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Figure 3. Change of cytokine production pattern of natural killer (NK) cells through NKG2A signals is responsible for the dendritic cell (DC)
induction of CD4* CD25" Treg cells. (a) NK cells prestimulated with interleukin (IL)-2 were cultured with human non-transformed hepatocytes
(NHs) in the presence of masking antibodies (Abs) of NKG2A (IL-2 NK/NH + anti-NKG2A) or isotype control IgG (IL-2 NK/NH + IgG) for
24 hr. *P < 0-05. (b) IL-2 activated NK cells were co-cultured with NHs (IL-2 NK/NH). DCs (1 x 10°) were stimulated with the culture superna-
tant in the presence of anti-IL-10, anti-transforming growth factor (TGF)-p neutralizing Ab or control IgG for 24 hr. DCs were washed thor-
oughly and co-cultured with allogeneic CD4" T cells for 48 hr. Next, the isolated CD4" CD25™ T cells (1 x 10°/well) were co-cultured with
autologous CD4* CD25™ T cells in the presence of plate-bound anti-CD3 Ab at a ratio of 1 : 1. Interferon (IFN)-y production from the culture
supernatant was examined by -enzyme-linked immunosorbent assay. *P < 0-05 vs. responses of anti-CD3 Ab-stimulated CD4* CD25™ T cells.
(<) DCs (1 x 10°) were stimulated with 50 ng/ml TNF-0, 100 ng/ml TGE- or both for 24 hr. After thorough washing, they were co-cultured
with allogeneic CD4* T cells for 48 hr. CD4* CD25" T cells (1 X 10°/well) were isolated from the DC and CD4* co-cultures and cultured with

freshly isolated autologous CD4* CD25™ T cells at a ratio of 1 :

1 in the presence of plate-bound anti-CD3 Ab. IFN-y production was examined

as described above. *P < 0-05 vs. responses of anti-CD3 Ab-stimulated CD4* CD25™ T cells.

during co-cultures of CD4* CD257/CD4* CD25" T cells
in the presence of anti-CD3 Ab. In case of natural
CD4" CD25" T cells, their suppressive action was parti-
ally reversed on addition of anti-CTLA-4 Ab. By contrast,
they preserved their suppressive capacity even in the pres-
ence of the blocking Ab of GITR, PD-1, TGF-p or IL-10
(Fig. 4a). When CD4* CD25" Treg cells induced by NH/
IL-2 NK-primed DCs were used instead of natural
CD4" CD25" T cells, their suppressive activity was mark-
edly reduced on addition of the blocking Ab of PD-1 but
not CTLA-4, IL-10, TGF-B or GITR (Fig. 4a). The regula-
tory functions of these Treg cells were required for direct
cell-to-cell contact because separation of CD4" CD25"
Treg cells and CD4* CD25™ T cells in transwell chambers
virtually abolished their suppressive effects (data not
shown). We also confirmed the presence of PDL-1

© 2006 Blackwell Publishing Ltd, Immunology, 120, 73-82

expression on CD4" CD25™ T cells when they were activa-
ted with anti-CD3 Ab (Fig. 4b), suggesting that effec-
tor cells themselves induce suppressive activities of
.CD4" CD25" Treg cells. Taken together, these results fur-
ther reinforced the hypothesis that CD4" CD25" Treg
cells induced by NH/IL-2 NK-primed DCs were different
from natural CD4" CD25" Treg cells in their PD-1-
dependent suppressive functions.

Discussion

Recent studies have revealed that activated NK cells posi-
tively regulate DC activation and maturation either
through direct contact via NK cell receptors (NKp30,
NKG2D, etc.) or in co-ordination with various kinds of
cytokines (IFN-y, TNF-q, etc.).”>'® However, the issue of
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Figure 4. Cha* CD25% Treg cells induced by interleukin (IL)-2 natural killer (NK)/human non-transformed hepatocytes (NH)-treated dendritic
cell (DC) suppressed T cell activation through programmed death-1 (PD-1)/programmed death ligand-1 {PDL-1) interactions. (a) DCs (1 x 10%)
were stimulated with the IL-2 NK/NH supernatant for 24 hr, and then cultured with allogeneic CD4* T cells for 48 hr. CD4" CD25" frac-
tions were isolated from the DC/CD4" T cell mixtures. Freshly isolated CD4* CD25" T cells (natural CD25%) or CD4* CD25" T cells induced by
NK/NH-primed DCs (induced CD25") were co-cultured with freshly isolated autologous CD4* CD25™ T cells at a ratio of 1 : 1 upon stimulation
of plate-bound anti-CD3 antibody (Ab). Anti-CTLA-4 (cytotoxic T lymphocyte antigen-4) Ab, anti-GITR (glucocorticoid-induced TNF receptor)
Ab, anti-PD-1 Ab, anti-IL-10 Ab, anti-TGF-B Ab or isotype control IgG (20 pg/ml for each) were incubated during CD4* CD25*/CD4* CD25™ T
cell co-cultures. Interferon (IFN)-y was measured for each supernatant obtained after 72 hr of co-culture by enzyme-linked immunosorbent
assay. *P < 0-05 vs. responses of anti-CD3 Ab-stimulated CD4" CD25™ T cells. (b) Freshly isolated CD4* CD25™ T cells were incubated with
(anti-CD3) or without (=) plate-bound anti-CD3 Ab for 24 hr. PDL-1 expression was assessed by flow cytometry (closed’ hxstograms) Open
histograms show isotype control staining.

whether NK cells are involved in DC-mediated Treg cell
induction has not been resolved. In the present study, we
report that ‘the expression of regulatory markers and

functions was markedly decreased on CD4* CD25" T cells

" upon exposure to IL-2 NK-primed DCs. By contrast, the

interaction of activated NK cells and NH through the
" NKG2A inhibitory receptor led to DC induction of
CD4" CD25" T cells with regulatory properties. Further-
more, NKG2A-mediated increase in TGF-f as well as
decrease in TNF-a in an NH and NK cell mixture contri-
buted to DC induction of CD4* CD25" Treg cells. This is
consistent with previous reports showing that TGF-f
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plays a role in generating the specific DC that activates
CD4* CD25" Treg cells.'®"! The findings that TNF-q
suppressed TGF-B-mediated priming of DCs to induce
Treg cells also extended the previously identified role of
TNF-a as a positive regulator of DC activation. In line
with our findings, previous reports showed that impair-
ment of CD4" CD25" Treg cell activities restored their
suppressive functions after blockiig TNF-a signals in
non-obese diabetic (NOD) mice or in patients with
Crohn’s disease.?®?® To our knowledge, the present study
is the first description of modulation of NK cells and
human hepatocytes through NKG2A-mediated inhibitory

© 2006 Blackwell Publishing Ltd, /mmunology, 120, 73-82



signals that profoundly affect DC functions towards
CD4" CD25"* Treg cells. Because NK cell functions are
regulated by the balance between inhibitory and activating
signals, any future clarification of the role of other NK

inhibitory and activating receptors in DC modulation and

Treg cell activation will be of great interest.

The cross-presentation of self-antigens by major histo-
compatibility complex (MHC) class 11 pathways consti-
tutes an important step towards generating and/or
expanding peripheral Treg cells.>** However, we initially
settled our experimental design by using DCs and Treg
cells from different donors, and DCs encountered CD4"
T cells in an ‘antigen-free’ condition. Therefore, Treg cells
induced by NK/NH-primed DCs are generated independ-
ently of MHC class II-mediated self-antigen recognition.
These results give rise to the possibility that the cross-talk
of NK cells, DCs and hepatocytes represents an alternative
pathway in the generation and expansion of peripheral
Treg cells. However, it should be noted that these results
may not apply to all donors because of the complexity of
the allogeneic system and the relatively few donors tested.

PD-1-mediated suppressive activities were characteristic
for CD4" CD25" Treg cells generated by NH/IL-2 NK-
primed DCs. By contrast, natural CD4™ CD25% Treg cells
exerted their suppressive function, at least in part, in a
CTLA-4-dependent fashion. Recent reports have clarified

the existence of two subtypes of Treg cells: natural and

inducible CD4* CD25" Treg cells. Inducible Treg cells
“exert suppressive activities by using molecular mecha-
nisms distinct from those of natural regulatory cells.”
Our findings further identify the novel pathways by which
inducible CD4" CD25" Treg cell activities triggered by
NKG2A inhibitory signals are dependent on PD-1-medi-
ated negative costimulation. A recent report identified the
interaction of B7 on effector T cells with costimulatory
molecules CD28/CTLA-4 on CD4% CD25% Treg cells as
molecular mechanisms of their suppressor ~activity.*
Thus, it is possible that reverse signalling of PDL-1 on
effector cells may also be crucial for the negative costimu-
lator-mediated suppressive action of CD4" CD25" Treg
cells. In the present study, we did not address the mecha-
nisms by which NH/IL-2 NK-primed DCs induce
CD4" CD25" Treg cells with PD-1-dependent suppressive
functions. Further study will be needed to clarify this
issue. :

We previously showed that NKG2A is expressed at
higher levels from NK cells isolated from peripheral blood
in patients with chronic hepatitis C virus (HCV) infection
than from those in healthy donors.”® HCV frequently per-
sists in humans, at least in part, due to inefficient induc-
tion of NK activity as well as specific T cell responses.*>>*
The small percentage of patients who spontaneously clear
the virus and recover from chronic hepatitis C mount vig-
orous HCV-specific CD4" and CD8" T cell responses.>5>”
Research has described an increased frequency of CD4*

© 2006 Blackwell Publishing Ltd, Immunology. 120, 73-82

NK receptor in DC induction of Treg cells

CD25" T cells in the blood of patients with persistent
HCV infection compared with those who have spontan-
eously cleared HCV.*®*® Our current findings raise the
interesting possibility that increased NKG2A expression
on NK cells may lead to DC-mediated induction of Treg
cells, leading to the inhibition of adaptive responses to
HCV and failure to eliminate ‘this virus.: Indeed,
CD4" CD25* T cells induced by HCV-NK/Hep3B hepa-
toma cell-primed DCs expressed and suppressed effector

* T cell functions at greater levels than those induced by

N-NK/Hep3B-primed DCs (our unpublished- data). Inter-
estingly, a recent study identified PD-1-mediated signals
as a critical pathway to induce anergic CD8* T cells and
impair antiviral CTL responses in chronic viral infec-
tion.*® In this regard, the therapeutic modification of
the PD-1 pathway may synergistically augment antiviral
immunity by suppressing Treg activity and recovering
CTL responses. It is important to establish whether the
PD-1 pathway in liver lymphocytes may be operable
in vivo and. play a critical role in suppression of virus-spe-
cific immunity in HCV infection.

In conclusion, we have demonstrated that interaction of
NK cells and hepatic cells via NKG2A leads to DC induc-
tion of CD4" CD25" T cells with PD-1-dependent regula-
tory activities. These findings also imply that NK receptor
signals of NK cells may dictate DC-mediated adaptive
immune responses towards tolerogenic or immuno-
genic status via induction of Treg cells.
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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 thejr 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 virns (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
promﬂammatory cytokines were mainly dependent on the presence of MyD88, although IPS-1~'~ mice showed
a decrease in IFN-a levels but not in IFN-B and proinflammatory cytokine levels. Analysis of Ifna6+/("‘ r
reporter mice revealed that plasmacytoid dendritic cells (DCs) are the major source of IFN-a 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 mechamsm induces a CTL response, which even-

Department of

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-1)-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 responsnble for
the recognition of microbial components. Among TLRs, TLR7
and TLRY 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-
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tor-inducing IFN-B (TRIF) in its downstream pathway (2, 40).
MyD88 forms a complex with TL-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 (MDADS), are cytoplasmic proteins respousible
for the recognition of viral double-stranded RNA (20, 41, 42).

RIG-1 and MDAS 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 MDAS5 detects viruses belonging to the picor-
navirus family, such as encephalomyocarditis virus (11, 18, 19).
RIG-I and MDAS detect double-stranded RNAs via the heli-
case domain and initiate downstream signaling cascades via the
CARD:s by associating with a CARD-containing signaling pro-
tein named IFN-B promoter stimulator 1 (IPS-1) (also known
as MAVS, VISA, or CARDIF) (21, 27, 33, 39). IPS-1 signals
thrcjugh IkB 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-kB-dependent proinflammatory cytokines in
response to infection with different families of RNA viruses
recognized by RIG-I and MDAS (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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FIG. 1. Induction of LCMV-specific T-cell response via the TLR system. Wild-type, MyD88~/~, IFN-o/B receptor~~, TLR7~/~ TLR9~/~, and
TRIF ™~ mice were infected intravenously with 3 X 10° 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 CD8a antibodies (A) or stimulated with gp33-41 prior to CD8«
antibody staining (B). Induction of LCMV-specific T lymphocytes and IFN-y production was analyzed by flow cytometry. (C) Ex vivo CTL activity
in splenocytes was determined by a 5-h 3*Cr release assay, using gp33-41-loaded EL4 cells as targets. Values are means = standard deviations (§D)
for three mice. Data are representative of three independent experiments.

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 LCMYV 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-vy
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 CD8a™ DCs (3). After cap-
turing the viral antigen, the DCs migrate to lymphoid organs,
such as the spleen, where they activate naive 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
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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-a in the
LCMV-infected spleen (29). Conversely, it was reported that
production of type I IFNs in response to LCMYV 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-a 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-17/~ 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 LCMYV infection. In contrast to previous repotts,
levels of IFN-a, IFN-B, and proinflammatory cytokines in sera
were dependent on the presence of MyD88, whereas IPS-1
deficiency resulted in impaired IFN-a production but other-
wise normal cytokine levels. pDCs were the major source of
IFN-a in LCMYV 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.

MATERJALS AND METHODS

Mice. IFN-o/B 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 TLRY-
deficient mice (13, 14). Ifna6*/“FF 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 X 10° PFU LCMV
strain WE or ARM after a brief anesthesia with diethyl ether. For analysis of
survival rates, mice were infected with 2 X 10 PFU. Virus loads in the spleen
and liver were investigated on days 4, 8, and 30 after infection. For virus titration,
MCS57G 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 immunoglobufin 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-2D” LCMV tetramer-KAVYNFATC-phyco-
‘erythrin (PE) (MBL), CD4-fluorescein isothiocyanate (CD4-FITC), and CD8a-
allophycocyanin antibodies (BD Pharmingen). Samples were acquired on a FACS-
Calibur flow cytometer (BD Biosciences) and analyzed with FlowJo software
(TreeStar). IFN-y induction was analyzed by stimulating splenocytes with an
LCMV H-2D"-binding peptide (giycoprotein 33-41 [gp33-41] [KAVYNFATM];
Peptide Institute) and 10 ng/ml murine IL-2 prior to incubation with CD8a
antibodies. Cells were then fixed, stained with TFN-y-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 3'Cr. The percentage of
specific lysis for each sample was calculated as follows: {(sample release —
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TABLE 1. Total and virus-specific numbers of CD8* T lymphocytes
per spleen for uninfected mice and mice that were intravenously
infected with 3 X 10° PFU LCMV WE®

Mouse group and Total Specific
gen%rtypg CD8* cells CD%+ cells % of total

Uninfected mice

C57BL/6*'* 6.6 26 0.03 = 0.04 0.5

IFNabR ™/~ 54+03 0.03 = 0.01 0.6 .

MyD88~/~ 7111 0.03 = 0.01 0.4

TLR7™~/~ TLR9™/~ ) 6722 0.02 = 0.02 0.3
Infécted mice

CS7BL/6*/* 19.7 92 219 = 1.04 11.1

IFNabR ™/~ 157+ 41 0.99 £ 0.25 6.3 .

MyD88~/~ 3607 0.16 + 0.06 4.4

TLR7~/~ TLR9™/~ 13.0 =27 0.98 = 0.23 7.5,

? Splenocytes were harvested on day 8 after infection and stained with LCMV
major histocompatibility complex class I tetramer and CD8a antibodies. Cell
numbers were counted by flow cytometry. Depicted values are multipliers of 10
and indicate means * standard deviations for nine mice per indicated genotype.

spontaneous release)/(maximal release — spontaneous release)] X 100. To an-
alyze the generation of LCMV-specific memory T lymphocytes, mice were in-
fected with 1 X 10° PFU LCMV WE, and splenocytes were analyzed for
activation of specific T memory cells and IFN-y induction as described below.

Cytokine and type I IFN production. IL-18, 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-a and IFN-B 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*/SF" mice
were injected with 150 U/m! collagenase buffer (Wako Chemicals), 10 pg/mi
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

Lmpaired CTL response to LCMYV 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 LCMYV,
splenocytes of mice were harvested and stained with an
H-2D" LCM V-specific tetramer (Fig. 1A) or stimulated with
gp33-41 for analysis of IFN-vy 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, *'Cr-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-y production,
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FIG. 2. Involvement of other TLRs in T-cell response. Wild-type, TLR2™~, TLR4™/~, and TLR8™/~ mice were infected.intravenously with
3 X 10° PFU LCMV WE, and splenocytes were harvested on day 8 after infection. Induction of LCMV-specific T lymphocytes (A), IFN-y
production (B), and CTL activity (C) were analyzed. Values are means + SD for three mice.

and specific, T-cell-induced lysis of >60% of labeled target
cells. IFN-a/p 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-a/B
receptor/~ mice also showed impaired induction of
LCMV-specific T cells as well as decreased IFN-y produc-
tion by these cells. Furthermore, cytotoxic T cells derived
from IFN-a/B receptor™’~ mice failed to effectively lyse
target cells that presented an LCMV-specific epitope.
MyDS88 proved to play a crucial role in this process, as
specific T-cell induction, IFN-y 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 TPS-17/~ splenocytes
revealed a normal T-cell response after LCMV infection. Spe-
cific T-cell activation, IFN-y 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
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FIG. 3. T-cell response via the RLH system. Wild-type and IPS-17/~
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splenocytes were harvested on day 8 after infection. Induction of LCMV-
specific T lymphocytes (A), IFN-y 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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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 LCMYV 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 IFNSs, although previous reports have shown
that IFN-a production is not impaired in MyD88 ™/~ mice with

LCMYV infection. We therefore measured serum levels of

IFN-a and cytokines between 12 h and 96 h after intravenous
LCMYV challenge. In wild-type mice, IFN-a and IFN-f peaked
24 h after infection, and IFN-« levels gradually decreased after
48 h. IFN-a production was severely impaired in MyD88 ™/~
mice (Fig. 4A), and IFN-B 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 1 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

J. VIROL.

in vivo. We then investigated the involvement of RLHs by
using IPS-17/~ mice. Although LCMV-induced IFN-a produc-
tion was modestly impaired (Fig. 4A), IFN-8 production was
not impaired in IPS-17/~ 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 LCMYV infec-
tion. Previous reports pointed out that cells other than pDCs
are responsible for IFN-a production during LCMV infection.
Therefore, we further investigated IFN-a-producing cells in
LCMV infection by using Ifna6™/SF* 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* CD11¢®" pDCs, indi-
cating that they were the major IFN-a producers in response to
LCMV infection. LCMV also modestly increased the numbers
of GFP™ B220~ CD11c* ¢DCs and GFP* CD11¢™ 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-17/~ mice, providing evi-
dence that pDCs utilize the TLR system to produce IFN-a.
The number of GFP™ ¢DCs and macrophages was slightly but
constantly reduced in [fra6*/“*F 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 LCMYV 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
LCMY infections, we assessed the expression of surface CD80,
CD86, and CDA40 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-
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FIG. 4. Type I IFN response to LCMV infection. The indicated mice were infected intravenously with 3 x 10° PFU LCMV WE, and IFN-«
(A) and IFN-B (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 représentative of three independent experiments.

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-17/~
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 TLRY (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 LCMYV 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-a/B
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-a and IFN-B are mainly controlled
by MyD88-dependent pathways. IFN-a and IFN-B share the
1IFN-o/B receptor for signaling, and mice deficient in IFN-o/8
receptor showed impaired CTL activity during LCMYV infec-
tion. Therefore, it is presumable that both IFN-a 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-o/f receptor /~ mice, a
phenomenon also observed for CD8* T memory cells. Fur-
thermore, IPS-17/~ mice did not show a defect in CTL re-
sponses, although they showed partially impaired serum IFN-a
levels after LCMV infection. Thus, it is possible that the de-
velopment of LCMV-specific T cells is not solely regulated by
type I IFNSs. In fact, at least two different pathways for LCMV-
induced T-cell IFN-y production have been described (7). Un-
der normal conditions, the IFN-y response is dependent on
type I IFN, without a contribution of IL-12. However, mice
deficient in IFN-o/B receptor elicit elevated levels of IL-12,
and this may overcome the defect caused by IFN-o/B defi-
ciency on CD8™ T cells. MyD88 regulates the production of
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various cytokines, such as IL-1, IL-6, IL-12, 1L-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 LCMYV infection is not impaired in pDC-
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assessed after infecting six mice per indicated genotype with 2 X 10° PFU LCMV WE in two independent experiments. (E and F) Generation of
LCMV-specific memory CD8* T lymphocytes in MyD88~/~, TLR7~/~ TLR9~'~, and IFN-o/B receptor ™~ mice following infection with 1 X 10°
PFU LCMV WE was analyzed as described above. Indicated values are means * SD for three mice and are representative of two independent

experiments.

depleted mice (8) and that splenic ¢cDCs from infected mice
produce IFN-a (10). On the other hand, it was also suggested
that splenic pDCs can produce IFN-a in response to LCMV
infection (29). In this study, we identified pDCs as the pre-
dominant IFN-a producers by infecting Ifna6*/“F* 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
LCMYV 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-a producers in response to LCMV.
Furthermore, we found that IFN-a production in pDCs was
exclusively dependent on MyD88 but not on IPS-1. Consis-
tently, IFN-a and IFN-B levels in sera were severely impaired
in MyD887/~ 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*/“*F 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-a levels in sera in IPS-17/~
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 LCMYV infection.
Although the involvement of TLR2 was reported previously
(43), we did not detect a defect in TLR2™/~, TLR4™/"or
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FIG. 9. Innate immune modulation of CTL response to LCMV through MyD88 signaling. MyD88 mediates recognition of LCMV by
TLR7/TLRY 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 eﬂector functions that finally contribute to virus elimination.

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 LCMYV infection. Also, TLRS 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-«a 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-a in bone marrow-
derived pDCs (19). Thus, it is possible that IFN-a production
in response to LCMYV 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-a 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 LCMYV infection in perforin-deficient
(Perf /) mice. Perf™'~ mice have been shown to enhance
T-cell expansion and activation in responmse to persistent
LCMYV 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 CD8a™ 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 precxse cause of death observed for
MyD88™/" mice.

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

Summary: The innate immune system plays critical roles in recognizing
viral infections and evoking initial anti-viral responses. Nucleotides from
RNA viruses are recognized by retinoic acid-inducible gene I (RIG-I)-like
helicases (RLHs) and Toll-like receptors (TLRs), and the recognition
triggers signaling cascades that induce anti-viral mediators such as type I
interferons (IFNs) and pro-inflammatory cytokines. The RLH signaling
pathways play essential roles in the recognition of RNA viruses in various
cells, with the exception of plasmacytoid déndritic cells (pDCs). However,
TLRs are important for the production of type I IFNs in pDCs but not in
other cell types. The contibutions of RLHs and TLRs to the production of
type I IFNs in response to RNA viruses vary depending on the route of
infection. Specifically, local infections induce IFNs through RLHs but not
TLRs, whereas systemic infections strongly stimulate TLRs in pDCs. In this
review, we discuss recent advances toward clarifying the signaling
pathways activated by RLHs and TLRs.

Keywords: type I interferon, Toll-like receptor, RIG-I-like helicase, RNA virus

Introduction

Viruses that have invaded a host are initially recognized by
infected non-immune cells as well as innate immune cells such
as macrophages and dendritic cells (DCs), which rapidly evoke
anti-viral responses via the production of type I interferons
(TFNs) Type I IFNs,
comprised of multiple IFN-« isoforms and a single IFN-f, and

and pro-inflammatory cytokines.

other members, such as IFN-®, -¢, and -k, are pleiotropic
cytokines that are essential for anti-viral immune responses (1,
2). They induce apoptosis of virus-infected cells and cellular
resistance to viral infection, in addition to activating natural
killer (NK) and T cells. Thus, type I [FNs play essential roles not
only in innate anti-viral responses but also in activating the
adaptive immune system.

The expressions of type I IFN and cytokine genes are
regulated by intracellular signaling cascades that are activated
by germline-encoded pattern recognition receptors. These
receptors specific  to

recognize molecular  patterns

microorganisms, such as bacterial lipopolysaccharide,
bacterial lipoproteins, microbial proteins, and nucleotides.

Three classes of innate pattern-recognition receptors have



been identified, namely Toll-like receptors (TLRs), retinoic
acid-inducible gene I (RIG-I)-like helicases (RLHs), and
nucleotide-binding  oligomerization domain (NOD)-like
receptor (NLR) proteins.

TLRs are comprised of leucine-rich repeats (LRRs), a
transmembrane domain, and a cytoplasmic domain
designated the Toll/interleukin-1 receptor (IL-1R) homology
(TIR) domain (3, 4). To date, 10 and 12 TLRs have been
reported in humans and mice, respectively, and the microbial
components recognized by each TLR have mostly been
identified. TLR3‘, TLR7, and TLRY are localized on cytoplasmic
vesicles, such as endosomes and endoplasmic reticulum, and
recognize microbial nucleotides. Specifically, TLR3 detects
double-stranded (ds) RNA, while TLR7 and TLR9 recognize
single-stranded (ss) RNA and DNA with a CpG motif,
respectively. The TIR domain of TIRs is localized in the
cytoplasm, and the LRRs face. the extracellular .space or the
endosomal lumen. Because the LRRs but not the TIR domain
are responsible for microbial sensing, TLRs are not suitable for
recognizing viruses that have infected cells and are localized in
the cytoplasm or the nucleus.

Viruses that have invaded a cell are recognized by receptors
" localized in the cytoplasm. RIG-I and its paralogues,
collectively referred to as RLHs, are responsible for the
recognition of RNA molecules derived from RNA viruses in a
cell. RLH-mediated signaling triggéred by RNA virus infection
induces the expressions of type I IFN genes as well as pro-
inflammatory cytokine genes. A member of the NLR family has
also been implicated in the recognition of viral RNA in' the
cytoplasrn. In this review, we focus on the roles of RLHs in RNA
virus recognition, followed by the roles of the TLR system.
Finally, we discuss the relationship between these two virus
recognition ‘mechanisms during the course of RNA virus

infection in vivo.

Recognition of RNA viruses by RLHs

Viruses replicate in infected cells by utilizing the host’s
machineries. dsRNAs are present in cells as intermediates of
viral RNA replication, dsRNA virus genomes, or stem-loop
RNAs encoded by some DNA viruses. RIG-I was originally
cloned as a cytoplasmic protein that mediates dsRNA-induced
type I IFN production. RIG-I is comprised of two N-terminal
caspase recruitment domains (CARDs), followed by a DExD/H
box helicase domain (5). RIG-I forms a family with melanoma
differentiation-associated gene-5 (MDAS) (also known as
Helicard) and LGP2, based on the high similarities of their
helicase domains (6—8). The expressions of these proteins are
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strongly induced by IENs, and they interact with dsRNAs
through their helicase domains. Overexpression of RIG-I
CARDs alone induces activation of the IFN-B promoter,
CARDs

downstream signaling cascades. However, the adenosine

indicating that are responsible for triggering
triphosphatase (ATPase) activity of the helicase domain has
been shown to be critical for the recognition of dsRNAs by
RIG-I. Besides the CARDs and the helicase domain, a C-
terminal portion of RIG-I, designated the repressor domain
(RD), was found to be important for controlling RIG-I-
mediated IFN responses (9). Briefly, RIG-I without the RD
constitutively  activated the IFN-B  promoter, while
overexpression of the RD inhibited RIG-I-IPS-1 binding as
well as virus-induced IFN-f promoter activation.

The functional roles of RIG-I.and MDAS in vivo have been
investigated by generating mice deficient in these molecules
(10-12). Although MDAS ™~ mice did not show any.
developmental abnormalities, RIG-I ™~ mice mostly showed
embryonic lethality, on the 129Sv X C57BL/6 background,
due to fetal liver apoptosis. However, RIG-I '~ mice
overcame this developmental defect on the CD1 background.
Further analyses of RIG-I ~/~ and MDAS ™'~ mice revealed that
RIG-I and MDAS recognize different RNA viruses. RIG-1""~
fibroblasts and conventional DCs (cDCs) did not produce typel
IFNs
paramyxoviruses, influenza virus, vesicular stomatitis virus
(VSV), and Japanese encephalitis virus (JEV) (Fig. 1). Although
MDAS ~/~
response to the viruses recognized by RIG-I, they failed to

in response to various RNA viruses, including

cells exhibited normal production of type I IFNs in

respond to encephalomyocarditis virus (EMCV), Theiler’s
virus, and Mengo virus. These latter viruses belong to the
that MDAS
recognizes picornavirus infections. Consistently, RIG-I
and MDAS ™~ mice were highly susceptible to VSV and
EMCV, respectively. Furthermore, EMCV infection failed to

picornavirus family, indicating specifically

—/—

induce the production of type I IFNs and pro-inflammatory

cytokines in MDAS ~/~ mice. These observations indicate that

RLH-mediated recognition of RNA viruses plays critical roles in
the host defenses against viral infection. In humans, a non-
synonymous single nucleotide polymorphism (SNP) in MDAS
was reported to show an association with type I diabetes (13).
Specifically, the A946T substitution in MDAS was more
frequently identified in type I diabetes patients. Although‘ itis
not clear whether this SNP affects the IFN-inducing activity of
MDAS, the finding is interesting because the cause of type I
diabetes is strongly connected to viral infection.

Similar to the case for viruses, synthetic RNAs are also
differentially recognized by RIG-I and MDA5. MDAS5 was

Immunclogical Reviews 220/2007 215



Takeuchi & Akira - Innate immune recognition of viruses

RNA Virus '
00

° Picornaviruses

Type | IFNs
IFN-inducible genes

RNA viruses
Influenza virus
Sendai virus
VsV

JEV etc

N
nF«<B ol
|

Proinflammatory
cytokines

Fig. 1. RLH- and TLR3-mediated viral detection. RIG-I and MDAS recognize dsRNA and 5’-triphosphate ssRNA from RNA viruses such as influenza
virus, Sendai virus, VSV, JEV, and picornaviruses. RIG-I and MDAS trigger signaling cascades via IPS-1, a CARD-containing protein. IPS-1 induces type I
IFN gene expression via TRAF3, FADD, TANK, NAP1, SINTBAD, TBK1/IKK-i, and IRF-3/IRF-7. NF-kB is also activated by IPS-1 via a FADD and caspase-
8/-10-dependent pathway through their cleavage. TRIM2 5-mediated ubiquitination of RIG-I facilitates the activation of RIG-I signaling. The role

of LGP2 in RNA virus recognition is still unclear. TIR, Toll-like receptor; IFN, interferon; RLH, retinoic acid-inducible gene I (RIG-I)-like helicases;
VSV, vesicular stomatitis virus; JEV, Japanese encephalitis virus; FADD, FAS-associated death domain-containing protein; TANK, TRAF-associated NF-kB
activator; TRAF3, tumor necrosis factor-receptor associated factor 3; NAP1, NAK-associated protein 1; TRIM25, tripartite motif 25; SINTBAD , similar
to NAP1 TBK1 adapter; IRF-3, IFN-regulatory factor-3; CARD, caspase recruitment domains; IPS, IFN- promoter stimulator.

found to recognize polyinosinic polycytidylic acid [poly(I:C)],
because MDAS ™/~
response to poly(I:C) and MDAS ™~ mice showed severely

¢DCs failed to produce type I IFNs in

impaired production of type I IFNs in response to poly(I:C)
administration (11). In contrast, RIG-I detects in vitro-
transcribed dsRNAs. RNAs synthesized by T7 polymerase in
vitto are known to contain S’-triphosphate. Recently, 5'-
triphosphate ssRNA was shown to stimulate IFN production
by RIG-I but not MDAS (14, 15). Thus, RIG-I can discriminate
between 5’-triphosphorylated RNAs from some viruses and
host mRNAs whose 5’ ends are capped.

Cells infected with EMCV but not influenza virus generate
dsRNA. Furthermore, the 5’-end of the EMCV genomic RNA is
covalentdy linked to a peptide called VPg, such that §'-
phosphate is not present in EMCV. Dephosphorylation of
S'-triphosphate RNA or the influenza genome results in a loss
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of their ability to induce IFNs, suggesting that recognition by
RIG-I is mediated through 5’-wiphosphate ssRNA. However,
small dsRNAs (ranging from 21 to 27 nucleotides) without 3’
overhangs have been reported to induce IFN-inducible genes
via RIG-I (16). Small dsRNAs with 3’ overhangs of two
nucleotides, which can be the product of Dicer-mediated
processing, fail to induce RIG-I helicase activity. Thus, it is still
unclear whether the helicase activity of RIG-I is required for the
recognition of RNAs and RNA viruses. In contrast, the RNA
structure responsible for MDAS recognition has not been
identified.

RIG-I is able to recognize not only RNA viruses but also the
Epstein-Barr virus (EBV), which belongs to the herpesvirus
family (17). EBV-encoded small RNAs were reported to be
responsible for RIG-I-mediated IFN-f production. However,
another DNA virus, vaccinia virus, activated type I IFN



responses independent of the presence of RIG-I and/or MDAS
(18). Thus, the roles of RLHs in the recognition of DNA viruses
need to be explored further. '

Several reports have shown recently that RIG-I-mediated
signaling is controlled by ubiquitination of RIG-I. First, the
CARDs of RIG-I undergo Lys 63-linked ubiquitination by
tripartite motif 25 (TRIM25), a ubiquitin E3 ligase composed
of a RING finger domain, a B-box/coiled-coil domain, and an
~ SPRY domain (19). This ubiquitination is necessary for
efficient activation of the RIG-I signaling pathway, and
TRIM25 ~'~ cells display impaired production of type I IFNs
against viral infection. RIG-I also undergoes ubiquitination by
the ubiquitin ligase RNF125, which leads to its proteasomal
degradation (20). Thus, RIG-1 ubiquitination by RNF125 is
considered to inhibit aberrant activation of RIG-I signaling.

Because LGP2 lacks a CARD, it is suggested to function as a
negative regulator of RIG-I/MDA-5 signaling (6, 21).
Overexpression of LGP2 inhibited Sendai virus and Newcastle
disease virus (NDV) signaling. LGP2 was reported to bind to
dsRNA, thereby preventing RIG-I-mediated recognition. LGP2
also contains an RD, similar to the case for RIG-I (9). The LGP2
RD was found to interact with the RD of RIG-I and to suppress
the self-association of RIG-I. Recently, Lgp2 ™~ mice were
generated and analyzed by Barber and colleagues (22). Their
Lgp2 '~ ‘mice showed highly elevated induction of type I
IENs in response to poly(I:C) stimulation. The production of
IFN-P in response to VSV infection was modestly increased in

Lgp2 ™/~ MEFs, and Lgp2 ™~ mice were more resistant to
gp gp _

VSV infection than control mice. However, Lgp2 ~’~ mice
showed partially impaired type I IFN production in response
to EMCV infection. Barber and colleagues (22) proposed that
LGP2 is a negative regulator of RIG-I but not of MDAS;
however, given that both poly(I:C) and EMCV are recognized
by MDAS, the difference cannot be explained by differential
usage of LGP2 for RIG-I and MDA signaling. However, further
studies are required for clarifying the mechanisms of LGP2-
mediated RNA virus recognition.

RLH signaling pathways

The CARDs of RIG-I and MDAS are responsible for initiating
signaling cascades. RIG-I and MDAS associate with an adapter
protein, IFN-B promoter stimulator-1 (IPS-1), also known as
MAVS, VISA, or CARDIF, which contains an N-terminal CARD
(23-26) (Fig. 1). The CARD of IPS-1 interacts with the CARDs
of RIG-I and MDAS. Overexpression of IPS-1 induces the
activation of IFN-f3 promoters as well as a wranscription factor
NF-kB. IPS-1 is localized on the outer mitochondrial mem-
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brane through a C-terminal transmembrane domain. IPS-1 7~
mice were found to be defective in the production of type I
IFNs and pro-inflammatory cytokines in response to all RNA
viruses recognized by either RIG-I or MDAS (27, 28).
Interestingly, IPS-1 __/_ mice did not show any developmental
defects. IPS-1 " mice were highly susceptible to infection
with VSV and EMCV, the viruses recognized by RIG-I and
MDAS. These findings indicate that IPS-1 plays an essential
role in RIG-I/MDAS signaling. Downstream of IPS-1, tumor
necrosis factor (TNF)-receptor-associated factor 3 (TRAF3) has
been shown to be important for the production of IFNs (29,
30). The C-terminal TRAF domain of TRAF3 associates with a
TRAF-interaction motif found in the proline-rich region of IPS-
1 (31). TRAF3 ™ cells showed impairéd production of type I
IFNs in response to viral infection.

Two inhibitors of NF-kB (IxB) kinase (IKK)-related kinases,
namely TRAF family member-associated NF-xB activator
(TANK)-binding kinase 1 (TBK1) and inducible IxB kinase

. [(AKK-i) also known as IKKe], are activated in the downstream

of TRAF3 (32-36). These kinases phosphorylate IFN-
regulatory factor-3 (IRF-3) and IRF-7. The activated IRF-3 and
IRF-7 subsequently translocate into the nucleus where they
bind to IFN-stimulated response elemerits (ISREs), resulting in
the expressions of type I IFN and IFN-inducible genes (37).
Although mice lacking TBK1 and IKK-i showed embryonic
lethality, cDCs prepared from the fetal liver failed to respond to
various viruses (35, 38). Secreted type [ IFNs activate cells in an
autocrine or paracrine manner via Janus kinase (JAK)-signal
E‘ransducer and activator of transcription (STAT) pathways,
thereby leading to the expressionv of a set of IFN-inducible
genes (1, 2). Recently, IKK-i was also reported to function asa
kinase that phosphorylates STAT1 and controls a subset of IFN-
inducible genes (39). Cells lacking both IRF-3 and IRF-7 did
not produce type I IFNs in response to viral infection.
Nevertheless, IRF-37/7IRF-7 "~
onic lethality, indicating that TBK1 and IKK-i control not only
IRFs and STAT1 but also other signaling pathways. Indeed,
Drosophila IKK-i was reported. to promote the degradation of
(IAP1) by
phosphorylation and to be required for proper sensory organ

mice did not show embry-

Drosophila inhibitor of apoptosis protein 1

precursor development through its control of caspase-
independent. cell death (40). Thus, further studies are
required to assess the roles of TBK1 and IKK-i in mamimals.

- TBK1 and IKK-i interact with TANK (41, 42). TANK was
repofted to form a complex with IPS-1, TRAF3, and TBK1/
IKK-i, and knockdown of TANK resulted in reduced type I IFN
production (43). NAK-associated protein 1 (NAP1), a protein
homologous to TANK, is also involved in RLH-mediated
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responses (44). Recently, another protein showing homology
with TANK, named SINTBAD (similar to NAP1 TBK1 adapter),
was also reported to activate TBK1 and IKK-i in RLH signaling
(45). It is not clear whether TANK, NAPI, and SINTBAD
function redundantly or have distinct roles in macrophages
and DCs. Further studies are required for assessing the role of
these molecules in vivo.

FAS-associated death domain-containing protein (FADD)
has been reported to be required for tyf)e 1 IFN production in
response to dsRNA as well as viral infection, although another
study showed that virus-induced type I IFN responées were not
impaired in FADD /= cells (6, 46). Furthermore, FADD was
identified as a protein that interacts with caspase-8/-10 by
yeast two-hybrid screening. Coimmunoprecipitation experi-
ments revealed that FADD was able to interact with IPS-1. IPS-1
activation led to cleavage of caspase-8/-10, and the freed death
effecter domains activated NF-kB, thereby controlling IPS-1-
dependent pro-inflammatory cytokine expression (47).

In summary, RIG-I and MDAS Aplay critical roles in the
recognition of RNA viruses in <¢DCs, macrophages, and
fibroblasts. They trigger common signaling cascades that lead to
the production of type I IFNs and pro-inflammatory cytokines.

TLR3-dependent signaling pathway

In addition to RLHs, TLR3 is also able to recognize dsRNA and
poly(I:C) in macrophages. TLR3 activates the IFN-f promoter
as well as NF-xB in response to poly(I:C) stimulation. TLR3 ™~
macrophages showed impaired IFN- gene expression and
production of IL-6 and IL-12 -in response to poly(I:C)
addition to culture media (11, 48). However, the role of TLR3
_in vivo is still controversial. When poly(I:C) was administered
intravenously, TLR3 ™'~ mice showed normal production of
IFN-ot and IFEN-B in their sera, whereas the production of IL-
12p40 was severely impaired (48). These results indicate that
poly(I:C)-induced production of type I IFNs in vivo is
mainly mediated by MDAS but not by TLR3. TLR3 is
responsible for controlling pro-inflammatory cytokines,
rather than type I IFNs, in response to poly(1:C). TLR3 ™/~
mice showed severely impaired cytotoxic T lymphocyte
(CTL) cross-priming against poly(I:C)-loaded virally infected
cells (49). TLR3 signaling was also reported to be partly
required for poly(I:C)-induced anti-tumor NK cell activation
(50).
TLR3™~ mice were found to be more susceptible to mouse
cytorﬁegalovirus infection (MCMV) than wildtype mice.
Nevertheless, TLR3 ™~ mice were more resistant to infection

with several ssRNA viruses, such as West Nile virus,
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Phlebovirus, and influenza virus (51-53). TLR3™™ mice
showed diminished virus titers in the brain, together with
reduced cytokine production in the periphery in response to
West Nile virus infection. Furthermore, the presence of TLR3
was required for peripheral West Nile virus to be able to break
through the blood-brain barrier and establish brain infection
(51). In response to Phlebovirus or influenza virus infection,
TIR3 ™/~

responses, suggesting'that cytokines and chemokines pro-

mice exhibited diminished pro-inflammatory

duced in wildtype mice were deleterious to the survival of the
mice (52, 53). These observations suggest that these viruses take
advantage of TLR3-mediated inflammatory responses for
establishing infection. '

Upon stimulation with poly(I:C), TLR3 triggers a signaling
cascade via a TIR domain-containing adapter inducing IFN-f3
(TRIF) (also known as TICAM-1) (54, 55). TRIF 7/~
macrophages showed impaired induction of genes encoding
IFN-P as well as IFN-inducible genes in response to poly(I:C)
stimulation (56). TRIF was also responsible for IFN-f
production in response to bacterial lipopolysaccharide, the
TLR4 ligand (56, 57). TRIF associates with TRAF3 and TRAF6
through TRAF-binding motifs present in its N-terminal portion
(29, 30, 58). TRIF also contains a C-terminal receptor-
interacting protein (RIP) homotypic interaction motif
(RHIM), and TRIF interacts with RIP1 and RIP3 via the RHIM
(59). TRAF6 and RIP1 are able to activate NF-kB. In contrast,
TRAF3 is responsible for inducing type I IFNs (29, 30). TANK
and NAP1 are also involved in TRIF-mediated type I IFN
production. TBK1 and IKK-i are responsible for the activation
of a TRIF-dependent pathway, indicating that the signaling
pathways triggered by TLR stimulation and RIG-I converge at
the level of TRAF3-TBK1/IKK-i.

In addition to the TRIF-dependent signaling pathway, TLR3
was reported to activate the phosphatidylinositol-3 kinase
(PI3K) pathway (60). Specifically, tyrosine phosphorylation of
TLR3 induced PI3K recruitment to the receptor, and
subsequent activation of Akt led to full phosphorylation and
activation of TRF-3.

TLR3 plays important roles in evoking inflammatory
responses, rather than type I IFN production, against .
RNA virus infection in vivo. Thus, TLR3 signaling could be
beneficial or deleterious depending on the type of virus
infection.

Recognition of RNA viruses in plasmacytoid DCs

Plasmacytoid DCs (pDCs) are known to produce high levels of
type I IFNs in response to viral infection (61). pDCs express



