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Flaviviridae family is a class of single-stranded RNA virus, which is fatal to human and animals and mainly prevalent in subtropic
and tropic countries. Even though people and animals are barraged with flavivirus infection every year, we have not invented either
vaccines or antiviral for most flavivirus infections yet. Innate immunity is the first line of defense in resisting pathogen invasion,
serving an important role in a resisting virus. Toll-like receptors (TLRs) and retinoic acid-inducible gene I- (RIG-I-) like
receptors (RLRs) are crucial pattern recognition receptors (PRRs) that play essential roles in recognizing and clearing pathogens,
including resisting flavivirus. In the present review, we provide a significant reference for further research on the function of

innate immunity in resisting flavivirus.

1. Introduction

Flaviviridae family is a class of positive-sense single-stranded
RNA virus, in which the virus particle size is 40~60nm,
encoding at least three structural proteins (C, M/prM, and
E) and seven nonstructural proteins (NS1, NS2A, NS2B,
NS3,NS4A, NS4B, and NS5) [1]. There has been a noncoding
region (UTR) in the 5' end and 3’ end of Flaviviridae, with
methylation cap structure in the 5’ end, but no poly(A)
sequence present in the 3’ end [2]. Flaviviridae is composed
of four genera: Flavivirus, Pestivirus, Pegvirus, and Hepaci-
virus [3], and causes several diseases and mortality in
humans and animals. Flavivirus contains over 70 viruses
including dengue virus (DENV), West Nile virus (WNV),
Zika virus (ZIKV), Japanese encephalitis virus (JEV) [4],
and avian Tembusu virus (ATMUV) [5], which are primarily
transmitted via arthropods like mosquitoes and ticks.
According to the reports, the NS protein of Flaviviridae
serves principal roles in virus replication and the interaction

between hosts and pathogens [6, 7]. From these NS proteins,
we know the function of NS3 the most. NS3 is a multifunc-
tional enzyme which is associated with the hydrolysis process
of capsid proteins and various DNA- and RNA-related bio-
chemical reactions such as translation, transcription, editing,
reorganization, and replication [8-10]. Furthermore, the NS3
of hepatitis C virus (HCV) and pestivirus is responsible for
hydrolyzing downstream nonstructural proteins [11], which
can be enhanced by NS4A [12]. Unlike NS3, the function of
other NS proteins of Flaviviridae has more details to explore.
The specific function of NS1 has not been illuminated; how-
ever, researchers believe it is mainly an immune factor during
virus infection and may be involved in the replication of virus
RNA and may be related to the cytopathic effect (CPE) [13].
NS2 and NS4 can be further processed into two mature NS
(NS2A and NS2B and NS4A and NS4B), in which NS2 may
be a major factor that leads to CPE [14]. While NS4A can
guide viral RNA synthesis through involvement in the for-
mation of a multiprotein replication complex, NS4 can also
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stabilize the interaction between NS3 protease and other
nonstructural proteins [15] and is critical for NS5A matura-
tion [16]. There are studies confirming that NS5 accompa-
nied with NS3 can initiate the replication of the virus [17];
however, the function of NS5A in viral replication has not
been explored.

Innate immunity is the first line of defense in resisting
pathogens, which plays an indispensable role against patho-
gens. Pattern recognition receptor (PRR) is an essential
immune receptor which can realize the conservative
sequence of viruses and then target innate immunity [18].
So far, two PRRs, toll-like receptors (TLRs) and retinoic
acid-inducible gene I- (RIG-I-) like receptors (RLRs) [18,
19], are identified to have a crucial function in resisting flavi-
virus invasion. TLRs are type I transmembrane proteins play-
ing vital roles in recognizing pathogen-associated molecular
patterns (PAMPs) achieved by binding leucine-rich repeats
(LRR) [20]. In response to ligand binding, the intracellular
toll-interleukin 1 (IL-1) receptor (TIR) domain activates
intracellular singling through interaction with a family of
adaptor proteins resulting in an inflammatory response and
release of inflammatory cytokines [20, 21]. So far, twelve
mice, ten humans [20], and ten avian functional TLRs [21]
were identified; most TLRs are conserved at a degree of dif-
ferential gene loss between diverse species. TLRs 1-10 are
conserved between humans and mice; however, the precise
function of TLR10 in mice has not been explored [22]. The
avian TLRs differ significantly from mammals. Some avian
TLRs could duplicate into two genes like TLR1La, TLR1Lb,
TLR2a, and TLR2b [21]. From 10 avian TLRs, TLR2a, 2b,
3,4, 5, and 7 are apparent orthologs to TLRs found in mam-
mals, while avian TLR21 may be orthologous to TLR21
found in fish and amphibians, and TLRs 1LA, 1LB, and 15
are avian specific [21]. As another vital member of PRRs,
RLRs also have essential roles in recognizing bacterial and
virus as TLRs do. Two primary members of RLRs, RIG-I
and MDA5 (melanoma differentiation-associated gene 5)
[23], can identify RNA viruses in the cells and induce type I
interferon and immune factors [24] while another member
of RLRs, LGP2, can only regularize the signaling effect of
MDAS5 and RIG-I [25]. There are differences between spe-
cies. MDAS5 is widespread in mammals and avians. However,
RIG-I is lost in chickens [26]. Moreover, because of the lack
of RIG-I, chicken MDA5 will identify short dsRNA first,
but duck and mammal MDAS5 will recognize long dsRNA
or synthetic dsRNA in advance, while RIG-I will locate short
dsRNA like poly(I:C) [27].

The TLR pathway is critical to combat and clearing path-
ogens, which contains two ways based on whether it has
adaptor factor myeloid differentiation factor 88 (MyD88)
or not. Based on reports, all TLRs, except TLR3, are tar-
geting immune reaction through the MyD88-dependent
pathway, while TLR3 targets the MyD88-independent
pathway (TRIF pathway) to promote inflammatory cytokine
product [20]. However, TLR4 is unique, which can target
the TRIF pathway through interacting with recombinant
translocation-associated membrane protein (TRAM) [28].
The MyD88-dependent pathway culminates in the activation
of both NF-xB and MAPK. After TLRs engage with PAMPs,
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the IL-1 receptor-associated kinases IRAK4, IRAK1, IRAK2,
and IRAK-M are recruited by MyD88 [29]. IRAK4 is acti-
vated initially and is essential for activating NF-«B and
MAPK downstream of MyD88; consequently, IRAK1 and
IRAK2 are activated which can cause robust activation of
NF-xB and MAPK when both of them are activated [29].
Another necessary factor to target NF-xB is IKK complex,
which can be polyubiquitinated by the TAK1 compound that
can be activated through TRAF6 interacting with IRAK1,
then enabled [30]. Simultaneously, TAK1 phosphorylates
MAPK kinases, then various transcription factors are
induced which include AP-1 [22]. The activation of the
MyD88-dependent pathway results in producing various
inflammatory factors and chemotactic effects. Through the
TRIF-dependent pathway, both IRF3 and NF-«B are acti-
vated [31], which ultimately induce various inflammatory
factors and type I IFN. The mechanisms of TRIF-activated
NF-«B are similar to those of the MyD88-dependent pathway
[22], while the mechanisms of IRF3 activation and inter-
feron-f (IFN-p) transcription are particular. IRF3 can be
phosphorylated and nuclear translocated by IKK, TBKI,
and IKKi (IKKe) that can be activated by TRIF requiring
TRAF3 (Figure 1) [32, 33].

The RIG-I and MDA5 pathway will finally induce type 1
IFN. Commonly with RIG-I pathway, after MDA5 recog-
nizes ssSRNA or dsRNA virus, MDA5 can combine with the
vital protein of mitochondrial MAVS (mitochondrial antivi-
ral signaling protein) [34]. Then, MAVS is positioned on the
mitochondrial outer membrane and recruits TRAF3, which
can phosphorylate IRF3/IRF7 (IFN regulatory factor) when
ubiquitin is terminated which starts the type I IFN antiviral
immune response [34]. Moreover, this reaction will not hap-
pen when MAVS is positioned on the peroxisomes [35].
However, unlike human MDAS5, the CARD domain of duck
MDAS5 can only target IRF7 while overexpression of CARD
or the c-terminal RD-composed domain of MDA5 can
induce the expression of IFN- 8 promoter [36].

Moreover, the pathway of TLR and RLR is complicated,
which not only refers to TLRs and RLRs but also involves
other molecules like microRNA (miRNA). There is abundant
research that has reported that miRNA affects the process of
TLR [37] and RLR [38] pathways during pathogen invasion
through direct or indirect interaction with TLRs or RLRs.
According to the reports, one miRNA can regulate more than
one target gene [39]. On the contrary, one target gene can be
regulated by numerous miRNAs [40, 41]; this is because
miRNA does not need to combine the mRNA 3' untranslated
region (3' UTR) of the target gene completely [42], which
makes the regulating mechanism of TLR and RLR more com-
plicated. Thus, figuring out the mechanism of how TLRs or
RLRs combat pathogens is important.

2. The Function of TLRs in Resisting Flavivirus

2.1. TLR3 Plays Dual Functions during Flavivirus Infection.
TLR3 has been found on the endosome of cells and shares
the same function both in mammals and avians, which
recognizes double-stranded RNA (dsRNA) and induces type
I IFN [43, 44]. During flavivirus infection, TLR3 plays dual
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functions. On the one hand, TLR3 promotes host-immune
process. Compared to other TLRs, TLR3 suppresses the rep-
lication of DENV more efficiently. After infecting DENV, the
expression of human TLR3 (huTLR3) [45], IFN-«, IFN-f3,
and type III IFN (IL-28A/B) [46] significantly increased
while the virus copy number decreased [47]. In further
research, Tsai et al. and Chen et al. showed the high level
of IFN-a/f3 produced from the TLR3-IRF3/IRF7 pathway
[47, 48], and IFN-f3 is the reason for inhibiting DENV repli-
cation [46]. In HUH-7 cells, huTLR3 can recognize DENV-1
and induce the expression of IFN-f3, which can enhance the
expression of huTLR3 on the contrary [45]. TLR3 also
induces type I IFN during WNV [49], ATMUYV [50], and
ZIKV [51] infections; however, the NSI protein of WNV
can suppress this way by inhibiting the transcription of
IRF3 and activation of NF-«B cytokine transcription [52],
resulting in low levels of inflammatory factors. ATMUV is
highly pathogenic to avians especially to ducks; during
ATMUYV infection of DEF cell and 293T cell, the expression
of both duck TLR3 and huTLR3, respectively, and other
inflammatory cytokines like IL-2, IL-6, and IL-29 are raised
[50, 53]. Moreover, huTLR3 was found to suppress ATMUV
replication through the TLR3/IRF3/IRF7 pathway in 293T
cells [53]; however, the exact process of how TLR3 combats
ZIKV has not been explored yet [51]. Also, the high level of
huTLR3 detected in epidermis cutin cells and skin fibroblast
cells following WNV infection indicates that huTLR3 may
have an important function in skin immunity [54], but the
specific mechanism has not been illuminated. On the other

hand, TLR3 helps WNV invade the brain tissue and pro-
motes WNV replication in the nervous system [55, 56].
Besides, infecting TLR3/7/8 mixed agonists or inhibiting
the expression of anti-Fccyl or anti-Fceylla antibody will
increase the expression of inflammatory cytokines while
reducing the proliferation of DENV [57].

2.2. TLR7 Plays Immune Roles in Somatic Cells and Skin
during Flavivirus Infection. The structure of TLR7 is similar
in both mammals and avians; however, whether the function
of TLRY7 is likely between difterent species has not been clear
[58]. In mammals, TLR7 expresses on endosome which can
recognize single-stranded RNA (ssRNA). Moreover, in the
immune process, TLR7 can not only recognize and combine
with GU-rich single-stranded RNA and then induce type I
IFN and cytokines [59] but it can also recognize synthetic
poly(U) RNA and certain small interfering RNAs as well
[60]. Albeit there is poor research studying avian TLR7, some
reports found avian TLR7 have the function of combat virus
[61]. During JEV and WNV infection, huTLR7 has been
explored to play an important role. Mouse TLR7 is found
to enhance the host immunity through interaction with
JEV [62]. The expression of mouse TLR7 accompanied with
CD80, CD86, and CD273 on the dendritic cell was signifi-
cantly upregulated after JEV infection [62]. Intriguingly, sup-
pressing TLR7 in mice increases the expression of TLRS,
which indicates the high level of TLR8 making up for the loss
of immunity that TLR7 targets [62]. Like the NS of DENV,
some JEV’s NS also assists JEV to escape the immune system.



NS5 protein of JEV can inhibit the activation of IRF3 and
NEF-«B, then reduce the amount of type I IFN and promote
JEV replication process, which results from NS5 protein
interaction with KPNA3 and KPNA4 [63]. TLR7 was also
found to be necessary for skin immunity. WNV infecting
Langerhans cells promotes IFN-a, IL-1f3, IL-6, and IL-12
expression, but the same result was not detected after wiping
oftf TLR7 [64]. Except to assume a role in skin immunity,
TLR7 can target T cell answer as well. In Xie et al.’s experi-
ment, wiping off MyD88 or TLR7 during WNYV infection in
mice could downregulate the expression of IgM and T cells,
while the antigen presentation ability of DC was suppressed
[65]. Intriguingly, infecting those mice again, the MyD88-
lacking mice cannot target T cell answer, while TLR7-
lacking mice appear to have a normal T cell answer, which
suggests TLR7-MyD88 pathway is involved in resisting
WNV process through activating T cell answer [65].

2.3. TLR2/TLR4/TLR6/TLRS Resisting Flavivirus in Different
Ways. TLR2, TLR4, and TLR6 can recognize both bacteria
and virus, whereas TLR8 can only recognize single-stranded
RNA (ssRNA) virus [66]. In avians, both TLR2 and TLR4
can recognize lipopolysaccharide (LPS) and then target NF-
kB [67, 68]. However, avians do not have TLR6 and TLRS;
even though researchers found TLR8 in ducks, the structure
of it is crushed which means it has no real function [69].
Albeit there are few pieces of research focusing on their roles
in resisting flavivirus, they do serve important roles in the
immune process. NS1 of DENV-1/3/4 can upregulate the
expression of TLR2, TLR4, and TLR6 of humans [70, 71],
while DENV-2 can only increase the huTLR2 expression
[72]. The interaction of DENV-2 with a host will induce
two consequences. For one thing, DENV-2 can target innate
immunity through PI3K/NF-«B pathway; for another, it can
suppress the activation of NF-xB as well, which reduces an
amount of inflammatory cytokine secretion such as INF-3,
IL-10, and IL-12 [73]. Cross-presentation system plays a vital
role in recognizing the antigen and intercellular communica-
tion; however, JEV can inhibit this system to suppress TLR2-
MyD88 and p38 MAPK pathway inducing CD8+ T cells [74].
Although TLR2 is required for combating JEV, the lack of
TLR4 is beneficial for host immunity. Wiping off TLR4
enhances the expression of RIG-I, MDA5, PKR, Oasl,
ISG49, ISG54, and ISG56 that can target IRF3 and NF-«B
pathway to induce inflammatory factors [75]. Otherwise,
some other innate immune factors enhance the ability of
DENYV to infect the host. Cutting off the interaction between
the antigen-antibody complex and FcR can reduce the
expression of cytokines involved in TLR pathway and
weaken the defensive ability of the host through upregulating
SARM, TANK, and a negative regulation factor of the NF-«B
pathway, which results in a more efficient reproduction of
DENV [57].

3. The Function of RLRs in Resisting Flavivirus

Except TLRs, RLRs are also detected to participate in resist-
ing DENV processes, especially RIG-I and MDAS5, which
can identify RNA viruses in the cells and induce type I IFN
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and immune factors [24]. DENV infection can target a strong
immune response through RIG-I/IPS-1/TBK1/IRF3 and
MDAS5 pathway [76], which can be strengthened by OAS2
[77]. OAS2 is an essential protein involved in the innate
immune response to viral infection [78] and detected to
be upregulated following DENV infection in keratino-
cytes, which cuts DENV RNA into more smaller debris
that can be recognized by MDA5 and RIG-I and then
enhances immune ability of the host [77]. However, the
NS2A and NS4B of DENV-4 inhibit RIG-I/MDA5/TBK1/
IKKe immune pathway and phosphorylation of IRF3, in
which process the NS4B-A-118-260 of NS4B was identified
to be indispensable [79]. NS2B/3 and NS4A of DENV help
DENV escape RLR immunization. Among them, NS2B/3
can inhibit the phosphorylation of serine 386 and nuclear
transfer of IRF3, which result from the interaction between
NS2B/3 protein enzyme and IKKe [80], while the NS4A
of DENV-1 inhibits RIG-I and TBK1 inducing IFN-fj
[80]. Some immune processes also can promote DENV
infection like antibody-dependent enhancement (ADE),
which inhibits the activation of RLR-MAVS pathway by
enhancing autophagy resulting in a more efficient replication
of DENV [81]. RIG-I can recognize JEV in the different envi-
ronment, like body cells and the nervous system [82, 83],
which can secrete inflammatory factors like IL-6, IL-12p70,
MCP-1, IP-10, and TNF-«a to combat JEV infection [63].
RIG-I and MDAS5 were found to be involved in resisting
ZIKV and ATMUYV infection; for the further study, Chen
et al. found that type III IFN that was produced from the
RIG-I/IRF3/IRF7 pathway can suppress ATMUYV replication
[53]. However, the specific process of how RIG-I and MDA5
combat ZIKV has not been explored yet [50, 51, 53].

4. Conclusion and Future Perspectives

Since TLRs and RLRs are the essential members of innate
immunity and innate immunity is important in the early
immune process, illuminating their function and mechanism
on resisting flavivirus is necessary for further studies. How-
ever, for now, we only know which TLRs or RLRs take part
in resisting flavivirus; the specific mechanism is not clear;
therefore, there is more work for us to do in the future. More-
over, since the pathway of TLR and RLR is not only referring
to TLRs and RLRs but also involving other molecules like
miRNA, exploring and illuminating the function of miRNA
or other molecules in innate immunity during pathogen
invasion are also important in the future.

Conflicts of Interest

The authors declare no conflicts of interest.

Acknowledgments

This work was supported by the National Key Research
and Development Program of China (2017YFD0500800),
National Key R&D Program (2016YFD0500800), China
Agricultural Research System (CARS-42-17), and Sichuan
Province Research Programs (2017]Y0014/2017HH0026).



Journal of Immunology Research

References

(1]

2

—_—

)
)

(10]

(11]

(12]

(13]

(14]

(15]

(16]

S. B. Halstead and S. J. Thomas, “Japanese encephalitis: new
options for active immunization,” Clinical Infectious Diseases,
vol. 50, no. 8, pp. 1155-1164, 2010.

G. Wengler, G. Wengler, and H. J. Gross, “Studies on virus-
specific nucleic acids synthesized in vertebrate and mosquito
cells infected with flaviviruses,” Virology, vol. 89, no. 2,
pp. 423-437, 1978.

J. S. Porterfield, “2 - antigenic characteristics and classification
of Togaviridae,” The Togaviruses, pp. 13-46, 1980.

J. N. Conde, E. M. Silva, A. S. Barbosa, and R. Mohana-Borges,
“The complement system in flavivirus infections,” Frontiers in
Microbiology, vol. 8, article e00276, p. 213, 2017.

J. Su, S. Li, X. Hu et al,, “Duck egg-drop syndrome caused by
BYD virus, a new Tembusu-related flavivirus,” PLoS One,
vol. 6, no. 3, article e18106, 2011.

E. A. Gould, A. Buckley, A. D. T. Barrett, and N. Cammack,
“Neutralizing (54K) and non-neutralizing (54K and 48K)
monoclonal antibodies against structural and non-structural
yellow fever virus proteins confer immunity in mice,” The
Journal of General Virology, vol. 67, no. 3, pp. 591-595, 1986.

J. J. Schlesinger, M. Foltzer, and S. Chapman, “The Fc portion
of antibody to yellow fever virus NS1 is a determinant of pro-
tection against YF encephalitis in mice,” Virology, vol. 192,
no. 1, pp. 132-141, 1993.

V. E. Yamshchikov and R. W. Compans, “Formation of the fla-
vivirus envelope: role of the viral NS2B-NS3 protease,” Journal
of Virology, vol. 69, no. 4, pp. 1995-2003, 1995.

L. R. Jan, C. S. Yang, D. W. Trent, B. Falgout, and C. J. Lai,
“Processing of Japanese encephalitis virus non-structural pro-
teins: NS2B-NS3 complex and heterologous proteases,” The
Journal of General Virology, vol. 76, no. 3, pp. 573-580, 1995.

G. Kadaré and A. L. Haenni, “Virus-encoded RNA helicases,”
Journal of Virology, vol. 71, no. 4, pp. 2583-2590, 1997.

T. J. Chambers, R. C. Weir, A. Grakoui et al., “Evidence that
the N-terminal domain of nonstructural protein NS3 from yel-
low fever virus is a serine protease responsible for site-specific
cleavages in the viral polyprotein,” Proceedings of the National
Academy of Sciences of the United States of America, vol. 87,
no. 22, pp. 8898-8902, 1990.

L. Tomei, C. Failla, R. L. Vitale, E. Bianchi, and R. de Fran-
cesco, “A central hydrophobic domain of the hepatitis C virus
NS4A protein is necessary and sufficient for the activation of
the NS3 protease,” The Journal of General Virology, vol. 77,
no. 5, pp. 1065-1070, 1996.

J. M. Mackenzie, M. K. Jones, and P. R. Young, “Immunolocal-
ization of the dengue virus nonstructural glycoprotein NS1
suggests a role in viral RNA replication,” Virology, vol. 220,
no. 1, pp. 232-240, 1996.

L. de Moerlooze, A. Renard, C. Lecomte, and J. A. Martial, “A
“zinc finger-like” domain in the 54 KDA protein of several pes-
tiviruses,” in Ruminant Pestivirus Infections, Springer, Vienna,
1991.

C. Steinkiihler, L. Tomei, and R. de Francesco, “In vitro activity
of hepatitis C virus protease NS3 purified from recombinant
Baculovirus-infected Sf9 cells,” The Journal of Biological
Chemistry, vol. 271, no. 11, pp. 6367-6373, 1996.

C. Lin, J. W. Wu, K. Hsiao, and M. S. Su, “The hepatitis C virus
NS4A protein: interactions with the NS4B and NS5A pro-
teins,” Journal of Virology, vol. 71, no. 9, pp. 6465-6471, 1997.

(17]

(18]

(19]

(20]

(21]

[22]

(23]

(24]

(25]

(26]

(27]

(28]

(29]

(30]

(31]

(32]

(33]

(34]

Y. Shimizu, K. Yamaji, Y. Masuho et al., “Identification of the
sequence on NS4A required for enhanced cleavage of the
NS5A/5B site by hepatitis C virus NS3 protease,” Journal of
Virology, vol. 70, no. 1, pp. 127-132, 1996.

V. Pétrilli, C. Dostert, D. A. Muruve, and J. Tschopp, “The
inflammasome: a danger sensing complex triggering innate
immunity,” Current Opinion in Immunology, vol. 19, no. 6,
pp. 615-622, 2007.

R. Brownlie and B. Allan, “Avian toll-like receptors,” Cell and
Tissue Research, vol. 343, no. 1, pp. 121-130, 2011.

T. Kawai and S. Akira, “The role of pattern-recognition recep-
tors in innate immunity: update on toll-like receptors,” Nature
Immunology, vol. 11, no. 5, pp. 373-384, 2010.

N. D. Temperley, S. Berlin, I. R. Paton, D. K. Griffin, and D. W.
Burt, “Evolution of the chicken toll-like receptor gene family: a
story of gene gain and gene loss,” BMC Genomics, vol. 9, no. 1,
p. 62, 2008.

S. Akira, K. Takeda, and T. Kaisho, “Toll-like receptors: critical
proteins linking innate and acquired immunity,” Nature
Immunology, vol. 2, no. 8, pp. 675-680, 2001.

T. Matsumiya and D. M. Stafforini, “Function and regulation
of retinoic acid-inducible gene-1,” Critical Reviews in Immu-
nology, vol. 30, no. 6, pp. 489-513, 2010.

S. Chen, A. Cheng, and M. Wang, “Innate sensing of viruses by
pattern recognition receptors in birds,” Veterinary Research,
vol. 44, no. 1, pp. 82-12, 2013.

A. M. Bruns, G. P. Leser, R. A. Lamb, and C. M. Horvath, “The
innate immune sensor LGP2 activates antiviral signaling by
regulating MDAS5-RNA interaction and filament assembly,”
Molecular Cell, vol. 55, no. 5, pp. 771-781, 2014.

J. Zou, M. Chang, P. Nie, and C. J. Secombes, “Origin and
evolution of the RIG-I like RNA helicase gene family,” BMC
Evolutionary Biology, vol. 9, no. 1, p. 85, 2009.

A. Baum, R. Sachidanandam, and A. Garcia-Sastre, “Prefer-
ence of RIG-I for short viral RNA molecules in infected cells
revealed by next-generation sequencing,” Proceedings of the
National Academy of Sciences of the United States of America,
vol. 107, no. 37, pp. 16303-16308, 2010.

M. Yamamoto, S. Sato, H. Hemmi et al., “TRAM is specifically
involved in the toll-like receptor 4-mediated MyD88-
independent signaling pathway,” Nature Immunology, vol. 4,
no. 11, pp. 1144-1150, 2003.

T. Kawagoe, S. Sato, K. Matsushita et al., “Sequential control of
toll-like receptor-dependent responses by IRAK1 and IRAK?2,”
Nature Immunology, vol. 9, no. 6, pp. 684-691, 2008.

V. G. Bhoj and Z. ]. Chen, “Ubiquitylation in innate and adap-
tive immunity,” Nature, vol. 458, no. 7237, pp. 430-437, 2009.

T. Kawai and S. Akira, “Toll-like receptor and RIG-I-like
receptor signaling,” Annals of the New York Academy of
Sciences, vol. 1143, no. 1, pp. 1-20, 2008.

H. Hicker and M. Karin, “Regulation and function of IKK
and IKK-related kinases,” Science’s STKE, vol. 2006, no. 357,
article rel3, 2006.

H. Hécker, V. Redecke, B. Blagoev et al., “Specificity in toll-like
receptor signalling through distinct effector functions of
TRAF3 and TRAF6,” Nature, vol. 439, no. 7073, pp. 204-
207, 2006.

T. Kawali, K. Takahashi, S. Sato et al., “IPS-1, an adaptor trig-
gering RIG-I- and Mda5-mediated type I interferon induc-
tion,” Nature Immunology, vol. 6, no. 10, pp. 981-988, 2005.



(35]

(36]

(37]

(38]

(39]

[40]

[41]

(42]

(43]

[44]

(45]

[46]

(47]

(48]

(49]

E. Dixit, S. Boulant, Y. Zhang et al., “Peroxisomes are signaling
platforms for antiviral innate immunity,” Cell, vol. 141, no. 4,
Pp. 668-681, 2010.

L. Wei, J. Cui, Y. Song et al., “Duck MDA5 functions in innate
immunity against H5N1 highly pathogenic avian influenza
virus infections,” Veterinary Research, vol. 45, no. 1, p. 66,
2014.

F. Meisgen, N. Xu Landén, A. Wang et al., “MiR-146a nega-
tively regulates TLR2-induced inflammatory responses in ker-
atinocytes,” The Journal of Investigative Dermatology, vol. 134,
no. 7, pp. 1931-1940, 2014.

J. Han, Y. Sun, W. Song, and T. Xu, “MicroRNA-145 regulates
the RLR signaling pathway in miiuy croaker after poly(I:C)
stimulation via targeting MDA5,” Developmental & Compara-
tive Immunology, vol. 68, pp. 79-86, 2017.

J. B. Johnnidis, M. H. Harris, R. T. Wheeler et al., “Regulation
of progenitor cell proliferation and granulocyte function by
microRNA-223,” Nature, vol. 451, no. 7182, pp. 1125-1129,
2008.

F.J. Sheedy, E. Palsson-Mcdermott, E. ]. Hennessy et al., “Neg-
ative regulation of TLR4 via targeting of the proinflammatory
tumor suppressor PDCD4 by the microRNA miR-21,” Nature
Immunology, vol. 11, no. 2, pp. 141-147, 2009.

E. B. Wendlandt, J. W. Graft, T. L. Gioannini, A. P. Mccaffrey,
and M. E. Wilson, “The role of microRNAs miR-200b and
miR-200c in TLR4 signaling and NF-«B activation,” Innate
Immunity, vol. 18, no. 6, pp. 846-855, 2012.

C. Simén-mateo and J. A. Garcia, “MicroRNA-guided process-
ing impairs plum pox virus replication, but the virus readily
evolves to escape this silencing mechanism,” Journal of Virol-
0gy, vol. 80, no. 5, pp- 2429-2436, 2006.

T. Downing, A. T. Lloyd, C. O'Farrelly, and D. G. Bradley,
“The differential evolutionary dynamics of avian cytokine
and TLR gene classes,” Journal of Immunology, vol. 184,
no. 12, pp. 6993-7000, 2010.

M. Matsumoto, K. Funami, H. Oshiumi, and T. Seya, “Toll-
like receptor 3: a link between toll-like receptor, interferon
and viruses,” Microbiology and Immunology, vol. 48, no. 3,
pp. 147-154, 2004.

A. M. A. Nasirudeen, H. H. Wong, P. Thien, S. Xu, K. P. Lam,
and D. X. Liu, “RIG-I, MDA5 and TLR3 synergistically play an
important role in restriction of dengue virus infection,” PLoS
Neglected Tropical Diseases, vol. 5, no. 1, article €926, 2011.

Z. Liang, S. Wu, Y. Li et al., “Activation of toll-like receptor 3
impairs the dengue virus serotype 2 replication through induc-
tion of IFN-f in cultured hepatoma cells,” PLoS One, vol. 6,
no. 8, article e23346, 2011.

Y. T. Tsai, S. Y. Chang, C. N. Lee, and C. L. Kao, “Human
TLR3 recognizes dengue virus and modulates viral replication
in vitro,” Cellular Microbiology, vol. 11, no. 4, pp. 604-615,
2009.

H. W. Chen, K. King, J. Tu, M. Sanchez, A. D. Luster, and
S. Shresta, “The roles of IRF-3 and IRF-7 in innate antiviral
immunity against dengue virus,” Journal of Immunology,
vol. 191, no. 8, pp. 4194-4201, 2013.

J. Xia, E. R. Winkelmann, S. R. Gorder, P. W. Mason, and G. N.
Milligan, “TLR3- and MyD88-dependent signaling differen-
tially influences the development of West Nile virus-specific
B cell responses in mice following immunization with Repli-
VAX WN, a single-cycle flavivirus vaccine candidate,” Journal
of Virology, vol. 87, no. 22, pp. 12090-12101, 2013.

(50]

(51]

(52]

(53]

(54]

(55]

[56]

(57]

(58]

(59]

(60]

[61]

[62]

[63]

(64]

[65]

Journal of Immunology Research

N. Li, Y. Wang, R. Li et al., “Immune responses of ducks
infected with duck Tembusu virus,” Frontiers in Microbiology,
vol. 6, p. 425, 2015.

R. Hamel, O. Dejarnac, S. Wichit et al., “Biology of Zika virus
infection in human skin cells,” Journal of Virology, vol. 89,
no. 17, pp. 8880-8896, 2015.

K. R. Crook, M. Miller-Kittrell, C. R. Morrison, and F. Scholle,
“Modulation of innate immune signaling by the secreted form
of the West Nile virus NS1 glycoprotein,” Virology, vol. 458-
459, pp. 172-182, 2014.

S. Chen, G. Luo, Z. Yang et al., “Avian Tembusu virus infection
effectively triggers host innate immune response through
MDAS5 and TLR3-dependent signaling pathways,” Veterinary
Research, vol. 47, no. 1, p. 74, 2016.

M. Garcia, M. Wehbe, N. Lévéque, and C. Bodet, “Skin innate
immune response to flaviviral infection,” European Cytokine
Network, vol. 28, no. 2, pp. 41-51, 2017.

K. J. Szretter, S. Daffis, J. Patel et al., “The innate immune
adaptor molecule MyD88 restricts West Nile virus replication
and spread in neurons of the central nervous system,” Journal
of Virology, vol. 84, no. 23, pp. 12125-12138, 2010.

T. Wang, T. Town, L. Alexopoulou, J. F. Anderson, E. Fikrig,
and R. A. Flavell, “Toll-like receptor 3 mediates West Nile
virus entry into the brain causing lethal encephalitis,” Nature
Medicine, vol. 10, no. 12, pp. 1366-1373, 2004.

N. Modhiran, S. Kalayanarooj, and S. Ubol, “Subversion of
innate defenses by the interplay between DENV and pre-
existing enhancing antibodies: TLRs signaling collapse,”
PLoS Neglected Tropical Diseases, vol. 4, no. 12, article
€924, 2010.

V. J. Philbin, M. Igbal, Y. Boyd et al., “Identification and char-
acterization of a functional, alternatively spliced toll-like
receptor 7 (TLR7) and genomic disruption of TLR8 in
chickens,” Immunology, vol. 114, no. 4, pp. 507-521, 2005.

F. Heil, H. Hemmi, H. Hochrein et al., “Species-specific recog-
nition of single-stranded RNA via toll-like receptor 7 and 8,”
Science, vol. 303, no. 5663, pp. 1526-1529, 2004.

V. Hornung, M. Guenthner-Biller, C. Bourquin et al,
“Sequence-specific potent induction of IFN-« by short inter-
fering RNA in plasmacytoid dendritic cells through TLR7,”
Nature Medicine, vol. 11, no. 3, pp. 263-270, 2005.

Z. Xing, C. J. Cardona, J. Li, N. Dao, T. Tran, and J. Andrada,
“Modulation of the immune responses in chickens by low-
pathogenicity avian influenza virus HIN2,” The Journal of
General Virology, vol. 89, no. 5, pp. 1288-1299, 2008.

M. Awais, K. Wang, X. Lin et al., “TLR7 deficiency leads to
TLR8 compensative regulation of immune response against
JEV in mice,” Frontiers in Immunology, vol. 8, p. 160, 2017.

J. Ye, Z. Chen, Y. Li et al., “Japanese encephalitis virus NS5
inhibits type I interferon (IFN) production by blocking the
nuclear translocation of IFN regulatory factor 3 and NF-«B,”
Journal of Virology, vol. 91, no. 8, pp. €00039-e00017, 2017.

T. Welte, K. Reagan, H. Fang et al., “Toll-like receptor 7-
induced immune response to cutaneous West Nile virus
infection,” The Journal of General Virology, vol. 90, no. 11,
pp. 2660-2668, 2009.

G. Xie, H. Luo, L. Pang et al., “Dysregulation of toll-like recep-
tor 7 compromises innate and adaptive T cell responses and
host resistance to an attenuated West Nile virus infection in
old mice,” Journal of Virology, vol. 90, no. 3, pp. 1333-1344,
2016.



Journal of Immunology Research

[66]

(67]

(68]

(69]

[70]

(71]

(72]

(73]

(74]

(75]

(76]

(77]

(78]

(79]

V. Hornung, W. Barchet, M. Schlee, and G. Hartmann, “RNA
recognition via TLR7 and TLR8,” Handbook of Experimental
Pharmacology, vol. 183, no. 183, 71 pages, 2008.

A. Fukui, N. Inoue, M. Matsumoto et al., “Molecular cloning
and functional characterization of chicken toll-like receptors.
A single chicken toll covers multiple molecular patterns,”
The Journal of Biological Chemistry, vol. 276, no. 50,
pp. 47143-47149, 2001.

A. M. Keestra and J. P. M. van Putten, “Unique properties of
the chicken TLR4/MD-2 complex: selective lipopolysaccharide
activation of the MyD88-dependent pathway,” Journal of
Immunology, vol. 181, no. 6, pp. 4354-4362, 2008.

M. R. W. MacDonald, J. Xia, A. L. Smith, and K. E. Magor,
“The duck toll like receptor 7: genomic organization, expres-
sion and function,” Molecular Immunology, vol. 45, no. 7,
pp. 2055-2061, 2008.

J. Chen, M. M. L. Ng, and J.. J. H. Chu, “Activation of TLR2 and
TLR6 by dengue NSI protein and its implications in the
immunopathogenesis of dengue virus infection,” PLoS Patho-
gens, vol. 11, no. 7, article e1005053, 2015.

N. Modhiran, D. Watterson, A. Blumenthal, A. G. Baxter, P. R.
Young, and K. J. Stacey, “Dengue virus NS1 protein activates
immune cells via TLR4 but not TLR2 or TLR6,” Immunology
and Cell Biology, vol. 95, no. 5, pp. 491-495, 2017.

E. L. Azeredo, P. C. Neves-Souza, A. R. Alvarenga et al,
“Differential regulation of toll-like receptor-2, toll-like recep-
tor-4, CD16 and human leucocyte antigen-DR on peripheral
blood monocytes during mild and severe dengue fever,”
Immunology, vol. 130, no. 2, pp. 202-216, 2010.

T. H. Chang, S. R. Chen, C. Y. Yu et al,, “Dengue virus serotype
2 blocks extracellular signal-regulated kinase and nuclear
factor-xB activation to downregulate cytokine production,”
PLoS One, vol. 7, no. 8, article e41635, 2012.

A. G. Aleyas, Y. W. Han, A. M. Patil, S. B. Kim, K. Kim,
and S. K. Eo, “Impaired cross-presentation of CD8a*
CD11c" dendritic cells by Japanese encephalitis virus in a
TLR2/MyD88 signal pathway-dependent manner,” European
Journal of Immunology, vol. 42, no. 10, pp. 2655-2666,
2012.

Y. W. Han, J. Y. Choi, E. Uyangaa et al., “Distinct dictation of
Japanese encephalitis virus-induced neuroinflammation and
lethality via triggering TLR3 and TLR4 signal pathways,” PLoS
Pathogens, vol. 10, no. 9, article e1004319, 2014.

D. Olagnier, F. E. M. Scholte, C. Chiang et al., “Inhibition of
dengue and Chikungunya virus infections by RIG-I-mediated
type I interferon-independent stimulation of the innate antivi-
ral response,” Journal of Virology, vol. 88, no. 8, pp. 4180-
4194, 2014.

A.J. Sadler and B. R. G. Williams, “Interferon-inducible anti-
viral effectors,” Nature Reviews Immunology, vol. 8, no. 7,
pp. 559-568, 2008.

H. Kristiansen, H. H. Gad, S. Eskildsen-Larsen, P. Despres,
and R. Hartmann, “The oligoadenylate synthetase family:
an ancient protein family with multiple antiviral activities,”
Journal of Interferon & Cytokine Research, vol. 31, no. 1,
pp. 41-47, 2011.

N. A. Dalrymple, V. Cimica, and E. R. Mackow, “Dengue virus
NS proteins inhibit RIG-I/MAVS signaling by blocking TBK1/
IRF3 phosphorylation: dengue virus serotype 1 NS4A is a
unique interferon-regulating virulence determinant,” MBio,
vol. 6, no. 3, pp. e00553-e00515, 2015.

(80]

(81]

(82]

(83]

S. Chen, Z. Wu, M. Wang, and A. Cheng, “Innate immune eva-
sion mediated by Flaviviridae non-structural proteins,” Virus,
vol. 9, no. 10, p. 291, 2017.

X. Huang, Y. Yue, D. Li et al,, “Antibody-dependent enhance-
ment of dengue virus infection inhibits RLR-mediated type-I
IFN-independent signalling through upregulation of cellular
autophagy,” Scientific Reports, vol. 6, no. 1, article 22303, 2016.

A. Nazmi, R. Mukhopadhyay, K. Dutta, and A. Basu,
“STING mediates neuronal innate immune response follow-
ing Japanese encephalitis virus infection,” Scientific Reports,
vol. 2, no. 1, article 347, 2012.

T. H. Chang, C. L. Liao, and Y. L. Lin, “Flavivirus induces
interferon-beta gene expression through a pathway involving
RIG-I-dependent IRF-3 and PI3K-dependent NF-«xB activa-
tion,” Microbes and Infection, vol. 8, no. 1, pp. 157-171, 2006.



	Toll-Like Receptors and RIG-I-Like Receptors Play Important Roles in Resisting Flavivirus
	1. Introduction
	2. The Function of TLRs in Resisting Flavivirus
	2.1. TLR3 Plays Dual Functions during Flavivirus Infection
	2.2. TLR7 Plays Immune Roles in Somatic Cells and Skin during Flavivirus Infection
	2.3. TLR2/TLR4/TLR6/TLR8 Resisting Flavivirus in Different Ways

	3. The Function of RLRs in Resisting Flavivirus
	4. Conclusion and Future Perspectives
	Conflicts of Interest
	Acknowledgments

