LCMV infec-
tion. When wild-type mice were challenged intravenously with
LCMV, the virus was cleared by the activation of CTLs, lead-

FIG. 3. T-cell response via the RLH system. Wild-type and IPS-1�/�

mice were infected intravenously with 3 � 105 PFU LCMV WE, and
splenocytes were harvested on day 8 after infection. Induction of LCMV-
specific T lymphocytes (A), IFN-� production (B), and CTL activity
(C) were analyzed as described in the legend to Fig. 1. Values are
means � SD for three mice. Data are representative of three independent
experiments.
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ing to full recovery. Because MyD88�/� mice failed to mount
a sufficient T-cell response, we further investigated the long-
term outcome of LCMV infections. As expected, IPS-1�/�

mice effectively cleared the virus from the spleen (Fig. 8B) and
other organs (data not shown) within 1 week after infection, in
a manner similar to that of wild-type mice. In contrast, the
absence of MyD88 resulted in a failure of virus elimination,
with viral titers persisting for several weeks, independent of
TLR7 and TLR9 (Fig. 8A and C). This observation was in
accordance with a long-lasting deficiency in T-cell function
(Fig. 8E and F). The severe defects in virus clearance and in
the generation of LCMV-specific T memory cells were under-
lined by the finding that MyD88�/� mice died between 30 and
40 days after challenge with higher virus titers (Fig. 8D). These
results demonstrate that MyD88 is essential for the survival of
mice with LCMV infection by enabling the activation of ac-
quired immune responses.

DISCUSSION

LCMV has been studied intensively to understand the mech-
anisms of CTL activation following recognition of specific an-
tigens. However, the role of innate immunity in the activation
of CTL responses as well as in the elimination of the virus has
yet to be clarified. When analyzing mice deficient in MyD88 or
IPS-1, we clearly showed that the TLR system, but not the

RLH system, is critical for the development of adaptive immu-
nity against LCMV infection. Since the expression of IFN-�/�
receptor on antigen-specific CD8� T cells is important for
their expansion, activation, and memory formation after viral
infection (22), the contribution of MyD88 to this process seems
to be via the initial control of type I IFN production. We
demonstrate that both IFN-� and IFN-� are mainly controlled
by MyD88-dependent pathways. IFN-� and IFN-� share the
IFN-�/� receptor for signaling, and mice deficient in IFN-�/�
receptor showed impaired CTL activity during LCMV infec-
tion. Therefore, it is presumable that both IFN-� and IFN-�
contribute to the generation of a CTL response to LCMV.
Notably, it appears that MyD88�/� mice have a more severe
defect in CTL responses than do IFN-�/� receptor�/� mice, a
phenomenon also observed for CD8� T memory cells. Fur-
thermore, IPS-1�/� mice did not show a defect in CTL re-
sponses, although they showed partially impaired serum IFN-�
levels after LCMV infection. Thus, it is possible that the de-
velopment of LCMV-specific T cells is not solely regulated by
type I IFNs. In fact, at least two different pathways for LCMV-
induced T-cell IFN-� production have been described (7). Un-
der normal conditions, the IFN-� response is dependent on
type I IFN, without a contribution of IL-12. However, mice
deficient in IFN-�/� receptor elicit elevated levels of IL-12,
and this may overcome the defect caused by IFN-�/� defi-
ciency on CD8� T cells. MyD88 regulates the production of

FIG. 4. Type I IFN response to LCMV infection. The indicated mice were infected intravenously with 3 � 105 PFU LCMV WE, and IFN-�
(A) and IFN-� (B) levels in sera were measured by enzyme-linked immunosorbent assay between 12 and 96 h after infection. Data show
means � SD for three mice and are representative of three independent experiments.
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various cytokines, such as IL-1, IL-6, IL-12, IL-18, and
RANTES, in addition to type I IFNs, and these cytokines likely
contribute to the MyD88-dependent development of LCMV-
specific T cells in vivo.

Previous reports have shown that the production of type I
IFNs in response to LCMV infection is not impaired in pDC-

FIG. 5. Cytokine production. IL-6, IL-12(p40), and RANTES levels in sera of MyD88�/� (A) and IPS-1�/� (B) mice after intravenous infection
with 3 � 105 PFU LCMV WE were assessed after 24 h by a multiplex bead-based assay. Data show means � SD for three mice.

FIG. 6. Expression of GFP in splenic DCs and macrophages. Ifna6�/GFP

mice lacking MyD88 (A) or IPS-1 (B) as well as wild-type mice were infected
intravenously with 3 � 105 PFU LCMV WE. Splenocytes were harvested 24
and 48 h after infection, and the expression of GFP in pDCs, cDCs, and
macrophages was analyzed by fluorescence-activated cell sorter analysis. Data
are representative of two experiments.

FIG. 7. Activation of splenic DCs. Mice were infected intrave-
nously with 3 � 105 PFU LCMV WE. Splenocytes of MyD88- and
IPS-1-deficient mice were investigated for the activation of CD80 on
pDCs (A) and cDCs (B) by flow cytometry 48 h after infection. Data
shown are representative of three mice.
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depleted mice (8) and that splenic cDCs from infected mice
produce IFN-� (10). On the other hand, it was also suggested
that splenic pDCs can produce IFN-� in response to LCMV
infection (29). In this study, we identified pDCs as the pre-
dominant IFN-� producers by infecting Ifna6�/GFP mice with
LCMV. We also observed a modest expression of GFP� cDCs
and macrophages in LCMV-infected reporter mice; however,
this expression was clearly subordinate to that of pDCs. Other
cell types, such as T and B cells, did not express GFP in early
LCMV infection (data not shown), and no type I IFNs could be
detected in sera later than 72 h postinfection, indicating that
lymphocytes are not IFN-� producers in response to LCMV.
Furthermore, we found that IFN-� production in pDCs was
exclusively dependent on MyD88 but not on IPS-1. Consis-
tently, IFN-� and IFN-� levels in sera were severely impaired
in MyD88�/� mice. These results are in contradiction to a
previous report showing that the production of type I IFNs in
response to LCMV was MyD88 independent (43). Although

we do not have an explanation for this discrepancy, we believe
that the involvement of MyD88 as well as pDCs in the IFN
response is well grounded based on the data from measure-
ments of serum IFN and our novel reporter mice. On the other
hand, cDCs and macrophages from Ifna6�/GFP mice lacking
IPS-1 showed reduced GFP expression in response to LCMV
compared to those from wild-type mice, although the fre-
quency of GFP� cells was much lower than that for pDCs.
However, given that the total number of cDCs and macro-
phages in the body by far exceeds the number of pDCs, it can
be presumed that the impaired IFN-� levels in sera in IPS-1�/�

mice are a result of the failure to produce IFN in these cell
types.

Since type I IFN production in response to LCMV infection
was mainly dependent on MyD88, we investigated the contri-
bution of each TLR to the recognition of LCMV infection.
Although the involvement of TLR2 was reported previously
(43), we did not detect a defect in TLR2�/�, TLR4�/�, or

FIG. 8. Long-term sequelae after LCMV infection. Wild-type, MyD88�/�, and TLR7�/� TLR9�/� mice or IPS-1�/� mice were infected
intravenously with 3 � 105 PFU LCMV WE, and virus titers were measured in spleens on day 8 (A and B) and day 30 (C) by a methylcellulose
titration assay. Results for three mice are displayed, with means. Data are representative of three independent experiments. (D) Survival rates were
assessed after infecting six mice per indicated genotype with 2 � 106 PFU LCMV WE in two independent experiments. (E and F) Generation of
LCMV-specific memory CD8� T lymphocytes in MyD88�/�, TLR7�/� TLR9�/�, and IFN-�/� receptor�/� mice following infection with 1 � 105

PFU LCMV WE was analyzed as described above. Indicated values are means � SD for three mice and are representative of two independent
experiments.
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TLR8�/� mice. TLR1 and TLR6 both form heterodimers with
TLR2 to recognize bacterial components, and they are likely
not involved in LCMV recognition, since TLR2�/� mice re-
sponded appropriately to LCMV infection. Also, TLR5 is un-
likely to contribute to MyD88-dependent LCMV recognition,
as it does not activate IFN-inducible genes and is only margin-
ally expressed in splenic cells (37). TLR7�/� TLR9�/� mice
showed only partial impairment in type I IFN levels and CTL
activity compared to MyD88�/� mice, and TRIF was not in-
volved in innate and adaptive immune responses to LCMV.
Taken together, the data show that other unknown MyD88-
dependent but TLR7- and TLR9-independent receptors may
contribute to the complex orchestration of LCMV signal rec-
ognition in vivo. Another possibility is that pDCs are indirectly
activated by LCMV-infected cells and that MyD88-dependent
signaling is required in other cell types. Indeed, pDCs induced
from bone marrow failed to produce large amounts of IFN-� in
response to LCMV infection in vitro, whereas infection with
Newcastle disease virus, Sendai virus, and influenza virus was
reported to induce large amounts of IFN-� in bone marrow-
derived pDCs (19). Thus, it is possible that IFN-� production
in response to LCMV is mediated through a mechanism dif-
ferent from that in response to other RNA viruses. Further
studies are required to clarify the mechanism of IFN-� pro-
duction in pDCs via the MyD88-dependent pathway.

DCs are reported to be critical for the development of an-
tigen-specific T-cell responses against viral infection (3). In
response to LCMV infection, cDCs upregulated costimulatory
molecules, namely, CD40, CD80, and CD86, even in the ab-
sence of MyD88 or IPS-1. In contrast, costimulatory molecule
expression in pDCs was impaired in MyD88-deficient mice.
The critical role of MyD88-dependent signaling in CD8 T-cell
activation and its role in IFN production in pDCs suggested
that pDCs are essential for inducing the development of

LCMV-specific CTL responses. However, it is not clear if
pDCs play a direct role in the presentation of LCMV antigen
to CD8 T cells. A possible explanation is that pDCs act to
facilitate CTL activation by producing type I IFN rather than
directly presenting antigens. A model depicting the modula-
tion of the CTL response to LCMV by pDCs via MyD88 is
shown in Fig. 9.

MyD88-deficient mice were highly susceptible to infection
with LCMV and showed long-lasting virus persistence. It
seems that the defect in the acute-phase innate response can-
not explain the cause of death observed for MyD88�/� mice,
considering that all MyD88-deficient mice died after 30 to 40
days of infection with higher virus titers. These results are
similar to the effects of LCMV infection in perforin-deficient
(Perf�/�) mice. Perf�/� mice have been shown to enhance
T-cell expansion and activation in response to persistent
LCMV infection, leading to immunomediated tissue damage
and increased mortality (5, 26). Thus, it has been suggested
that the pathology and fatality of LCMV infection are most
likely not direct results of the infection but, rather, are due to
virus-induced immunopathology. Therefore, although LCMV-
mediated CTL responses, including the formation of CD8�� T
memory cells, were impaired in MyD88�/� mice, the persistent
T-cell response may eventually have caused enough pathology
to result in the death of the mice. However, further studies are
required to clarify the precise cause of death observed for
MyD88�/� mice.

In summary, our results demonstrate the importance of
MyD88-dependent signaling in the production of type I IFNs
in pDCs. Consistently, MyD88 is critical for the activation of
CTL responses. Furthermore, MyD88 controls various proin-
flammatory cytokines that are likely to contribute to the acti-
vation of CTL responses independently of type I IFN. How-
ever, the cell-specific contributions of TLRs and cytoplasmic

FIG. 9. Innate immune modulation of CTL response to LCMV through MyD88 signaling. MyD88 mediates recognition of LCMV by
TLR7/TLR9 and possibly other, unknown receptors via pDCs. Type I IFNs produced by infected pDCs result in activation and clonal expansion
of virus-specific CTLs. In an alternative pathway, CTLs are activated by proinflammatory cytokines in an MyD88-dependent manner. Activated
CTLs mount effector functions that finally contribute to virus elimination.
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RLHs to the activation of acquired immunity appear to be
different in response to various viruses. Future studies will
clarify how these two innate viral recognition pathways are
involved in T-cell activation depending on different viral patho-
gens.
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