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Dengue is a worldwide disease with 400 million annual infections that can lead to septic shock and viral
hemorrhagic fever with internal bleeding. These symptoms are the result of uncontrolled immune activa-
tion. Macrophages and dendritic cells are the main target of dengue virus (DENV) and the cellular source
of cytokines associated with this immune activation. Macrophages and dendritic cells express several in-
nate immune receptors that have been implicated in DENV immune activation, of which, CLEC5A, RIG-I
and MDAS are most important. Notably, activation of these receptors have profound effects on adap-
tive immune responses against DENV. This review will focus on how innate immune receptors drive DENV
immune activation by inducing inflammatory cytokines and by activating adaptive immune responses.

First draft submitted: 24 November 2017; Accepted for publication: 25 January 2018; Published online:
27 March 2018

Dengue virus (DENV) is an enveloped positive single-stranded RNA (ssRNA) flavivirus that can cause disease
in humans. Infection in humans occurs via mosquito-borne (Aedes albopictus or Aedes aegypti) transmission in
more than 100 countries in tropical and subtropical regions of the globe. Each year, 390 million people become
infected with DENV and the symptoms range from asymptomatic and relatively mild dengue fever to severe,
life-threatening dengue hemorrhagic fever (DHF) or dengue shock syndrome (DSS) [1,2]. Dengue fever is usually
self-limiting and is characterized by mild symptoms including, fever, headache, vomiting, muscle and joint pains,
and a characteristic skin rash. In a small number of patients (0.5-1%), the infection develops into DHF resulting
in thrombocytopenia, internal and external bleeding (hemorrhages) and blood plasma leakage. Eventually, DHF
may develop into DSS, which is hallmarked by a dangerously low blood pressure [2-4]. The underlying mechanisms
leading to these symptoms are unclear and much remains to be uncovered about the pathogenesis of DENV.

In total, four serotypes (DENV1-DENV4) circulate the globe, sharing up to 70-80% in amino acid sequence
homology (1. All four DENV serotypes consist out of three structural proteins (capsid, prM /M and E glycoprotein),
a lipid envelope and capped ssRNA. E glycoprotein is responsible for interacting with host cell receptors. Upon
internalization, DENV is transported to the late endosomes resulting in structural rearrangements of E glycoproteins
promoting viral fusion with the host cell. The ssRNA is translated into the three structural proteins and several
nonstructural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5). These NS proteins are essential
for viral replication and play an important role in DENV immune evasion.

DENYV infection is initiated by a blood meal from an infected mosquito that injects the virus into the skin. Virus
is disseminated through the body via the lymphatic system before the virus becomes bloodborne with infection
hotspots in the liver and spleen [3,5]. Infection of hematopoietic cells, in particular monocytes, dendritic cells (DCs)
and macrophages, is essential for dissemination of the virus (6.

Human skin is lined with numerous innate immune cells of hematopoietic origin that detect invading DENV
particles using pathogen recognition receptors (PRRs) including TLRs, RLRs and CLRs (Figure 1). Triggering of
these PRRs by DENV leads to activation of intracellular signaling pathways that induce a plethora of inflammatory
cytokines and protective antiviral immunity via the production of type I IFNs including IFN-a and IFN-.
Although protective in the majority of patients, overactivation of these immune responses is thought to underlie
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Innate Immune receptors drive dengue immune activation. Innate recognition of DENV is mediated by cell surface CLRs, TLRs

and RLRs, which are mainly expressed by macrophages and dendritic cells. Activation of these receptors leads to the production of
cytokines, chemokines and interferons that result in DENV immune activation. In addition to local effects, DCs activate T cells in secondary
lymphoid tissues, which induce systemic immune responses. Notable, DENV-infected DCs drive T-helper 1 (Ty1) differentiation. DCs also
affect B-cell responses by instructing naive T-helper cells towards follicular T-helper (Tgy) cell differentiation by the production of IL-27.
These cells induce B-cell proliferation, antibody production and isotype class switching.

DC: Dendritic cell; DENV: Dengue virus; M@: Macrophage; MR: Mannose receptor.

DHEF and DSS. Several inflammatory mediators including TNE IFN-y and IL-6 are linked to DHF and DSS 17,8].
It is therefore key to understand DENV immune activation in order to understand DENV pathogenesis.

Especially macrophages and DCs play an important role in DENV infection. Both macrophages and DCs are
present in human skin and detect invading pathogens to initiate rapid local immune responses. DCs are distinct
from macrophages in their migration capacity and all subsets of human skin DCs (epidermal Langerhans cells and
dermal DC subsets) migrate to skin-draining lymph nodes [9]. DCs migrate to secondary lymphoid structures to
present antigens to T cells in order to mount systemic immune responses involving T and B cells against DENV
via the production of type I IFNs and cytokines (Figure 1). Hence, it is paramount to understand PRR-mediated
DC responses against DENYV, as this can have a systemic effect on DENV immune activation.

The complexity of DENV pathogenesis has delayed the development of effective therapies or DENV vaccines. As
a result, treatment of DENV infection is reliable on symptom-reducing therapeutics as no DENV-specific antiviral
treatment is available. Effective antiviral treatments often involve molecular targets including kinase inhibitors,
receptor blockers and activation of specific immune responses using recombinant signaling molecules such as the
use of type I IFN in the treatment for hepatitis C virus [10]. Development of such treatments for DENV requires
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a detailed understanding of molecular mechanisms in DENV pathogenesis in the areas of host—virus interactions
and associated intracellular signaling cascades to identify new therapeutic targets to control DENV infection.
This review will focus on the role of PPRs in DENV recognition, internalization and infection, and how DENV
recognition activates PRR-induced signaling in DCs and macrophages. The DENV-induced adaptive immune
response controlled by DCs will also be discussed. Moreover, we will discuss how immune evasion by DENV can
exacerbate uncontrolled immune activation and possible therapeutic targets to reduce DENV pathogenesis.

Innate immune activation

Toll-like receptors

An important family of PRRs is the TLRs, which are expressed at the cell surface or in endosomes. Surface TLRs
that are involved in viral detection recognize viral envelope proteins, while intracellular TLR recognize nuclear
acids that are either present in viral particles or are produced during viral replication [11,12]. Several TLRs have been
shown to play an important role in the recognition of various flaviviruses including, TLR3 in hepatitis C virus,
yellow fever virus and West Nile virus; and TLR7 in yellow fever virus [13-15]. Recent studies show supporting
evidence that both TLR3 and TLR7 are involved in the innate immune recognition of DENV [16-18].

TLR3: inducer of type I IFN

TLR3 is expressed in endosomal compartments of leukocytes, different DC populations and a variety of epithelial
cells [11,12]. TLR3 recognizes double-stranded RNA, activating an intracellular pathway exclusively mediated by
the adaptor TRIF [11-12,19]. TRIF recruits TBK1 and the IKKe complex for activation of transcription factors
IRF3 and IRF7, and RIP1 for the transcriptional activation of NFkB [11,12]. IRF3 and IRF-7 are involved in the
production of type I IFN responses consisting of IFN-o and IFN-, while NFkB activation results in the production
of inflammatory cytokines including IL-1B, IL-6, IL-8 and TNF (Figure 2) (20-22]. Especially IFN-at and IFN-8
play a critical role in viral infections. Both IFN-at and IFN- bind to IFNa/BR activating a downstream signaling
cascade via JAK/STAT inducing over 300 antiviral IFN-stimulated genes (ISGs) [23]. Many of these ISGs have
antiviral functions and inhibit viral replication (Figure 2) [23,24].

Several studies implicate TLR3 in DENV immune activation [16,17]. TLR3 activation by DENV in HEK293
cells induces the production of inflammatory chemokine CXCL8 and IFN-a and IFN-B (Figure 2) [16]. This
response is significantly stronger upon recognition of replicating DENV implying TLR3 recognition of DENV
replication products. A reduction in TLR3 expression abolishes cytokine and type I IFN production, and increases
viral replication [16]. Similar to the above results, TLR3 was also shown to be crucial in primary macrophages to
control DENV replication (17]. These studies indicate that TLR3 recognition of DENV replication products is
essential for type I IFN-mediated viral control.

TLR 7: ssSRNA sensor of DENV

In addition to TLR3, TLR7 is also implicated in DENV infections [25]. TLR7 is mainly expressed by macrophages
and DCs in endosomes and recognize ssRNA [11-12,25]. The intracellular signaling cascade of TLR7 is mediated
by adaptor protein MyD88 resulting in the transcriptional activation of NFkB via an IKK complex [11,26-27].
Additionally, MyD88 is also able to induce type I IFN via transcription factor IRF7 (Figure 2) [28]. DENV ssRNA
is directly recognized by TLR7 by macrophages and plasmacytoid DCs (pDCs) [18,29-31]. Among macrophages,
stimulation of TLR7 results in the production of TNF and IFN-o while TLR7 triggering in pDCs results in IFN-a,
IL-6 and TNF production [18,30-31]. Moreover, TLR7 triggering by DENV in pDCs limits viral replication, most
likely because of the robust IFN-a response [30]. Therefore, the production of antiviral IFN-a and inflammatory
TNF and IL-6 by macrophages and pDCs could imply both a protective and pathogenic role for TLR7 in DENV
infection.

Differences in TLR3 and TLR7 responses could be explained by variation between intracellular signaling
pathways leading to differential activation of transcription factors. TLR3 induces the activation of both IRF3 and
IRF7 via TBK1 while TLR7 only induces IRF7 in a MyD88-dependent manner [11,12]. Indeed, TLR3-mediated
activation of IRF3 and IRF7 results in production of both IFN-a and IFN-$ while TLR7-dependent activation
of IRF7 leads to IFN-a production (Figure 2). These studies indicate that DENV induces antiviral immunity via
TLR3 as well as TLR7-mediated type I IFN production to control viral replication. Interestingly, there are no
indications that DENV inhibits TLR-mediated type I IFN induction directly to enhance viral replication.
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Figure 2. Intracellular signaling by PRRs leads to chemokine, cytokine and interferon responses. Endosomal TLR3 and TLR7 induce two
signaling pathways leading to type | IFN and cytokines responses. Although TLR3 and TLR7 induce similar responses against DENV, they
use different adapter molecules to induce gene expression. TLR3 associates with TRIF, while TLR7 forms a complex with MYD88. CLEC5A is
a potent inducer of cytokines via adapter molecules DAP10 and DAP12. This leads to the activation of kinases Syk and Akt and the
induction of IL-6, TNF, CCL3 and CXCLS8. In addition, CLEC5A activates NLRP3 inflammasomes, which process pro IL-18 and IL-18 into
maturate IL-18 and IL-18, respectively. DC-SIGN signaling in response to manosylated ligands involves adapter protein LSP1 and kinase
Raf-1. DC-SIGN triggering modulates NFkB activation via Raf-1 and possibly enhances CLEC5A-mediated IL-1B, IL-6 and TNF production.
Direct MR activation leads to IL-10 production, although it does not contain a known signaling motif. RIG-I and MDAS5 signal via adapter
molecule MAVS to induce two distinct signaling pathways. One pathway leads to IL-18, IL-6, TNF, CCL2, CLL3, CLL4 expression while the
other signaling pathway involves kinases TBK1 and IKKe to induce type | and type Il IFN. Notably, RLR-induced type I IFN triggers IFNa/BR
signaling via JAK/STAT which is modulated by RLR-activated IKKe to induce IL-27 in addition to antiviral ISGs. In the absence of
RLR-IFNa/BR crosstalk, IFNa/BR signaling leads to ISGs induction without IL-27.

ISGs: IFN-stimulated genes; MR: Mannose receptor.

However, TLR7 sensing of DENV leads to TNF and IL-6 production (Figure 2). Especially the production of
TNF and IL-6 is implicated with DHF and DSS, implying a role for TLR7 in DENV pathogenesis. Additional
studies in primary cells should confirm that DENV-induced TLR3 activation does not lead to inflammatory
cytokine production. If this is the case, DENV-induced immune activation might be mediated by TLR7-dependent
inflammatory mediators. This makes TLR7 the prime TLR receptor to target for controlling DENV immune
activation, preferentially without affecting TLR7-mediated antiviral type I IFN responses. Both TLR3 and TLR7
are endosomal TLRs that recognize DENV nucleic acids and therefore DENV needs to be internalized and routed
into endosomal/lysosomal compartments for recognition. As CLRs are involved in internalizing DENYV, this family
of PRRes is also important in DENV infection and will be discussed in the next paragraph.

C-type lectin receptors

CLRs bind a diverse range of molecules with high affinity. The broad ligand specificity of CLRs is caused by
their ability to bind carbohydrate structures that are expressed by numerous pathogens. CLRs are important in
the capture, internalization and endosomal processing of pathogens promoting antigen presentation on MHC
molecules. Additionally, several CLRs are potent inducers of immune responses and recent studies even show that
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CLRs modulate TLR and RLR signaling cascades by enhancing or inhibiting transcriptional activity of NFkB
resulting in altered cytokine secretion [32-34]. Therefore, CLRs are very important in the induction of immune
responses to pathogens and DENV is no exception. The exposed carbohydrate structures on the envelope protein
of DENV mediate the interaction with at least three CLRs: DC-SIGN, MR and CLEC5A. While DC-SIGN and
MR are important for viral entry, CLEC5A induces potent immune responses during DENV infection.

DC-SIGN: multifunctional receptor

One of the most extensively studied CLRs is DC-SIGN. DC-SIGN occurs as trimers on the cell surface of
macrophages and DCs, and is a critical multifunctional receptor involved in binding, internalization and antigen
presentation of numerous viruses [35-38]. Although DC-SIGN does not directly induce cytokine responses, it is a
powerful receptor in immune responses by modulating signaling cascades induced by TLRs and RLRs [32-33,39].
DC-SIGN shifts the cytokine profile induced by TLRs to different T-helper subsets depending on the carbohydrate
fingerprint of the pathogen. This shift is mediated by modulating cytokine responses induced by other PRRs at the
level of NFkB transcription factor activation [32,34,40-41].

DC-SIGN has strong affinity for repetitive carbohydrate structures, including N-glycans on the envelope
protein of DENV [42]. The high affinity of DC-SIGN for DENV results in robust infection of DCs and
macrophages [37-38,43]. Moreover, substances that alter DC-SIGN expression influence infection levels. IL-4 treat-
ment of macrophages or dermal CD14* DCs enhances DC-SIGN expression and greatly enhances DENV infec-
tion [43-45]. These studies indicate that DC-SIGN functions as an entry receptor for DENV.

Besides facilitating infection, DC-SIGN might also play a role in DENV-mediated immune activation. DC-
SIGN increases IL-1f, IL-6, IL-10 and IL-12 expression in response to mannosylated ligands by phosphorylating
and acetylating of NFkB subunit p65 after this subunit has been activated by TLRs. This altered cytokine profile
results in robust Ty 1 differentiation from naive T-helper (Ty) cells that is hallmarked by IFN-y production against
mannose-containing pathogens [321. Interestingly, DENV E glycoprotein contains a high amount of mannose
structures, indicating that triggering of DC-SIGN by DENV might increase IL-18, IL-6 and IL-12 secretion, and
Ty 1-mediated IFN-y production [46]. In particular, IL-1f, IL-6 and IFN-y strongly correlate with disease severity,
indicating that DC-SIGN could play a crucial role in DENV immune activation (Figure 2) [47].

The study of Chen and colleagues provide some clues about the role of DC-SIGN in DENV immune activation.
Although the induction of cytokines by DENV in macrophages was dependent on CLR CLEC5A, DC-SIGN
enhanced CLEC5A-induced IL-6, CXCL-8 and TNF expression (Figure 2) (31]. This could indicate that DC-SIGN
either modulates CLEC5A-induced signaling or that DC-SIGN internalization is essential for the activation of
other receptors that depend on viral entry, that is, endosomal TLRs and RLRs. As DC-SIGN modulates cytokines
responses of other PRRs using specific kinases, detailed studies investigating kinases activation during DENV
infection can reveal the role of DC-SIGN signaling in DENV-induced immune activation.

MR: uptake receptor in macrophages

The MR is mainly expressed by macrophages and certain DC subsets including dermal DCs in human skin, that is,
the primary site of infection [43]. MR contains multiple binding sites with high affinity for carbohydrate structures
and is continuously recycled from the cell surface to endocytic compartments [43]. In contrast to the binding and
internalization capacities of MR, little is known about MR function in immune activation [48]. Studies demonstrate
that the MR cytoplasmic tail lacks appropriate signaling motifs. Yet, the receptor has proven to be essential for
the secretion of both pro- and anti-inflammatory cytokines [49,50]. This suggests that MR is assisted by other cell
surface receptors in order to trigger an intracellular signaling cascade. Nevertheless, MR has shown to play a crucial
role in DENV infection.

The combination of high carbohydrate binding affinity, recycling to endocytic compartments and tissue-relevant
expression, make MR a prime candidate as entry receptor for DENV. Indeed, MR captures DENV with carbohydrate
recognition domain 4-7, which leads to productive infection of macrophages [43]. MR expression levels also correlate
with DENV susceptibility of macrophages and dermal DCs. Vitamin D, produced in the skin in response to
UV-radiation, decreases MR expression on macrophages and correlates with decreased DENV infection [51]. In
contrast to vitamin D, IL-4 increases MR expression on dermal macrophages and CD14* dermal DCs [45]. Dermal
macrophages are normally poorly infected by DENV [52], but pretreatment with IL-4 increases MR expression and
leads to robust infection (45]. These studies identify MR as an entry receptor for DENV. However, for 1L-4 as well
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as vitamin D, it is unclear if the effects on DENV susceptibility are mediated by altered MR expression or that
other mechanisms affect DENV infection.

The function of MR in the context of DENV-induced immune activation is still unclear. Although the cy-
toplasmic tail of MR contains no known signaling motif, blocking antibodies directed against MR decreased
IL-10 secretion and increased IL-12 production in response to fungal or bacterial ligands, respectively [53-55].
Additionally, decreased MR expression correlates with decreased TNF production in response to DENV infec-
tion of vitamin-D-differentiated macrophages, suggesting that MR induces TNF in response to DENV infection.
However, vitamin-D-differentiated macrophages respond poorly to inflammatory signals in general, including TLR
ligands (51]. In addition, direct stimulation of MR with activating antibodies leads to IL-10 secretion in combination
with IL-1R antagonist production (Figure 2) (56]. Therefore, it is more likely that MR dampens DENV immune
activation by producing IL-10 and IL-1R receptor antagonist instead of inducing inflammatory cytokines.

CLEC5A: powerful inducer of inflammation

In addition to DC-SIGN and MR, CLEC5A is also an important player in DENV infections, but on a different level,
whereas, DC-SIGN and MR function mainly as entry receptors for DENV. CLEC5A induces strong cytokine and
chemokine responses against DENV [311. CLEC5A is expressed by macrophages, monocytes and neutrophils, and
plays an important role in multiple flavivirus-induced diseases [31,57]. Activation of CLEC5A by fucose-containing
antigens induce signal transmission via the phosphorylation of DAP10 or DAP12, resulting in an interaction with
signaling molecules Syk and AKt. Syk and Akt activation triggers further downstream signaling events leading to
macrophage activation with a marked proinflammatory cytokine release (31,58-60]. Direct activation of CLEC5A
leads to lethal shock in mice that is partly mediated by TNF [61].

In contrast to DC-SIGN and MR, CLEC5A has a low affinity for DENV and is not involved in binding or
internalization of DENV in macrophages [51,62-63]. CLEC5A fucose specificity could underline the lower affinity
for DENV as fucose structures comprise only a small fraction of the carbohydrate structures present on the E
glycoprotein of DENV [31,46]. However, CLEC5A is still crucial as DENV sensor, and induces strong cytokine
responses against DENV.

In macrophages, CLEC5A plays a crucial role in DENV-induced immune activation and CLEC5A triggering by
DENY leads to high levels of IL-1B, IL-6, CXCLS, IL-18 and TNF in the absence of type  IFN (Figure 2) 31,57,59].
This is in concordance with direct stimulation of CLECS5A using activation antibodies, which also leads to high
levels of cytokines without type I IFN induction and show that direct stimulation of CLEC5A is sufficient for
these responses [61]. Of the CLEC5A-induced factors, TNF is strongly associated with disease severity in DENV
and reduces vascular integrity by activating endothelial cells. Therefore, ligation of CLEC5A by DENV could
contribute to DHF and DSS pathogenesis via the induction of TNF secretion by macrophages. Interestingly,
CLEC5A neutralization is superior to TNF neutralization in a mouse model for DENV hemorrhagic fever to
prevent internal bleeding and decrease mortality, indicating that other CLEC5A-induced factors are involved (31].

Another CLEC5A-induced factor could be IL-1B, a highly inflammatory cytokine that drives fever, vasodilation
and Ty differentiation. Similar to TNE IL-18 has also been linked to DENV pathogenesis [47,64]. IL-1B production
is tightly regulated in a two-stage process: inactive pro-IL-1b is produced in response to TLR/RLR priming signals;
and requires activation of inflammasomes to process pro-IL-1f into mature IL-1B by caspases [65]. CLEC5A
activation by DENV leads to activation of the NLRP3-caspase 1 inflammasome to produce functional IL-1f [59].
Therefore, DENV-mediated activation of CLEC5A might contribute to severe DENV infections via increased
IL-1B production.

In summary, these studies suggest that the uncontrolled immune activation underlying DHF and DSS patho-
genesis might be regulated by CLEC5A via robust macrophage activation and the production of multiple cytokines,
including IL-18, IL-6 and TNF combined with a lack of type I IFN response. The observation that CLEC5A can
lead to septic shock or hemorrhagic bleedings depending on the used animal model highlights that it is difficult
to discriminate between innate immune activation in DHF and DSS. Investigation of CLEC5A expression in
relevant tissues and in relevant cells, including DCs, could extend the importance of CLEC5A in DENV immune
activation.

MR, DC-SIGN & CLEC5A: it takes three to tango
CLEC5A, DC-SIGN and MR, all interact with the envelope protein of DENV and have overlapping functions
in DENV binding, internalization and possibly immune activation. DCs express both MR and DC-SIGN while
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certain types of macrophages express DC-SIGN, MR and CLEC5A. This raises the question how these receptors
interact and if there is redundancy, competition or cooperation.

Cryo-EM structures of DC-SIGN-envelope protein complexes reveal that DC-SIGN does not bind to all
glycosylation sites in the DENV E glycoprotein [66]. Although similar studies have not been performed with
CLEC5A and MR, they could bind to the vacant glycosylation sites after DC-SIGN binding. Interestingly, several
studies suggest that MR and DC-SIGN cooperate for efficient internalization of DENV. Both MR and DC-SIGN
neutralizing antibodies block DENV infection of macrophages, while DC-SIGN internalization-defective variants
still lead to productive infection in DCs [38,43]. This suggests that DC-SIGN is important for binding, while
MR is important for DENV internalization. However, this is not supported by the observation that independent
transfection of DC-SIGN into cells is sufficient to render these cells susceptible for DENV infection [37). This
suggests that DC-SIGN functions as a true entry receptor for DENV.

CLEC5A has a low affinity for DENV and is not important for DENV attachment or internalization, although it
does compete with DC-SIGN and MR at the cell surface to interact with DENV [31,63]. A recent study investigated
the interplay between MR, DC-SIGN and CLEC5A at the cell surface and revealed that MR, DC-SIGN and
CLEC5A form a multivalent heterocomplex that interacts with DENV (621. The high affinity of MR and DC-
SIGN for DENV envelope protein could indicate that MR and DC-SIGN function as primary receptors to capture
DENYV and that CLEC5A associates as coreceptor to induce intracellular signaling and inflammatory cytokine
production.

These studies show that DENV has complex interactions with multiple proteins at the cell surface. Corporation
between MR, DC-SIGN and CLECA might be essential for infection and the induction of intracellular signaling
cascades that lead to inflammatory responses. Further understanding of the interplay between MR, DC-SIGN
and CLEC5A in macrophages and extension of these findings to other cells is paramount to understand DENV
immune activation by CLRs. Viral uptake by CLRs is also paramount to activate another class of PRRs. RLRs
reside in the cytoplasm of numerous (immune) cells and sense nucleic acids after viral entry into cytoplasm or

active replication. The activation of RLRs by DENV will be discussed on the next paragraph.

RLRs: dual role in immune activation

RIG-I and MDAS5 are cytoplasmic RLRs that are expressed in numerous cell types, including macrophages, DCs
and endothelial cells (67-69]. RIG-I and MDAS are activated by microbial RNA products sensed in the cytoplasm.
This requires viral uptake by other receptors — DC-SIGN and MR in the case of DENV — and release of viral
genomic material into the cytoplasm by viral fusion. RLRs induce immune responses via adapter protein MAVS.
MAVS forms a signaling platform in which TBK1 and IKKe activate IRF3-dependent type I IFN responses. This
results in a positive feedback loop as type I IFN enhances RIG-I and MDAS5 expression leading to increased type
I IEN induction [70]. In addition, RIG-I and MDAS5 also activate NFkB to induce cytokines and chemokines
and thereby regulate a protective type I IFN response as well as an inflammatory response [71-73]. Similar to TLR
signaling, RLR signaling is susceptible to modulation by CLRs 33]. As cytoplasmic guardians, both RIG-I and
MDAS5 have been shown to play key roles in DENV-induced immune activation of DCs, mast cells and endothelial
cells 17,74-76).

DCs are highly susceptible to DENV infection and produce numerous cytokines and chemokines in response to
DENYV infection (Figure 2). Virus replication is an essential process in DENV-infected DC activation as DENV
replication products are sensed by both RIG-I and MDAS5. This leads to the activation of adapter molecule MAVS
and subsequently to the secretion of cytokines IL-1f, IL-6, TNF and IL-27 (73,74]. Especially, IL-1f, IL-6 and TNF
are implied in severe DENV infection. Besides inflammatory cytokines, DENV triggering of RIG-I and MDA5
also induces the expression of CCL2 and CCL4, chemokines that are associated with disease severity and potently
attract monocytes (Figure 2) [47,73]. This could be a crucial event in the early stages of disease, as DENV infection
in the skin leads to the recruitment of monocytes that differentiate into DCs and thereby become susceptible to
infection [75]. RIG-I and MDAS5 activation in these DCs might result in an exacerbation of immune activation
as more and more cells are recruited that produce inflammatory mediators. Mast cells in the skin could further
aggravate this effect as DENV also triggers CCL4 production in these cells (7). Therefore, RLRs may play an
important role in DENV immune activation via the production of inflammatory mediators and the recruitment
of more DENV-susceptible cells to the site of infection.

This system could be held in check by the production of type I IFN, which limits DENV replication and could
thereby prevent uncontrolled immune activation. DENV infection of endothelial cells, DCs and mast cells leads to
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type I IFN responses via RIG-I [67,74,76-77]. These responses are successful in limiting DENV infection in mast cells
and DCs, and could thereby prevent uncontrolled immune activation [73,77). In addition to type I IFN responses,
DENV-infection of DCs triggers RIG-I- and MDAS5-mediated type III IFN responses consisting of IFN-\ 1
and 2 that limit DENV replication (Figure 2) [74]. These studies indicate that RIG-I and MDAS5 are not only
involved in DENV immune activation but are also essential for limiting DENV replication. Indeed, supernatant of
DENV-infected mast cells confers protection to uninfected cells against DENV in a type I IFN manner, whereas
supernatant of mast cells also induces endothelial dysfunction via TNF secretion [77,78]. RIG-I and MDAS5 thereby
link protective type I IFN response against DENV with a detrimental inflammatory response that could lead to
uncontrolled immune activation and endothelial dysfunction. The positive feedback loop between type I IFN and
RLR expression could play a prominent role in this process as it has been shown that DENV-induced type I IFN
enhances RIG-I expression [76].

DC maturation is a critical process and involves upregulation of costimulatory molecules that enhance stimulation
of T cells upon DC-T-cell interactions. DENV induces DCs’ maturation, which is a crucial aspect for the activation
of adaptive immune responses [73,79]. Although immune activation of DCs by DENV has been extensively studied,
the underlying mechanism has only recently been identified [73]. Notably, RIG-I and MDAS5 triggering by DENV
drives DC maturation and leads to the expression of costimulatory molecules CD80, CD83 and CD86 as well as
MHC class I and II (Figure 2) [73]. RIG-I and MDAS are therefore not only involved in innate immune activation,
but can also impact adaptive immune responses as will be discussed below.

Innate receptors control DENV adaptive immune activation

DCs are professional antigen-presenting cells that couple innate immune activation to adaptive responses by
instructing T-cell differentiation. T-cell activation is mainly regulated by costimulatory molecules expressed by DCs
upon maturation. Ty-cell differentiation is controlled by the production of distinct combination of cytokines. The
cytokines responsible for Ty differentiation are produced by DCs upon the activation of specific CLRs combined
with TLRs and/or RLRs. Therefore, innate immune activation via PRRs by DENV in DCs will have systemic
effects via the instruction of adaptive immune responses. DC-mediated adaptive immune activation can be further
tailored to DENV by cytokines derived from other innate immune cells, including monocytes, mast cells and
macrophages.

T cells: adaptive immune response regulator

Intracellular pathogens such as DENV require Ty 1 responses, which are characterized by the production of IL-12,
IL-18, TNF and IFN-y (Figure 1) (s0]. Of these cytokines, TNF and IFN-y are both detected in the serum of
patients and are associated with DENV disease severity. However, there are also reports that Ty1 cells limit DENV
pathogenesis [81-84], suggesting that balance in Ty induction is important. Elucidating the role of Ty1 cells in
DENYV pathogenesis has been hampered by the involvement of numerous factors, including host genetic factors,
DENV serotypes, DENV epitope and viral load [85,86]. Nevertheless, it is vital to understand how DENV induces
Tu1 responses from naive Ty cells to be able to limit disease.

Coculture of DENV-infected DCs and naive Ty cells leads to the formation of IFN-y producing Tr1 cells.
This process critically depends on the activation of RLRs upon DENV replication [73]. Tyl differentiation is
potently induced by IL-12, a heterodimeric cytokine that consist of subunit IL-12p35 and IL-12p40. However,
RLR-triggering by DENV does not lead to the production of IL-12 [73]. Most likely because RLR-activated IRF3
inhibits IL-12p40 expression (87]. Type I IFN and IL-27 are also known to induce Ty 1 differentiation [88,89]. RLR
activation in DENV-infected DCs induces both type I IFN and IL-27 secretion and these could be the mediators by
which RLRs instruct T 1 polarization form naive Ty cells resulting in the production of DHE- and DSS-associated
inflammatory mediators; TNF and IFN-y [73,74].

In addition to classical Tiy1 cells, a specific subset of CD4* T cells with cytotoxic characteristics is detected during
DENYV infection [90,91]. Both cytotoxic CD4" and CD8* expand from naive T cells during DENV infection and
acquire high affinity for the primary DENV serotype. T-cell receptor (TCR) triggering of DENV-specific cytotoxic
T cells leads to IFN-y production and increased CD107a cell surface expression [91,92]. IFN-y production and
CD107a upregulation result in efficient lysis of DENV-infected cells (s3], and the frequency of cytotoxic CD4* and
CDB8" T cells expressing CD107a is associated with protection against DENV pathogenesis [93). It is unknown how
DCs mediate cytotoxic CD4* T-cell differentiation, but the ability of CD4" T cells to acquire cytotoxicity depends
on a balance in transcription factor activity between ThPOK and Runx3, and a combination of distinct cytokines
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including IFN-a and IFN-B [94]. Activation of transcription factors, ThPOK and Runx3, appears to be indirectly
regulated by STAT?2 expression [95]. As STAT? is activated by IFNa/BR signaling, it is possible that production of
type I IFN by DCs mediated by TLR and RLR activation leads to protective cytotoxic CD4" T-cell responses.

While classical Tyy1 and cytotoxic CD4* T cells directly impact DENV via cell-mediated immunity, follicular
T-helper cells (Tgy) are crucial to activate B-cell responses. Try cells produce IL-21 to induce B-cell proliferation
and isotype class switching and selectively stimulate high-affinity B cells to promote effective B-cell responses [96,97].
Interestingly, DENV infection of DCs leads to Ty formation and activated B cells that produce IgM and IgG
(Figure 1) 74]. Tey differentiation from naive Ty cells is in humans under the control of IL-27 (74,98). DENV
infection induces IL-27 via cross-talk between RLRs and IFNa/BR signaling. RLR-activated IKKe modulates
IFNo/BR signaling by phosphorylating STAT1 to drive IL-27 expression (74]. RLR-dependent IL-27 is essential
to induce Try polarization by DENV-infected DCs and to drive subsequent antibody production by B cells
(Figure 1) [74].

In summary, Ty-cell responses are under the control of PRRs that enable DCs to induce specific cytokine
profiles instructing Ty-cell differentiation. It appears that type I IFN and IL-27 are crucial factors driving Ty cell
differentiation during DENV-induced immune responses. As type I IFN and IL-27 are induced by TLR and RLRs
response to DENYV, these innate receptors have crucial roles in Tyy1, Ty and possible cytotoxic Tiy-cell responses
against DENV.

B cells: the unknown

While DENV-specific T-cell responses have been studied in some molecular detail, little is known about the
mechanisms of DENV-specific B-cell responses or whether B cells themselves could be infected by DENV. Like T
cells, B-cell responses in DENV infections are also dependent on different factors including the DENV epitope [99].
Several studies have found different results regarding DENV infection of B cells [99]. Colocalization of DENV
antigens with B cells inside spleen tissue and lymphoid organs has been reported in fatal cases of DENV infection
in humans [100]. Additionally, both human immortal B cells (Wil 2WT, 8866) and isolated primary B cells are
permissive for DENV [101,102]. Nevertheless, other studies found that B cells are not infected with DENV [103,104].
Only one study has been performed on B-cell activation upon DENV infection showing increased production of
inflammatory cytokines including IL-6 and TNE Interestingly, this response was not limited to DENV-specific
B cells [105], and could indicate that PPR triggering in B cells contributes to DENV immune activation. Overall,
these studies provide evidence that B cells can be infected by DENV and that triggering of PRRs by DENV results
in the production of inflammatory cytokines associated with DHF or DSS. Therefore, the role of B cells in DENV
pathogenesis might be larger than anticipated.

Secondary heterologous DENV infections

Paradoxically, adaptive immune responses against DENV also play a critical role in DHF and DSS. Epidemiological
studies show that DENV pathogeneses are strongly associated with pre-existing immunity [84,99,106]. Pre-existing
immune cells are able to recognize secondary heterologous DENV infections with low affinity. Due to the lower
activation threshold of pre-existing immune cells, there is an expansion of low-affinity T cells and B cells [84,99].
Especially, heterotypic non-neutralizing antibodies and lowered concentrations of homotypic antibodies enhance
DENV infectivity in vitro and in vivo via FcRs [99]. This can lead to uncontrolled immune activation as T- and
B-cell-mediated responses induce inflammation but are ineffective at limiting DENV infection.

Heterologous B-cell responses: the second time around is always better... or worse?

Normally, antibodies neutralize DENV by blocking viral attachment to cellular receptors or by inhibition of viral
fusion [107). During a secondary heterologous DENV infection, pre-existing plasma cells are activated and rapidly
produce non-neutralizing antibodies. These non-neutralizing antibodies facilitate entry of opsonized viable DENV
in the cell via FcRs resulting in increased DENV infection of FcRs expressing cells including: B cells, follicular
DCs, natural killer cells, macrophages, neutrophils, eosinophils, basophils, human platelets and mast cells [107].
This process is known as antibody-dependent enhancement (ADE). Several studies implicate the involvement of
FeyRI, FeyRlIla, FeyRIlla and FcyRIIIb in ADE [108-111]. Generally, FcyRIIA appears to be the most permissive to
DENYV ADE [110,111]. Involvement of FcyRs in DENV infection implies an important role in DENV pathogenesis
as DHF and DSS often occur during secondary DENV infections.
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Several studies also report that internalization of DENV during ADE conditions appear to remodel and suppress
innate signaling favoring viral replication [112,113]. Both FcyRI and FcyRlla synergistically downregulate TLR ex-
pression and upregulate negative regulators of MyD88, affecting downstream signaling molecules, including NFkB
and IRF7 in THP1 cell lines [112]. These responses are abolished by blocking FcyRI or FeyRlIla resulting in increased
IFN-B production, TLR signaling pathway gene expression and reduced viral production [112]. Therefore, cither
FcyRI or FeyRlIla may contribute to DHF or DSS pathology by facilitating DENV infection via downregulation
of TLR expression and signaling and inhibition of type I IFN responses.

Different studies also report downregulation of RIG-I and MDA5 in THP-1 cells and K562 cells during ADE
conditions [113,114]. Downregulation of RIG-I and MDAS3 possibly results in reduced IFN-o and IFN-B production.
Likewise, THP1 cells and macrophages produce less IFN-B during ADE conditions [113,114]. ADE of DENV in
THP-1 cells and monocyte-derived macrophages causes upregulation of SOCS3 [113-115]. SOCS3 upregulation
inhibits STAT1/STAT?2 activation in the IFNo/BR pathway via inhibition of JAK [115,116]. Correspondingly, a
different study reported reduction of STAT1 activity during ADE condition in THP1 cells [117]. These studies show
that activation of FcyR during ADE conditions suppresses antiviral responses via reduced type I IFN production
and via inhibition of IFNa/BR pathways resulting in increased DENV propagation. Selective inhibition of type
I IFN responses without reducing cytokine production can lead to uncontrolled viral replication and thereby
uncontrolled induction of inflammatory mediators.

Heterologous T-cell response: two-faced immune response

Several studies show that CD8* T cells have a crucial role during secondary heterologous DENV infection.
Research reported similar frequencies of DENV-specific CD8" T cells during primary and secondary DENV
infections [118]. Therefore, it is implied that CD8* T-cell functions are affected during secondary heterologous
DENYV infection (83,84]. A process known as ‘original antigenic sin’ is hypothesized to influence CD8" T-cell
functions. Memory CD8" T cells generated during a primary infection also recognize secondary heterologous
DENYV serotypes with low affinity. These low-affinity memory CD8" T cells have a reduced activation threshold
compared with high-affinity naive CD8* T cells targeting the secondary heterologous DENV serotype (83,84].
Therefore, during a secondary DENV infection, heterologous low-affinity memory CD8* T cells, with impaired
IFN-y production and CD107a expression will dominate the T-cell response. This results in inefficient lysis of
DENV-infected cells facilitating viral infection [83]. Additionally, suboptimal TCR triggering results in higher TNF
production and secretion [83]. This disbalance is a perfect recipe for uncontrolled DENV immune activation,
because increased TNF production is coupled to impaired viral clearance leading to prolonged viral replication and
prolonged TNF production.

Several studies report qualitative different DENV-specific CD8* T-cell responses upon stimulation with secondary
heterologous DENV peptides. In some cases of secondary heterologous DENV infections, DENV-specific T cells
display normal features [119], while other cases report only partial activation and impaired IFN-y production
by DENV-specific CD8* T cells, which depends on DENV peptide recognition [120]. DENV-specific T cells
stimulation with heterologous DENV peptides leads to enhanced TNF and IFN-y production [121,122]. In some
cases, high cytokine production was accompanied by impaired degranulation capacity in DENV-specific CD8+
T cells and in other cases, the cytotoxic capacities were intact while IFN-y production was absent [122,123]. These
studies imply both a protective and pathogenic role for T cells during secondary DENV infection. The variation
in effector CD8* T-cell functions may be explained by various factors including DENV peptide affinity and TCR
signal strength induction. A robust secondary heterologous T-cell response might contribute to pathogenesis of
DENYV infections when accompanied by reduced numbers or impaired cytotoxic T cells combined with increased
TNF and IFN-y production.

Immune evasion by DENV

The majority of PRRs involved in DENV pathogenesis induce mixed responses that consist of protective type I IFN
responses and possibly detrimental inflammatory responses. Type I IFN induces the expression of several hundred
ISGs of which many have antiviral affects, and therefore it should come as no surprise that numerous viruses have
developed ways to prevent, subvert or inhibit type I IFN responses. DENV is no exception and several DENV
NS proteins interfere with type I IFN induction as well as IFNa/BR-signaling to inhibit ISG expression [124,125].
Immune evasion by DENV can lead to uncontrolled immune activation when DENV selectively inhibits protective
type I IEN responses without affecting cytokine responses. In turn, this leads to increased viral replication, increased
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Figure 3. Immune evasion by DENV. DENV immune evasion by nonstructural (NS) proteins targets RLR signaling and IFNa-BR activation.
After internalization, DENV replication is initiated which is detected by cytoplasmic sensors RIG-1 and MDAG5. These associate with adapter
molecule MAVS (and possibly STING) to activate kinases TBK1 and IKKe leading to IRF transcription factor activation for type I IFN
responses consisting of IFN-a and IFN-B. In parallel, NF«kB transcription factors are activated that lead to cytokine and chemokine
responses. Secreted type | IFN triggers STAT1 and STAT2-dependent IFNa/fR signaling leading to the induction of ISGs. Multiple steps in
this process are inhibited by DENV NS proteins. RIG-I-MAVS association is inhibited by NS4A binding to MAVS. In addition, adapter protein
STING is degraded by NS2B/3 which also inhibits the phosphorylation of IKKs. IKKg, in combination with TBK1, is further targeted by
NS2A and NS4B to prevent their phosphorylation and activation via unknown mechanisms. IFNa/BR signaling is targeted by inhibiting the
phosphorylation of STAT1 by NS4B and STAT2 by NS5. In addition, NS5 routes STAT2 for proteosomal degradation via the host protein
UBR4. Moreover, activation of antiviral pathways can possibly be inhibited by host receptors. DC-SIGN activation can inhibit RIG-I and
MDAS activation via kinase Raf-1 and FcyR can inhibit IFNa/BR signaling via SOCS3-mediated inhibition of JAK.

DENV: Dengue virus; ISGs: Interferon-stimulated genes; MR: Mannose receptor.

receptor triggering and increased cytokine production. An overview of DENV inhibitory mechanisms is provided
in Figure 3.

RIG-I- and MDAS5-specific activation of type I IFN responses critically depends on adapter molecule MAVS,
kinases TBK1 and IKKe and transcription factor IRF3 and IRF7. DENV targets several of these proteins to prevent
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induction of type I IFN. DENV NS4A binds to MAVS and thereby prevents the interaction between RIG-I and
MAVS [126]. In addition to MAVS, adapter molecule STING is targeted by DENV protease NS2B3 for degradation.
Although it is unclear how DENV infection activates STING, NS2B3-mediated cleavages of STING decrease the
induction of type I IFN and increases viral replication [127,128]. Further downstream in RLR singling, TBK1 and
IKKe activation is inhibited by multiple NS proteins. NS2B3 binds to IKKe and thereby prevents phosphorylation
and activation of IKKe [129]. IKKe and TBK1 activation is also targeted by NS2A and NS4B to inhibit IRF3
activation via unknown mechanisms [130]. It is important to realize that even in the presence of RLR inhibition,
DENYV induces type I IFN responses that control viral replication [73,74]. This is probably because activation of
MAVS and STING by DENV RNA precedes inhibition of MAVS and STING by de novo produced DENV
proteins. Interestingly, there are no reports that DENV interferes with TLR activation.

A possible other way in which DENV inhibits RLR activation is via the activation of DC-SIGN. Dephospho-
rylation is a fundamental process in the activation of RIG-I and MDAS5 and is essential for downstream activation
of MAVS [131]. Binding of measles virus to DC-SIGN activates kinase Raf-1, which prevents dephosphorylation
of RLR and the induction of type I IEN. This leads to enhanced viral replication of measles virus in DCs [33].
DC-SIGN-Raf-1 activation depends on mannose structures that are present in the envelope protein of measles
virus. As DENV envelope protein also contains mannose structures, DENV could suppress RLR function via
DC-SIGN in a similar manner as measles virus.

In addition to preventing type I IFN induction by RLRs, DENV targets IFNa/BR signaling to interfere with
the induction of antiviral ISGs (132-134]. STAT1 and STAT2 are crucial components of IFNo/BR signaling that
are both targeted by DENV NS proteins. NS4B prevents the phosphorylation of STAT1 while NS5 prevents
the phosphorylation of NS5 to inhibit IFNa/BR signaling and induction of ISGs [133,135-136]. Moreover, NS5
association with STAT?2 targets it for proteosomal degradation via host protein UBR4 [132,133]. Another possible
mechanism by which IFNo/pR signaling is inhibited occurs during secondary infections when DENV-antibody
complexes trigger FcyR activation. This can lead to the activation of SOCS3, which inhibits IFNo/pR signaling via
JAK inhibition, as discussed above. These mechanisms selectively affect antiviral ISG induction without affecting
NFkB activation.

RLRs and TLRs can activate both inflammatory cytokines as well as protective type I IFN responses. As cytokines
do not directly impact DENV replication, evolutionary pressure could drive DENV to efficiently inhibit type I TFN
responses, without affecting cytokine induction. Indeed, DENV targets multiple components of the type I IFN
pathway of RLRs while there are no reports that DENV interferes with NFkB-mediated cytokine induction, except
for the inhibition of MAVS, which targets both cytokine and type I IFN responses. Selective inhibition of effective
antiviral type I IFN responses by DENV can results in prolonged viral replication and thereby prolonged activation
of RLR and TLR-dependent cytokines, leading to excessive immune activation. As type I IFN responses are also
important for Ty responses against DENV, immune activation can not only impact innate immune responses, but
also adaptive immunity.

Conclusion & future perspective

Uncontrolled immune activation is thought to underlie DENV pathogenesis. Understanding the molecular mech-
anism underlying this uncontrolled immune activation is crucial to identify new therapeutic targets. RLRs and
CLEC5A appear to contribute the most to DENV immune activation and many biomarkers of DHF and DSS
(IL-6, TNF and IFN-y) are robustly induced by these receptors. TLR3 and TLR7 can also contribute to IL-6 and
TNF production, although their role is more directed toward protective type I IFN responses. MR and DC-SIGN
strongly bind and internalize DENV and thereby drive efficient infection of macrophages and DCs. In addition,
DC-SIGN might enhance cytokine responses induced by other PRRs and thereby exacerbate DENV immune
activation.

The precise molecular mechanisms are still uncertain, although an imbalance between protective and detrimental
responses is likely to contribute to DHF and DSS pathogenesis. This is convincingly shown by studies on mast
cells in which supernatant of infected cells confers protection to neighboring cells via type I IFN as well as induce
endothelial dysfunction — a hallmark of DHF — via TNF [77,78]. An imbalance can occur in multiple ways of which
CLEC5A is a clear demonstration. CLEC5A induces high levels of cytokines in the absence of protective type I IFN
responses. Other factors are more subtle and range from cytotoxic T cells with decreased degranulation capacity
and increased TNF and IFN-y production during secondary infection, to DENV evasion strategies that target type
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I IEN responses with minimal impact on cytokine responses. This can lead to increased viral replication, which is
accompanied by increased cytokine induction that can ultimately lead to uncontrolled immune activation.
Obvious candidates for interfering with DENV immune activation are DC-SIGN, MR and CLEC5A. These
receptors reside on the cell surface and are therefore relatively easy to target. CLEC5A is the obvious candidate as
multiple animal studies have shown that CLEC5A activation leads to severe disease [31,61]. Alternatively, DC-SIGN
and MR are crucial for viral uptake in macrophages and DCs, and interfering with their function could prevent
routing of DENV particles to TLR-containing endosomes. In addition, RLR activation also critically depends on
virus internalization and inhibiting DC-SIGN or MR-DENYV interaction could have broad effects on DENV

Executive summary

e Dengue virus (DENV) is a single-stranded RNA flavivirus that can cause mild dengue fever or life-threatening
dengue hemorrhagic fever (DHF) or dengue shock syndrome (DSS) in humans via transmission by mosquitos.

e DENV mainly infects hematopoietic cells: monocytes, dendritic cells (DCs) and macrophages. These cells are
essential for dissemination of the virus.

e Human skin is lined with innate immune cells that detect invading DENV particles using pathogen recognition
receptors: Toll-like receptors (TLRs), C-type lectin receptors (CLRs) and RIG-I like receptors (RLRs).

e Overactivation of immune responses is thought to underlie DHF and DSS hallmarked by the production of
inflammatory mediators: TNF, IFN-y, IL-6.

e Antiviral immune responses against DENV are mediated by the induction of type I IFNs.

e Development DENV treatments require understanding of the molecular mechanisms in DENV pathogenesis.

Innate immune activation

e TLR: TLR3 and TLR7 are involved in the endosomal recognition of DENV. Both TLR3 and TLR7 are able to induce
an antiviral type | IFN response resulting in an antiviral DENV response. Additionally, TLR7 activation also results
in the production of inflammatory mediators possibly contributing to DHF or DSS pathogenesis.

e CLR: mannose receptor (MR) and DC-SIGN function as primary receptors for recognition and internalization of
DENV. CLEC5A associates with MR and DC-SIGN as a coreceptor and induces robust production of inflammatory
mediators.

e RLR: both RIG-l and MDAS5 play an important role in DENV immune activation via the production of inflammatory
mediators and in antiviral DENV responses via the induction of type I IFNs.

Innate receptors control DENV adaptive immune activation

e DC maturation is a critical process in the activation of adaptive immunity and mainly regulated by RLRs during
DENV infection.

e DENV induces differentiation T-helper (Ty) cell subsets via the production of distinct cytokine profiles. Ty-cell
subsets observed among DENV patients are RLR-mediated Ty 1 cells, STAT2-regulated cytotoxic CD4* and CD8* T
cells and RLR-mediated Ty cells.

e Induction of several Ty subsets is associated with the production of inflammatory mediators.

e Triggering of pathogen recognition receptors expressed by B cells result in the production of inflammatory
mediators in reaction to DENV infection.

Secondary heterologous DENV infections

e Antibody-dependent enhancement: activation of heterologous B cells might result in the production of
non-neutralizing antibodies.

e Non-neutralizing antibodies facilitate infection via Fc receptors among expressing cells and Fc receptor activation
might suppress antiviral type | IFN responses.

e Original antigenic sin: heterologous T-cell response might result in T-cell subsets with various impaired functions
resulting in inefficient DENV-clearance.

Immune evasion by DENV

e DENV targets the type | IFN response using nonstructural proteins.

e Nonstructural proteins target multiple components of RLR signaling.

e Nonstructural proteins inhibit IFNa/BR signaling by preventing STAT1 and STAT2 function.

e Selective inhibition of type I IFN responses by DENV might result in prolonged viral replication and thereby
prolonged activation of RLR and TLR-dependent inflammatory mediators.

Conclusion & future perspective

e Future drug development should focus on small molecule inhibitors targeting specific components of DENV
immune activation.

e CLEC5A is an obvious target as it induces robust production of inflammatory mediators.

e DC-SIGN and MR are crucial for viral uptake and interfering with this function could prevent DENV infection.

e Inhibition of DENV-specific RLR or TLR-mediated NFkB activation might reduce the production of inflammatory
mediators.
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immune activation as it affects multiple receptors. The clinical uses of drugs that interfere with receptor—virus
interaction such as HIV-1 and its fusion receptor CCR5, have shown that this approach is feasible [137].

Other drugs aimed at interfering with DENV immune activation should pay special attention to the balance
between protection and pathology. RLRs, for example, induce high levels of cytokines in DENV-infected DCs,
but also produce type I IFN and type I IFN-dependent IL-27 which are crucial to limit DENV replication, induce
Th-cell differentiation and antibody responses. Drugs interfering with RLR activation should therefore specifically
target NFkB activation by RLRs. Similar logic applies to TLRs. General NFkB inhibition would be detrimental
for most cells, but inhibition of specific RLR- or TLR-mediated NFiB activation is feasible. This requires detailed
understanding of which NFkB family members and associated kinases drive DENV immune activation, which
is currently lacking. However, our understanding of the involvement of TLRs, RLRs and CLRs has increased
considerably in recent years and inhibitors to these receptors and their associated kinases are available. Future
research should screen these inhibitors in relevant settings if we want to expand the toolkit of clinicians beyond the
use of analgesics and fluid replacements.
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