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“I	 contend	 that	 the	 immune	 system	 has	 evolved	 specifically	 to	
recognize	 and	 respond	 to	 infectious	 microorganisms,	 and	 that	
this	involves	recognition	not	only	of	specific	[proteins],	but	also	of	
certain	characteristics	or	patterns	common	on		
infectious	agents	but	absent	from	the	host.	

-  a general theory of innate immune recognition (pattern 
recognition theory)


-  activation of the adaptive immune response is 
controlled by the more ancient innate immune system. 


Pattern Recognition Theory


Charles	Janeway,	Yale	University	



Pattern Recognition Theory-25 years later




IRF3 and Activation by TBK/IKKε



Structural Domains of IRF-3       

-	Dimerization	
-	Nuclear	localization	
-	CBP/p300	association	
- Transactivation	of	IRF-3		
- target	genes		
- (IFN,	RANTES,	IL15)	
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Structural Interactions in the C-terminal Region of IRF-3


The ribbon diagrams illustrate the interactions between the IAD of IRF-3 and the IBiD
region of CBP. Left: Intramolecular interactions between the IAD of IRF-3 (in green) and
the flanking autoinhibitory structures (in red). Phosphorylation sites are in yellow. Right:
Intermolecular interactions between the IAD of IRF-3 (in green) and the IBiD region of
CBP (in blue).

Qin	et	al,	2003,	2005;	Takahashi	et	al,	2003	



and IRF-3–dependent promoter activity (Fig.
4). Inhibition of nuclear translocation was not
due to a global defect in transport, because a
constitutively active, phospho-mimetic IRF-3
mutant, 5D (27), efficiently localized to the
nucleus when expressed in these cells (Fig. 4A,
bottom). A second Con1 replicon, A7, replicat-
ed poorly. A7 replicon cells had only 1/10th the
viral RNA abundance of HP cells, and they
displayed a low basal level of nuclear localized,
hyperphosphorylated IRF-3 and IRF-3–depen-
dent promoter activity that was further respon-
sive to SenV challenge (Fig. 4, A and B). These
results show that HCV replication has the po-
tential to both activate and block the IRF-3
pathway.

The basal activation of IRF-3 in A7 cells
correlated with expression of the IRF-3–de-
pendent genes ISG56 and ISG15 (Fig. 4C)
(22). Transient expression of the constitutive-
ly active IRF-3 5D mutant (27) in these cells
further increased ISG15 and ISG56 expres-
sion and caused a modest reduction in repli-
con abundance. In contrast, expression of a
dominant-negative IRF-3 mutant, !N (27),
resulted in a " 500% increase in HCV RNA
levels and a parallel reduction in IRF-3 target
gene expression. Thus, disruption of the
IRF-3 pathway enhances HCV RNA replica-
tion, which may explain the higher basal
abundance of HCV RNA in HP than in A7
cells (Fig. 4C, bottom, compare lanes 6 and
11). Although expression of the constitutive-
ly active 5D mutant induced IRF-3 target
gene expression and reduced replicon abun-
dance in HP cells, expression of the domi-
nant-negative !N mutant had no effect in
these cells because of the preexisting block in
the IRF-3 pathway imposed by NS3/4A.

Our results show that HCV interacts directly
with host pathway(s) that signal IRF-3 activa-
tion and that HCV, like other viruses (28), has
evolved a specific mechanism to circumvent a
major arm of the host’s immune response. Ac-
tivated IRF-3 suppresses HCV RNA replica-
tion, whereas viral RNA abundance is increased
when IRF-3 function is disrupted. These find-
ings make the activation status of IRF-3 an
important factor in the virus–host cell interac-
tion. The inhibition of IRF-3 activation by the
NS3/4A protease likely involves perturbation
of cellular processes that catalyze or otherwise
trigger IRF-3 phosphorylation (27). Although
the VAK responsible for phosphorylation of
IRF-3 in this context has yet to be identified,
our results suggest that one or more signaling
components in the IRF-3 activation pathway,
including possibly the VAK itself, could be
specifically targeted for proteolysis by NS3/4A.

The regulatory factor IRF-3 induces ex-
pression of a variety of cellular genes in-
cluding the type I IFNs (14, 29), which
contribute to and further amplify the anti-
viral response by inducing hundreds of
IFN-stimulated genes (11, 28). Inhibition

of IRF-3 activation may not only promote
viral persistence after initial infection, but
also may reduce the effectiveness of inter-
feron therapies, because many IFN-stimu-
lated genes contain IRF-3 target sites with-
in their promoter/enhancer regions (22, 29).
Our results with SCH6 suggest that candi-
date antivirals that target the HCV pro-
tease, while blocking viral replication by
interfering with processing of the polypro-
tein, may also restore the responsiveness of
the IRF-3 pathway. Such “dual efficacy”
should be considered in evaluating protease
inhibitors destined for future clinical trials.
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Triggering the Interferon
Antiviral Response Through an

IKK-Related Pathway
Sonia Sharma,* Benjamin R. tenOever,* Nathalie Grandvaux,*

Guo-Ping Zhou, Rongtuan Lin,† John Hiscott†

Rapid induction of type I interferon expression, a central event in establishing
the innate antiviral response, requires cooperative activation of numerous
transcription factors. Although signaling pathways that activate the transcrip-
tion factors nuclear factor #B and ATF-2/c-Jun have been well characterized,
activation of the interferon regulatory factors IRF-3 and IRF-7 has remained a
critical missing link in understanding interferon signaling. We report here that
the I#B kinase (IKK)–related kinases IKKε and TANK-binding kinase 1 are com-
ponents of the virus-activated kinase that phosphorylate IRF-3 and IRF-7. These
studies illustrate an essential role for an IKK-related kinase pathway in trig-
gering the host antiviral response to viral infection.

The success of host cell defense against viral
infection depends on detection of the invad-
ing pathogen. Upon recognizing viral anti-
gens, the cell activates a multitude of signal-
ing cascades to produce cytokines that both
impede pathogen replication and stimulate
immune responses (1–3). Interferons (IFNs)

are well-characterized components of the in-
nate host defense, and rapid induction of IFN
expression in response to viral infection re-
quires posttranslational modification of tran-
scription factors, including nuclear factor #B
(NF-#B), ATF-2/c-Jun, and interferon regu-
latory factors (IRFs) IRF-3 and IRF-7 (4, 5).
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threonine cluster [GST–IRF-3(5A)] (9) was
not phosphorylated when IKKε or TBK1
was expressed, and an inactive mutant form
of IKKε [IKKε(K38A)] (13) blocked
IKKε-induced phosphorylation of GST–
IRF-3 (Fig. 1A and fig. S1A). Furthermore,
IKKε that was transcribed and translated in
vitro for use in a kinase assay demonstrated
that IKKε directly phosphorylates IRF-3
and IRF-7 in vitro (Fig. 1B and fig. S1B),
whereas IKK!, IKK", and IKKε all phos-
phorylated the I#B! substrate (fig. S1C) .

IKKε or TBK1 expressed with either
IRF-3 or IRF-7 induced more slowly migrat-
ing forms of the transcription factors, as ob-
served by gel electrophoresis (fig. S2, A and
B) (9, 14, 15). When IKKε was expressed
using a Tet-inducible system, more slowly
migrating forms of IRF-3 were detected by
an antibody (Ab) that recognizes phospho-
rylation at Ser396, a modification critical
for physiological IRF-3 activation (16 )
(Fig. 2A). To determine whether IKKε or
T$K1 stimulates IRF-3 and IRF-7 nuclear
translocation, subcellular localization ex-
periments were performed by expressing
fusion proteins consisting of IRF-3 or
IRF-7 fused to green fluorescent protein
(GFP) (Fig. 2B and fig. S2C). When ex-
pressed alone, each transcription factor lo-
calized predominantly to the cytoplasm.
However, when expressed with IKKε, ap-
proximately 35% of IRF-3 and 95% of
IRF-7 translocated into the nucleus. Ex-
pression of IKKε(K38A) resulted in % 5%
nuclear localization of IRF-3 and IRF-7.
Expression of TBK1 also caused nuclear
localization of IRF-3 and IRF-7 (fig. S2C).
Furthermore, in DNA binding analyses, ex-
pression of IKKε with IRF-7 resulted in the
formation of a protein-DNA complex (Fig.
2C, lane 3) that was supershifted with an
Ab to IRF-7 (Fig. 2C, lane 4); expression of
IKKε and IRF-3 resulted in a protein-DNA
complex that supershifted with an Ab to
IRF-3 or to Flag (Fig. 2C, lanes 11 and 12).
Together these experiments demonstrate
that expression of IKKε or TBK1 is suffi-
cient to induce phosphorylation, nuclear
translocation, and DNA binding of IRF-3
and IRF-7.

To determine the ability of IKKε and
TBK1 to stimulate IFN gene expression,
analyses were performed with luciferase ex-
pression driven by the IFNA4 and IFNB pro-
moters. Expression of IKKε and IRF-7 result-
ed in 2000-fold stimulation of the IRF-7–
responsive IFNA4 promoter, as compared to
luciferase expression in the absence of IKKε
and IRF-7 (Fig. 3A). The IFNB promoter was
likewise responsive to IKKε expression, re-
sulting in 40-fold stimulation. Sendai virus
infection alone or viral infection plus IKKε
resulted in a 60-fold stimulation of the IFNB
promoter, an effect that was blocked by ex-

pression of a dominant negative form of
IRF-3 (IRF-3&N) (Fig. 3B). Activation of the
IFNA4 promoter induced by expressing
IRF-7 and IKKε was blocked by either
IKKε(K38A) or a C-terminal dominant
negative truncation of IKKε(1-361) (Fig.
3C). IKKε(K38A) also blocked virus-
induced activation of the IFNA4 promoter
by about fourfold (fig. S3A) but did not
interfere with a heterologous NF-#B– de-
pendent promoter (fig. S3C). The capacity
of different IKK kinases to stimulate re-
porter constructs was also investigated.
IKK!, IKK", IKKε, TBK, and NF-#B–induc-
ing kinase (NIK) were each expressed with the
IFNA4 promoter, together with IRF-7. Only
IKKε and TBK1 activated the IFNA4 promoter
(Fig. 3D). In contrast, each kinase induced a 10-
to 40-fold stimulation of a NF-#B–dependent
reporter construct (fig. S3B). These results
demonstrate that IRF-7 and IRF-3 stimulate the
IFNA4 and IFNB promoters in an IKKε- and
TBK1-dependent manner.

Specific interfering RNA (RNAi) oligo-
nucleotides were used in lung epithelial
A549 cells to down-regulate the expression
of TBK1 and IKKε (Fig. 4A). RNAi of
TBK1 and IKKε eliminated IKKε expres-
sion and blocked TBK1 expression by 70 to
75% (Fig. 4A, lanes 5 to 8). With reduced
IKKε and TBK1 expression, virus-induced
phosphorylation of endogenous IRF-3 (Fig.
4A, lanes 3 and 4) was inhibited (Fig. 4A,
lanes 7 and 8). Inhibition of IRF-3 phos-
phorylation correlated with reduced expres-
sion of the IRF-3–responsive IFN-stimulat-
ed gene 56 (ISG56) (Fig. 4A, lanes 7 and
8). Activation of the IFNA4 promoter
through IRF-7 also decreased by RNAi
(Fig. 4B). To assess the effect of IKKε
expression on viral replication, IKKε or
IKKε(K38A) was expressed with either
IRF-3 or IRF-3&N. Replication of vesicular
stomatitis virus (VSV) in the presence of
IKKε decreased by 4 logs to 106 plaque-
forming units (PFU)/ml (Fig. 4C). Blocking

Fig. 3. Activation of IRF-regulated IFN promoters by IKKε and TBK1. HEK293 cells were
transfected with a control plasmid; a luciferase reporter plasmid containing the IFNB or IFNA4
promoters (8); or plasmids encoding IRF-7, IRF-3&N, IKKε, IKKε(K38A), IKKε(1-361), IKK!, IKK",
TBK1, or NIK as indicated. At 8 hours after transfection, cells were infected with Sendai virus
at 40 hemagglutination units/ml or left uninfected. Luciferase activity was analyzed 24 hours
after transfection as fold activation relative to the basal level of reporter gene in the presence
of control vector (after normalization with cotransfected Renilla relative light units) (A and B).
(C) Fold activation of IFNA4 in the presence of IKKε and IRF-7 is plotted as 100; the relative
luciferase activity in the presence of increasing amounts of IKKε(K38A) or IKKε(1-361) is
expressed as a fraction of 100. (D) Luciferase activities were expressed as in (A) and (B), with
fold activation relative to the basal level of the IFNA4 promoter in the presence of IRF-7; values
represent the average of three experiments, performed in duplicate, with variability shown by
error bars.
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Although activation of NF-!B and ATF-2/c-
Jun is well characterized, pathways leading to
IRF activation have not been delineated.
IRF-3 stimulates the expression of certain
IFNs early in infection; IRF-7 then amplifies
the expression of other IFN genes not in-
duced during the early stage (6–8).

IRF-3 and IRF-7 are activated by phos-
phorylation of their C-terminal domain by a
virus-activated kinase (VAK) pathway.
This modification permits IRF dimeriza-
tion, nuclear translocation, and activation
of IFN genes (6, 7, 9–11). A two-hybrid
screen identified an interaction between
IRF-3 and the C-terminal domain of the
I!B kinase " (IKK") subunit, a component
of the multisubunit IKK kinase complex
that regulates activation of the NF-!B path-
way (12). To determine whether IKK sub-
units could phosphorylate the C terminus of
IRF-3 and IRF-7, IKK", IKK#, IKKε, and
TANK-binding kinase 1 (TBK1) were ex-
pressed in HEK293 cells. Only whole-cell
extracts from IKKε- or TBK1-expressing
cells exhibited kinase activity that induced
phosphorylation of a fusion protein consist-
ing of the C terminus of IRF-3 and gluta-
thione S–transferase (GST–IRF-3) in an in
vitro kinase assay (Fig. 1A and fig. S1A). A
GST–IRF-3 substrate mutated in the serine-
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Fig. 1. IKKε phosphor-
ylates the C terminus
of IRF-3 and IRF-7 in
vitro. (A) Transfected
HEK293 cells express-
ing the indicated IKK
isoforms. Whole-cell
extract (2.0 $g) was
used in an in vitro ki-
nase assay using GST,
GST–IRF-3 (amino ac-
ids 380 to 427), and
GST–IRF-3(5A) (ami-
no acids 380 to 427,
with alanine substitu-
tions at positions
Ser396, Ser398, Ser402,
Thr404, and Ser405)
(9). The phosphorylated GST–IRF-3 band is indicated (phosphorylation is indicated by a
capital P in a circle). A nonspecific band was phosphorylated in all lanes containing the
5A substrate; this band does not migrate to the position of the 5A substrate. (B)
Plasmids encoding Flag epitope–tagged IKKε or control plasmid were transcribed and
translated in vitro and immunoprecipitated with Ab to Flag, and immunoprecipitates
were used in an in vitro kinase assay using GST, GST-I!B" (amino acids 1 to 55),
GST–IRF-3, and GST–IRF-7 (amino acids 468 to 503) as substrates. Phosphorylated IKKε,
I!B", IRF-3, and IRF-7 bands are indicated.

Fig. 2. IKKε induces IRF-3
and IRF-7 activation. (A)
Vero cells were cotrans-
fected with a Tet-induc-
ible Flag epitope–tagged
IKKε vector and Myc
epitope–tagged IRF-3.
Cells were treated with
doxycycline (Dox) (1 $g/
ml) for 0 to 360 min.
Whole-cell extracts (75
$g) were resolved by SD-
S–polyacrylamide gel
electrophoresis and ana-
lyzed by Western blot
(25) with Ab to IKKε, Ab
to Myc, and a phos-
phospecific IRF-3 Ser396
Ab (16). (B) Subcellular
localization of GFP–IRF-3
or GFP–IRF-7 was ana-
lyzed in transfected
COS-7 cells in the pres-
ence of control vector
(left), IKKε (middle), or
IKKε(K38A) (right). Fluo-
rescence was quantified in living cells at 24 hours after transfection (magnification,%400). (C) The DNA
binding capacity of Flag–IRF-7 (lanes 1 to 6) or Flag–IRF-3 (lanes 7 to 13) was examined in response
to IKKε expression in bandshift analysis with IRF-7 binding site 1 (IRF-7 BS1) and the IFN-stimulated
gene 15 response element (ISG15 ISRE) as probes (8). Specific and nonspecific Ab’s (1 $g) were used
to identify IRF-3– or IRF-7–specific complexes. Protein-DNA complexes corresponding to IRF-7 or IRF-3
are indicated (*) with supershifted complexes (**).
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ABSTRACT With over 3.5 billion people at risk and approximately 390 million human infections per year, dengue virus (DENV)
disease strains health care resources worldwide. Previously, we and others established models for DENV pathogenesis in mice
that completely lack subunits of the receptors (Ifnar and Ifngr) for type I and type II interferon (IFN) signaling; however, the
utility of these models is limited by the pleotropic effect of these cytokines on innate and adaptive immune system development
and function. Here, we demonstrate that the specific deletion of Ifnar expression on subsets of murine myeloid cells (LysM Cre!

Ifnarflox/flox [denoted as Ifnarf/f herein]) resulted in enhanced DENV replication in vivo. The administration of subneutralizing
amounts of cross-reactive anti-DENV monoclonal antibodies to LysM Cre! Ifnarf/f mice prior to infection with DENV serotype 2
or 3 resulted in antibody-dependent enhancement (ADE) of infection with many of the characteristics associated with severe
DENV disease in humans, including plasma leakage, hypercytokinemia, liver injury, hemoconcentration, and thrombocytope-
nia. Notably, the pathogenesis of severe DENV-2 or DENV-3 infection in LysM Cre! Ifnarf/f mice was blocked by pre- or postex-
posure administration of a bispecific dual-affinity retargeting molecule (DART) or an optimized RIG-I receptor agonist that
stimulates innate immune responses. Our findings establish a more immunocompetent animal model of ADE of infection with
multiple DENV serotypes in which disease is inhibited by treatment with broad-spectrum antibody derivatives or innate im-
mune stimulatory agents.

IMPORTANCE Although dengue virus (DENV) infects hundreds of millions of people annually and results in morbidity and mor-
tality on a global scale, there are no approved antiviral treatments or vaccines. Part of the difficulty in evaluating therapeutic
candidates is the lack of small animal models that are permissive to DENV and recapitulate the clinical features of severe human
disease. Using animals lacking the type I interferon receptor only on myeloid cell subsets, we developed a more immunocompe-
tent mouse model of severe DENV infection with characteristics of the human disease, including vascular leakage, hemoconcen-
tration, thrombocytopenia, and liver injury. Using this model, we demonstrate that pathogenesis by two different DENV sero-
types is inhibited by therapeutic administration of a genetically modified antibody or a RIG-I receptor agonist that stimulates
innate immunity.
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Dengue virus (DENV) is a mosquito-transmitted, enveloped,
positive-sense RNA virus and member of the flavivirus genus

of the Flaviviridae family, which includes several other viruses
(e.g., West Nile virus [WNV], Japanese encephalitis virus [JEV],
and yellow fever virus [YFV]) that cause disease globally. Infection
by any of four serologically distinct viruses (DENV serotype 1
[DENV-1], DENV-2, DENV-3, and DENV-4) causes dengue fe-
ver (DF), an acute self-limiting febrile illness, or severe dengue,
which manifests as a potentially fatal hemorrhagic fever and vas-
cular leakage syndrome. Epidemiological studies suggest that two

populations are at highest risk for severe dengue infection: infants
born to dengue-immune mothers who are infected for the first
time (infant dengue hemorrhagic fever) and children or adults
who experience a second infection with a different DENV serotype
(1–3).

DENV has a 10.7-kb, positive-sense RNA genome with 5= and
3= untranslated regions flanking a polyprotein that encodes three
structural (C, prM/M, and E) and seven nonstructural (NS1,
NS2A, NS2B, NS3, NS4A, NS4B, and NS5) proteins. The E protein
is comprised of three domains, I (E-DI), II (E-DII), and III (E-
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Pre-exposure therapy with M8 controls DENV2 & DENV3 
infection and disease in LysM Cre+ ifnarf/f mice


Another limitation of DENV infection experiments in If-
nar!/! or AG129 mice is that most agonists that modulate innate
immune responses cannot be evaluated. There is increasing inter-
est in the development of molecules that can stimulate IRF3
and/or type I IFN responses as means of controlling virus infec-
tion. Such agents may be important particularly in the context of
DENV, which can inhibit IRF3 and IFN induction by virtue of its
ability to antagonize STING-dependent responses (37, 38). How-
ever, such agents would not induce robust antiviral responses in
mice lacking type I IFN responses in all cells. Indeed, 5=-ppp RNA
moieties that activate RIG-I had no therapeutic effect against
DENV in Ifnar!/! mice. In comparison, administration of the M8
5=-ppp RNA pathogen-associated molecular pattern protected
LysM Cre" Ifnarf/f mice from severe DENV disease. These exper-
iments establish the utility of the conditional LysM Cre" Ifnarf/f

mouse model for testing possible novel immunomodulatory ther-
apies against DENV.

We previously generated a bispecific tetravalent Ig-DART (E60
and 4E11) and showed protective activity against DENV in AG129
mice (49). In the current study, we used a different cross-reactive
DII fusion loop MAb (E119) and a sequence-optimized version of
a group-specific MAb (4E11) (52) to create a new bispecific tet-
ravalent Fc-DART with an N297Q modified Fc region that cannot
promote ADE in vitro or in vivo. This Fc-DART showed marked

protective activity against DENV-2 and DENV-3 in LysM Cre"

Ifnarf/f mice and prevented clinical disease and laboratory param-
eter abnormalities. These experiments confirm the utility of Fc-
modified-antibody-based therapeutics against DENV (24, 26).

In summary, we established LysM Cre" Ifnarf/f mice as a more
immunocompetent model of antibody-enhanced DENV infec-
tion in vivo. We demonstrated the utility of this model by admin-
istering antibody- or innate immune-based therapeutic agents
against two different DENV serotypes, including a non-mouse-
adapted DENV-3 strain. Future studies are planned to evaluate
the pathogenesis of the remaining two DENV serotypes (DENV-1
and DENV-4) and assess whether disease occurs in LysM Cre"

Ifnarf/f mice using circulating, contemporary, and other non-
mouse-adapted isolates.

MATERIALS AND METHODS
Ethics statement. This study was carried out in accordance with the rec-
ommendations in the Guide for the Care and Use of Laboratory Animals
of the National Institutes of Health. The protocols were approved by the
Institutional Animal Care and Use Committee at the Washington Univer-
sity School of Medicine (assurance number A3381-01). Dissections and
injections were performed under anesthesia that was induced with ket-
amine hydrochloride and xylazine.

Viruses and cells. DENV-2 strain D2S20 is a mouse-adapted strain
and has been described previously (33). The DENV-3 strain is a non-

FIG 6 Pretreatment with a RIG-I receptor agonist protects LysM Cre" Ifnarf/f but not Ifnar!/! mice against DENV-2 and DENV-3 infection and disease. (A)
Scheme of treatment and infection. LysM Cre" Ifnarf/f or Ifnar!/! mice were treated with 5 !g of 5=-ppp M8 RNA or control RNA immediately before injection
with 15 !g of anti-prM MAb (DENV-2 only) and anti-E MAb (DENV-2 and DENV-3). Animals were infected one day later with 106 FFU of DENV-2 D2S20 (B
to F) or 107 FFU of DENV-3 C0360/94 (G to K). A second dose of 5=-ppp M8 RNA or control RNA was given 2 days after DENV infection. (B and G) Weight loss
was monitored for 4 days. Laboratory parameters, including viremia (C and H), platelet counts (D and I), and levels of liver enzymes AST (E and J) and ALT (F
and K) in serum were monitored as described in the legend to Fig. 5. Two to three independent experiments were performed, with 3 to 5 mice per group per
experiment. Statistically significant differences between individual groups were determined by using the Mann-Whitney test (*, P # 0.05; **, P # 0.01; ***, P #
0.001).
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Post-exposure therapy with M8 controls DENV2 & DENV3 
infection and disease in LysM Cre+ ifnarf/f mice


RIG-I activation is a potential therapeutic target during the course
of DENV infection.

DISCUSSION
DENV continues to emerge globally, with an estimated 390 mil-
lion infections per year (54). Infection by the four distinct sero-
types can cause several clinical syndromes, ranging from the de-
bilitating DF to life-threatening shock syndrome. Severe DENV
disease most often is associated with a second infection with a
heterologous DENV serotype, due to the presence of preexisting
and nonneutralizing, cross-reactive antibodies and/or T cells. Al-
though live-attenuated tetravalent prophylactic vaccines are in
advanced clinical evaluation (55–58), there is still a need for ther-
apeutics that can be utilized in DENV-infected individuals. Pre-
clinical testing has been hampered by the lack of small animal
models that support DENV replication and pathogenesis. Most
studies have used highly immunocompromised mice lacking in-
tact type I and type II IFN signaling pathways (59). Here, using
LysM Cre! Ifnarf/f mice that delete Ifnar expression only on a
subset of target myeloid cells, we established a more immunocom-
petent model of ADE, which shares many of the same clinical
features of severe DENV in humans. ADE of DENV-2 or DENV-3
infection in LysM Cre! Ifnarf/f mice resulted in plasma leakage,
elevated levels of proinflammatory and vasoactive cytokines in
blood, liver injury, hemoconcentration, and thrombocytopenia.

We used this more immunocompetent model to establish the
therapeutic activity against DENV of a bispecific antibody-based
Fc-DART and a RIG-I receptor immunomodulatory agonist.

A prior study showed that LysM Cre! Ifnarf/f mice were vul-
nerable to DENV-2 infection (40). Rather than try to augment
DENV disease using enhancing antibodies as was done in our
study, this group showed that an Ifnar deficiency on CD11c! den-
dritic cells or LysM! macrophages resulted in complete lethality
after infection with a 10-fold-higher dose of DENV-2. The mice
lacking Ifnar expression only on myeloid cell subsets developed a
robust DENV-specific CD8! T cell response, compared to a weak
response in Ifnar"/" mice, and sustained a protective immune
response to a candidate subunit vaccine. Our experiments con-
firm and extend these findings. First, in the direct DENV-2 infec-
tion model in LysM Cre! Ifnarf/f mice, we observed increased viral
infection, elevated levels of cytokines, and altered laboratory pa-
rameters without significant mortality, which is characteristic of
primary DENV infection in humans. These results confirm that
protection of mice from DENV infection depends on type I IFN
signaling in LysM-expressing myeloid cells. Second, we showed
greater DENV infection and disease in LysM Cre! Ifnarf/f mice
when preexisting enhancing anti-prM and anti-E antibodies were
present. This led to the development of a vascular leakage syn-
drome, which parallels that seen in severe DENV (60). Third, we

FIG 7 Postexposure therapy with a RIG-I receptor agonist controls DENV-2 and DENV-3 infection and disease in LysM Cre! Ifnarf/f mice. (A) Scheme of
treatment and infection. LysM Cre! Ifnarf/f mice were injected with 15 !g of anti-prM MAb (DENV-2 only) and anti-E MAb (DENV-2 and DENV-3) and
infected one day later with 106 FFU of DENV-2 D2S20 (B to F) or 107 FFU of DENV-3 C0360/94 (G to K). Two days after DENV infection, mice were treated with
5 !g of 5=-ppp M8 RNA or control RNA. Weight loss was monitored for 4 days (B and G). Laboratory parameters, including viremia (C and H), platelet counts
(D and I), and levels of liver enzymes AST (E and J) and ALT (F and K) in serum were monitored as in described in the legend to Fig. 5. Two independent
experiments were performed, with 3 mice per group per experiment. Statistically significant differences between individual groups were determined by using the
Mann-Whitney test (*, P # 0.05; **, P # 0.01; ***, P # 0.001).
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Ø  5’pppRNA activated RIG-I-dependent antiviral and inflammatory 
response that inhibited a range of RNA viruses in vitro and in vivo.



 
 
     
 
    (Goulet et al, 2013; Olagnier et al, 2014)






Ø  Sequence modification improved RIG-I agonist antiviral activity 
10-100 fold, enhanced dendritic cell maturation & T cell priming.



 
 
 
                             (Chiang et al, 2015)





	

Conclusions


Ø  Therapeutic immunostimulation of the RIG-I pathway diminished the 
symptoms of severe Dengue virus infection in a new murine model of 
dengue immunopathogenesis. 
 
 
                   (Pinto et al, 2015)



