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ABSTRACT: Many flaviviruses are significant human patho-
gens that are transmitted by mosquitoes and ticks. Although
effective vaccines are available for yellow fever virus, Japanese
encephalitic virus, and tick-borne encephalitis virus, these and
other flaviviruses still cause thousands of human deaths and
millions of illnesses each year. No clinically approved antiviral
therapy is available for flavivirus treatment. To meet this unmet
medical need, industry and academia have taken multiple
approaches to develop antiflavivirus therapy, among which
targeting viral entry has been actively pursued in the past
decade. Here we review the current knowledge of flavivirus
entry and its use for small molecule drug discovery. Inhibitors
of two major steps of flaviviral entry have been reported: (i)
molecules that block virus—receptor interaction; (ii) com-
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pounds that prevent conformational change of viral envelope protein during virus—host membrane fusion. We also discuss the
advantages and disadvantages of targeting viral entry for treatment of flavivirus infection as compared to targeting viral replication

proteins.
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B INTRODUCTION

The Unmet Medical Need for Flavivirus Antiviral
Therapy. Flavivirus infections have increased significantly in
tropical and subtropical regions of the world in the past 40
years, mainly due to reduced mosquito control, widespread
international travel, and dense urbanization. There are more
than S0 viruses in the Flavivirus genus within the Flaviviridae
family, of which more than 40 are human pathogens with a
global distribution." Pathogenic mosquito- and/or tick-borne
flaviviruses cause a variety of clinical diseases in a wide range of
vertebrate species. These disease syndromes include mild/
severe febrile illness, “flu-like” syndromes with a rash, or, in
other cases, severe encephalitis or hemorrhagic disease. Yellow
fever virus (YFV), the prototype flavivirus, was the first human
virus shown to be experimentally transferred via the filtered
serum of an infected individual, whereas naturally the infectious
agent is transmitted to humans by mosquitoes.” Although an
efficient vaccine exists against YFV, this virus is still a leading
cause of hemorrhagic fever and related mortality worldwide.
There are an estimated 200,000 human cases of yellow fever,
leading to 30,000 deaths globally each year.” Another flavivirus,
dengue virus (DENV), threatens up to 2.5 billion people and is
now spreading in many regions of the world where it was not
previously endemic. A recent study estimated 390 million
human infections annually, with 96 million infections exhibiting
disease symptoms.* A third important member of the Flavivirus
genus is Japanese encephalitis virus (JEV). This mosquito-
borne virus is the leading cause of viral encephalitis worldwide
with an estimated 67,900 annual cases.” Approximately 20—
30% of JEV cases are fatal and 30—50% of survivors have
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significant neurologic sequelae.® Since its introduction in New
York City in 1999, West Nile virus (WNV) has spread
throughout the country and is now endemic in the continental
United States, causing thousands of human infections.” There is
no established drug therapy for any flavivirus infection.
Treatment is symptomatic, aimed at preventing complications
and reducing the symptoms for the comfort of the patients.
Flavivirus Genome Organization and Proteins. Flavivi-
rus genomes consist of a single, positive-strand RNA of about
11,000 nucleotides in length, encoding a 5" untranslated region
(UTR), a single open-reading-frame (ORF), and a 3’ UTR.
Translation of the ORF produces a large polyprotein that is co-
and post-translationally processed into 10 proteins. The N-
terminal one-fourth of this polyprotein contains three structural
proteins [capsid (C), premembrane (PrM), envelope (E)
protein], followed by seven nonstructural proteins (NS,
NS2A, NS2B, NS3, NS4A, NS4B, NSS). The nonstructural
proteins are essential for virus replication, virion assembly, and
invasion of host immune response.”*~'’ Among the 10 viral
proteins, only NS3 and NS5 have enzymatic activities. The N-
terminal domain of NS3 contains a serine protease activity; the
C-terminal domain functions as an RNA helicase, an RNA
triphosphatase (RTPase), and an NTP phosphatase (NTPase).
The N-terminal domain of NS$ has a methyltransferase activity
and a possible guanylyltransferase; the C-terminal domain
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serves as an RNA-dependent RNA polymerase (RdRp). Besides
the enzymatic NS3 and NSS, other viral proteins are also
required for RNA replication, among which NS2A, NS2B,
NS4A, and NS4B are transmembrane proteins that form the
scaffold and components of the viral replication complex.

The structural proteins form the viral particle, with the C
protein interacting with viral genomic RNA to form
nucleocapsid. The nucleocapsid is enveloped by a lipid bilayer
in which viral prM and E proteins are embedded.'" The prM
protein functions as a chaperone for the folding of viral E
protein and prevents E from being prematurely activated by low
pH during the transport of progeny virions through the acidic
compartments and vesicles of the trans-Golgi network."”~"*
The E protein mediates virus entry into the cell through
receptor binding and low-pH-induced fusion in endosomes
after receptor-mediated endocytosis. The E protein also carries
the major antigenic epitopes, leading to a protective immune
response.'>'® In this review, we describe the current under-
standing of flavivirus cell entry and review the progress in
identification of entry inhibitors against flaviviruses. This review
focuses on small molecule inhibitors and will not discuss
therapeutic antibodies in detail. Readers who are interested in
therapeutic antibodies are encouraged to refer to an excellent
review on this topic."”

B FLAVIVIRUS ENTRY

Putative Cellular Receptors. The flavivirus infection cycle
begins with binding of the E protein to a yet undefined specific
cellular receptor. This interaction allows the internalization of
the virus particle via receptor-mediated endocytosis and
subsequent fusion of the viral envelope and endosomal
membrane. In recent years several attachment factors important
for flavivirus entry have been identified. Negatively charged
glycosaminoglycans (GAGs), such as heparan sulfate, act as
attachment factors that concentrate virions at the cell surface
and allow the interaction with primary receptors.'® C-type
lectins, such as dendritic cell-specific intercellular adhesion
molecule-3 (ICAM3)-grabbing nonintegrin (DC-SIGN) and
liver/lymph node-specific ICAM-3 grabbing nonintegrin (L-
SIGN), are able to bind and promote infection of both DENV
and WNV by interacting with the carbohydrate residues on E
protein.'” ™" Crystallographic studies on DENV—DC-SIGN
complexes revealed that the interaction is mediated via the
glycosylated Asn67 on the E protein.”” The mannose receptor
of macrophages is another C-type lectin that has been described
as a functional receptor of DENV.* In addition, several other
cell surface proteins have been proposed to be the receptors,
including the lipopolysaccharide receptor CD14, heat-shock
proteins 70 and 90, the ER chaperonin GRP78, and
phosphatidylserine receptors TIM and TAM.”**” For more
details, interested readers could refer to a recent review by
Perara-Lecoin et al.*® Collectively, a large number of molecules
have been described as flavivirus candidate receptors in
different cell types, but their precise role in virus endocytosis
remains obscure.

Flavivirus E Protein. Flavivirus E protein is a class II fusion
protein sharing about 40% amino acid identity among different
members of the genus.”” X-ray crystallography and cryo-
electron microscopy (cryo-EM) studies revealed that flavivirus
consists of 180 copies of E associated as homodimers and
arranged in a herringbone or “raft” pattern on a host-derived
lipid membrane (reviewed in ref 30). Each monomer of E
ectodomain consists of three distinct domains: the central f-
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barrel domain I (DI), the elongated fingerlike domain II (DII),
and the immunoglobin-like domain III (DIIT)*'~** (Figure 1).

Figure 1. Oligomeric structure of the flavivirus E glycoprotein in its
pre- and postfusion conformations. (A) Top view of the soluble
ectodomian (sE) of DENV-2 in the dimeric prefusion conformation
found on mature virions.>> Domain I is in red, domain II in yellow,
domain III in blue, and S-OG in cyan. (B) Side view of the sE dimer
presented on the virion surface prior to low-pH exposure. Domain
colors are as in (A). The “stem” region in green is known as a helix—
loop—helix, modeled from a cryo-EM reconstruction.*’ (C) Postfusion
E trimer.*’ Domain colors are as in (A) and (B).

DI contains the amino terminus and carries one N-linked
carbohydrate side chains. DII mediates dimerization of E and
bears a hydrophobic and well-conserved fusion peptide loop at
its tip. DIII constitutes the carboxyl terminus and is predicted
to be involved in receptor binding.’”** All three domains have
epitopes involved in neutralization (reviewed in ref 41). Those
in DI and DII tend to be conformational and elicit weak
neutralization, whereas epitopes in DIII elicit very potent
neutralization and tend to be relatively linear in sequence. The
junctions between the three domains are flexible and capable of
hinge-like motions that are important in the structural
rearrangements of the E protein for its conversions between
immature, mature, and fusogenic forms of the virus.>? Between
DIII and the transmembrane anchor are about 50 residues
called the “stem” region.”” Cryo-EM image reconstructions
revealed that the stem is a pair of a-helices with an intervening
loop, sandwiched between the main part of the E protein and
the outer leaflet of the lipid bilayer (Figure 1).*

B TARGETING FLAVIVIRUS ENTRY

Three features of flavivirus E protein and membrane fusion
could be used for design of entry inhibitors. First, between DI
and DII is a hydrophobic pocket that was found to interact with
detergent -N-octyl-glucoside (-0G).” Inhibitors that occupy
this pocket could sterically block the conformational changes
between domains I and II; such conformational change is
essential for virus—host membrane fusion. Second, during the
course of membrane fusion, the highly conserved stem region
needs to fold back onto the trimer of E ectodomain to form a
six-helix bundle, reminiscent of the hairpin-like postfusion
structures of class I fusion proteins found in HIV and influenza
virus.** Therefore, following the successful example of the
development of HIV T20/enfuvirtide,” designing a peptide
containing sequences derived from the stem is expected to
competitively block membrane fusion. One caveat of this
approach is that HIV fuses with the plasma membrane on the
cell surface, whereas flaviviruses fuse with the endosome
membrane inside the cell. Therefore, a peptide inhibitor needs
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Table 1. Entry Inhibitors of Flavivirus

Cellular activity
e against DENV
Compound Structure Mode-of-action (ECs0/CCso) Reference
uM
NITD-448 Eoﬂ‘gf‘“ B-0G 9.8/48.7 #
Compound 6 ;I::olz E(oettem B-0G 0.119/>20 7
P02 Eolzgfi“ B-0G 13/371 #
AS P pO0 1.2/>100 ”
Doxycycline Eoréﬁ:tem p-0G 55.6/>500 20
Rolitetracycline Eolzgfm B-0G 67.1/>500 50
Possibly through
SA-17 y g 51
E B-OG pocket 0.52/43
LCTA-949 Entry 6.9 />25 72
O L w
1662G07 0 Estemand & 169/>100 3
e trimer interaction
DN59 MAILGDTAWDF | Bind to E trimer
. idey | GSLGGVFTSIGK | to block stem 10/>30 >
(stem peptide) | A} HQVFGAIY | binding
DNS7opt RWMVWRHWEF | Bind to pre-fusion
(DII hinge region | HRLRLPYNPGK | E to block 8/40 %7
peptide) NKQNQQWP virus:cell binding
10AN1 Bind to pre-fusion
(DI/DII conneting g\gig%(%(gl%AK E to block 7/>50 7
B sheet peptide) virus:cell binding
s S Heparin mimetic
PI-88 Roiﬁl’%ﬁ to block virus 200 pug/mL o
Royé\ attachment

to enter the cell to exert its antiviral activity against flaviviruses.
Third, the GAG-binding motifs within DIII of E protein are
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responsible for virus attachment to target cells."® GAGs, such as
heparin or its mimetics that bind with the E protein, can
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thereby sterically prevent virus adsorption and infection.
Furthermore, the use of carbohydrate moieties on E protein
for receptor DC-SIGN binding also suggests a strategy of using
carbohydrate-binding agents to block virus entry. In the
following sections, we will describe briefly the progress in
searching for entry inhibitors of flaviviruses on the basis of
these rationales.

Targeting a Hydrophobic Pocket of E Protein. Virtual
screens of small molecule libraries have been performed to
identify compounds that bind to the hydrophobic pocket for -
OG in DENV E protein. It should be noted that the in silico
hits identified so far have yet to be shown to bind in the S-OG
pocket. Two classes of compounds were identified from the
Novartis compound library. The first class of compounds,
represented by NITD-448 (Table 1), inhibited E protein-
mediated membrane fusion (ICs, = 6.8 uM) as well as DENV-2
infection (ECg, = 9.8 M) in cell culture.”® Due to the large
molecular weight, poor selectivity, and pharmacokinetic
properties of this compound, this inhibitor series was not
further pursued. The second class of compounds (e.g.,
compound 6; Table 1), contained a quinazoline core and
inhibited various laboratory and clinical isolates of DENV with
micromolar to nanomolar ECs, values.”” After significant
chemistry efforts to improve the pharmacokinetic properties
of this scaffold, its low potency and high plasma protein-binding
activity (due to lipophilicity) excluded the compound from
further development.

In silico docking with the NCI library identified a highly basic
compound, P02 (Table 1), which inhibited YFV production at
micromolar concentrations.”® This compound was confirmed
to bind DENV virions by NMR; in addition, the compound
competed with $-OG for binding to the E protein. Kampmann
and co-workers* also performed a virtual screen using the
Maybridge database. One compound, AS (Table 1), was found
to have low micromolar activity against several flaviviruses,
including DENV, WNV, and YFV. The compound prevented
syncytium formation in mosquito cells C6/36 expressing
DENV envelope. Several tetracycline derivatives were discov-
ered from a virtual docking of the Comprehensive Medicinal
Chemistry database. The compounds doxycycline and rolite-
tracycline showed moderate antiviral potency (ECy, = S5 and
67 uM, respectively) against DENV-2 in cell culture.”® It has
not yet been shown, however, whether the compounds found
in this way indeed bind to the pocket of E protein as predicted,
and the binding of these molecules to the pocket will disrupt
the dimer-to-trimer transition of E and thereby block
membrane fusion.

In addition to virtual screening, Neyts and colleagues
identified two classes of antibiotics that inhibit DENV with
micromolar activities in cell culture by using DENV infection
assay. The two classes of antibiotic inhibitors are SA-17 (a
doxorubicin derivate;”" Table 1) and LCTA-949 (aglycon
analogue of teicoplanin;>> Table 1). A time-of-addition
experiment suggests both compounds inhibit an early step of
viral infection cycle. In addition, LCTA-949 was shown to
interfere with antibody-mediated cell entry of DENV particles.
In silico docking suggests that SA-17 fits into the $-OG pocket
of E protein and interacts with specific amino acids (AlaSO0,
Tyr137, and GIn200) that are crucial for the fusion of the
membranes. However, no follow-up studies have been reported
for these compounds.

Targeting the Interaction between E Stem and E
Trimer. Because the stem region of E needs to interact with E
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trimer during endosomal membrane fusion, Schmidt and co-
workers>® developed a fluorescence polarization (FP) assay that
detects the binding of an E stem-derived peptide to a stem-less
E trimer. Using this assay, they discovered a series of
compounds (e.g, 1662G07, Table 1) that inhibit DENV-2 in
cell culture. Furthermore, they showed that the compounds
block low-pH-triggered fusion of virus with liposomes.
Structure—activity relationship (SAR) studies led to analogues
with submicromolar ICy, values against DENV-2, moderate
activity against DENV-4, but weak activity against DENV-1 and
-3. The antiviral spectrum of the compounds needs to be
broadened to achieve pan-dengue-serotypic inhibition.

As mentioned earlier, peptides could be designed to inhibit
E-mediated viral entry. Peptide DN59 (Table 1), representing
the stem region (amino acids 412—444) of DENV-2 E, inhibits
DENV-2 and cross-inhibited WNV fusion/infectivity.”* Sub-
sequent studies demonstrated that DNS9 induced the
formation of pores in the viral membrane to release the
genome, resulting in empty noninfectious virions. However, the
mechanism of peptide-induced nucleocapsid ejection remains
to be determined.”> Similar to DN59, peptides derived from
the sequences of the stem region of DENV E protein bind
specifically to the postfusion conformation of soluble E and
exhibit antiviral activity.*®

In addition to designing peptides based on E stem sequence,
Costin et al. used the prefusion DENV-2 E protein for rational
design of small peptides via biologically validated computer
modeling techniques.”” The two most active peptides,
DNS57opt and 10AN1, were designed to mimic the DII
hinge region and the first f§ sheet strand connecting DI and DII
of E protein, respectively. DENV-2 viral particles treated with
these peptides displayed rough outer surface morphology,
contrary to the smooth outer surface of mature virus, indicating
that the E proteins were likely rearranged. Further optimization
is needed to improve the potency of these peptide inhibitors.
Interestingly, these peptides could also inhibit the antibody-
enhanced DENV infection.”® The drawbacks of peptidic
inhibitors are the need for intravenous administration and
their short shelf life. A significant amount of medicinal
chemistry optimization effort is required to turn peptides into
drug candidates that can be administered by oral route.

Targeting the Receptor Binding Site of E Protein. A
number of studies have reported the antiviral activity of heparan
sulfate (HS) mimetics.”~” These heparin-like molecules bind
to DENV E protein with dissociation constants in the range of
1077=10" M and can competitively inhibit binding of E
protein to heparin, suggesting the antiviral effect of HS
mimetics involving steric hindrance of virus attachment.”® Two
sulfated polysaccharides have previously been reported to have
both in vitro and in vivo antiviral effect. One is sulfated
galactomannans isolated from plants that are active against YFV
in a mosquito cell culture; the inhibitors protected virus-
infected mice from death only when administered simulta-
neously with virus inoculation.”” The other sulfated poly-
saccharide, PI-88 (Table 1), which is currently in clinical trials
for antitumor activity, inhibits DENV-2 infection both in cell
culture and in vivo.®* In JEV and DENV challenge mouse
models, intraperitoneal administration of PI-88 increased
animal survival time. Despite the fact that heparin analogues
demonstrated in vivo efficacy in mouse models, these
compounds often have anticoagulant activities. Such antico-
agulant activity represents a major liability for their use as an
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antiviral candidate because plasma leakage is the disease
hallmark in dengue patients.

Plant lectins, generally designated carbohydrate-binding
agents (CBAs), are shown to exhibit antiviral activities against
all four serotypes of DENV in monocyte-derived dendritic
cells.”®* However, plant lectins are not orally bioavailable,
sensitive for proteolytic cleavage, and expensive to produce.
These shortcomings pose a significant challenge with respect to
their development.

Bl CONCLUSIONS AND FUTURE DIRECTIONS

Inhibition of viral entry is a validated antiviral approach, as
exemplified by clinically approved T20/enfuvirtide®> and
Maraviroc” (a small molecule inhibitor of CCRS coreceptor)
for HIV treatment. Compared with inhibitors targeting viral
enzymes (e.g, polymerase and protease), inhibitors targeting
viral entry have two potential advantages. First, inhibitors that
bind to viral E protein may exert a dual antiviral activity
through blocking viral entry as well as virion assembly/
maturation. Second, entry inhibitors can directly bind to virions
in blood without the requirement of penetration into cells. In
contrast, inhibitors of viral enzymes need to get into infected
cells before exerting their antiviral activities. This latter
advantage allows treatment of patients by transfusion of
therapeutic antibodies and peptide mimetic inhibitors.

Due to the plastic nature of viral surface proteins, two
disadvantages could be perceived for targeting flavivirus E
protein. First, the amino acid sequence variation of the four
serotypes of DENV E protein reaches 40%, higher than those of
enzymatic proteins (variations up to 30%).”" Conceptually, this
higher variation of flaviviral E protein makes it challenging to
achieve small molecule inhibitors with pan-serotype activity.
However, this challenge could be overcome by designing
inhibitors that specifically target conserved regions of the E
protein. A range of human and mouse monoclonal antibodies
recognize epitopes that are shared by all mosquito-borne
flaviviruses. The epitopes of these antibodies are conforma-
tional and located around the fusion peptide region, as
prototyped by the 4G2 antibody. Screaton’s group has recently
reported a set of human monoclonal antibodies that can
neutralize all four serotypes of DENV in cell culture.””
Structural analysis of DENV-2 E protein in complex with
these antibodies mapped the binding sites to a serotype-
conserved region at the E—dimer interface, including the
exposed main chain of the E fusion loop and the two conserved
glycan chains.”> These results clearly indicate the feasibility of
antibodies to achieve pan-serotype activity by targeting
conserved regions of flavivirus E protein. It remains to be
demonstrated that these antibodies could achieve pan-serotype
in vivo efficacy (e.g, AG129 mouse). Second, the barrier of
resistance emergence might be low for entry inhibitors.
Although no resistance studies have been reported for small
molecular inhibitors of flavivirus E protein, resistant DENV
could rapidly emerge in cell culture and in non-human primates
when treated with monoclonal antibodies.”* The weakness of
low-resistance barrier could be overcome through combination
therapy with compounds of other modes of action. Therefore,
the ongoing antiviral effort should be encouraged to pursue
inhibitors of viral replication components (e.g, polymerase or
NS4B) in parallel with inhibitors of viral entry.”
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