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Abstract

Zika virus (ZIKV) is an arbovirus belonging to the flavivirus
genus and is transmitted in Aedes mosquito vectors. Since
its discovery in humans in 1952 in Uganda, ZIKV has been
responsible for many outbreaks in South America, Africa,
and Asia. Patients infected with ZIKV are usually asympto-
matic; mild symptoms include fever, joint and muscle pain,
and fatigue. However, severe infections may have neuro-
logical implications, such as Guillain-Barré syndrome and
fetal microcephaly. To date, there are no existing approved
therapeutic drugs or vaccines against ZIKV infections;
treatments mainly target the symptoms of infection.
Preventive measures against mosquito breeding are the
main strategy for limiting the spread of the virus. Antiviral
drug research for the treatment of ZIKV infection has been
rapidly developing, with many drug candidates emerging
from drug repurposing studies, and compound screening. In
particular, several studies have demonstrated the potential
of natural products as antivirals for ZIKV infection. Hence,
this paper will review recent advances in natural products

in ZIKV antiviral drug discovery.
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1 | INTRODUCTION

Zika virus (ZIKV) is an arbovirus belonging to the genus Flavivirus and is mainly transmitted in Aedes mosquito
vectors, namely Aedes aegypti and Aedes albopictus.® Since its discovery in humans in 1952 in Uganda, ZIKV has
been responsible for many outbreaks in South America, > Africa,* and Asia,” with the first recorded outbreak being
in the Federated States of Micronesia in 2007. The World Health Organisation (WHO) reported that as of July
2019, 87 countries have been identified to have indigenous mosquito-borne transmission of ZIKV.® One of the
largest outbreaks occurred in French Polynesia in 2013, where over half the population was estimated to be
infected with ZIKV.”® A retrospective study of this outbreak revealed that 66% of the population was infected with
ZIKV, and eight microcephaly cases were diagnosed in neonates.? In light of the rapid transmission of ZIKV and its
association with neurological disorders, WHO declared ZIKV infection to be a Public Health Emergency of
International Concern on 1 February 2016.1°

Although there has been a decrease in the number of reported cases each year in the recent few years, this
does not indicate the elimination of ZIKV transmission. In addition to logistical issues in routine surveillance and
testing of suspected cases, patients infected with ZIKV are usually asymptomatic; mild symptoms include fever,
joint and muscle pain, and fatigue.!* Such symptoms are often misdiagnosed as other viral infections as they are
nonspecific, hence the difficulty in reporting and tracking ZIKV transmission.*? Furthermore, evidence for ZIKV
transmission by sexual intercourse has also been uncovered, indicating that it is not just tropical countries that are
at risk of ZIKV outbreaks.*3

Severe ZIKV infections are associated with neurological disorders, such as Guillain-Barré syndrome in
adults.2*15 ZIKV patients who are pregnant also are at increased risk of giving birth to children with congenital Zika
syndrome, a group of birth defects, including fetal microcephaly brain calcification, and abnormal brain
development.?®1” These complications are not observed in other flaviviral infections, which makes early diagnosis
and treatment of ZIKV infections of paramount importance.'®

To date, there are no existing approved therapeutic drugs or vaccines against ZIKV infections; treatments
primarily target the symptoms of infection.'®2° These include sufficient rest and taking acetaminophen.
Preventive measures against mosquito breeding are the main strategy for limiting the spread of the virus.
Antiviral drug research for the treatment of ZIKV infection has been rapidly developing, with many drug
candidates emerging from drug repurposing studies, and compound screening.2?! In particular, several
studies have demonstrated the potential of natural products as antivirals for ZIKV infection.?? Natural
products are a key source of compounds for drug discovery, as they tend to have favourable physicochemical
properties and lower toxicity.?2~2° Natural products such as flavonoids are abundant in food and plants, and
have been demonstrated to have antitumour and anti-inflammatory properties.?4?” They can also be derived
from living organisms which produce secondary metabolites that are nonessential for key processes but
enhance survival of the organisms.?®2? Hence, the diversity of compounds in natural products is a library of
interest to explore for their antiviral properties against ZIKV. This paper will thus review recent advances in
natural products in ZIKV antiviral drug discovery. The origins of the natural products, their chemical classes,
and future perspectives will be discussed.

2 | GENERAL VIROLOGY

The ZIKV genome consists of a single-stranded positive-sense RNA of about 10.7 kb in length. The 5'-
untranslated region (UTR) and 3'-UTR is about 100 and 420 nucleotides, respectively. Translation of the open
reading frame results in a large polyprotein consisting 3423 amino acids. This large polyprotein is processed by
host and viral proteases to give rise to three structural and seven nonstructural proteins (Figure 1). The

structural proteins C, prM and E, have key roles in viral entry and release of new virions from the host cell. The
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FIGURE 1 Diagram of the ZIKV genome. Regions coding for each structural and nonstructural protein are
demarcated. The genome is translated as a large polyprotein, which is then cleaved by viral NS2B-NS3 protease complex
and host cell proteases to give three structural proteins and seven nonstructural proteins. Arrows in red indicate sites of
cleavage by viral NS2B-NS3 protease; arrows in blue indicate sites of cleavage by host cell proteases; the arrow in green
indicates the site of cleavage by host cell furin, resulting in a mature glycoprotein M. [Color figure can be viewed at
wileyonlinelibrary.com)

C protein is responsible for forming the nucleocapsid core surrounding the viral genome; the E protein
facilitates virion binding to the receptor on the host cell membrane. The prM protein, once processed, aids in
ensuring the spatial structure of the E protein. Similar to other flaviviruses, the nonstructural proteins are part
of the viral replication complex in the host cell cytoplasm.>® Notably, the NS5 protein functions as the viral
RNA-dependent RNA polymerase (RdRp), which reads the positive-sense RNA genome to give the negative-
sense RNA strand which is then used for translation in producing the large polyprotein precursor.®! In addition,
the NS3 protein contains serine protease and RNA helicase domains, which works to cleave the large
polyprotein to give active proteins. The other nonstructural proteins are also involved in viral assembly and
replication in the host cell, ensuring that the replication complex is anchored in the ER membrane for effective
viral replication.3?

The ZIKV replication cycle is illustrated in Figure 2. When an Aedes mosquito vector carrying ZIKV feeds on a
mammalian host, ZIKV virions are released into the bloodstream of the host; binding to receptors on the host cell
surface is facilitated by the E protein. One example is the cellular receptor Axl which binds to phosphatidylserine on
the surface of the ZIKV.32 Through receptor-mediated endocytosis, clathrin-coated vesicles encapsulate the virus
and bud off from the host cell membrane.>* The low pH environment in the endosome results in the fusion of the
viral capsid and the endosome, releasing the nucleocapsid into the cell cytoplasm.®® The positive-sense RNA is then
translated on the membrane of the rough endoplasmic reticulum and an immature virion is assembled, with the help
of the nonstructural proteins.*® This immature virion moves into the Golgi apparatus, where further post-
translational modifications such as carbohydrate addition and proteolytic cleavage occur on the prM protein. The
virion then moves towards the host cell membrane, where it acquires the membrane envelope and is released via
exocytosis as a mature virion.

The following sections will discuss compounds according to the stage of the ZIKV replication cycle targeted
(Table 1). Where possible, similar regions in molecular structures (potential pharmacophores) within each group of
compounds will be highlighted. The compounds described here are potential starting points for further hit-to-lead
or structure-activity relationship (SAR) studies to improve on the efficacy and physicochemical properties of these

potential lead compounds.

3 | VIRAL ENTRY INHIBITORS

Viral entry is a common stage of the viral replication cycle to target, as these inhibitors can be used as prophylactic
treatments.® In addition, as membrane permeability into the host cell is not a requirement, compounds inhibiting
viral entry tend to be less toxic. The process of viral entry itself is multifaceted, with different viral-host interactions
involving host cell surface receptors and the ZIKV E protein.®” Hence, it is unsurprising that a large number of ZIKV
natural product antivirals target this stage of the viral replication cycle.
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FIGURE 2 Replication cycle of ZIKV. (1) The E protein on the surface of the ZIKV virus particle recognises and binds
to receptors on the cell surface. The virus particles then enter the cell via clathrin-mediated endocytosis. (2) Fusion of the
endosomal membrane and the viral envelope results in the positive-sense viral RNA being released into the cell cytoplasm,
where viral replication occurs. (3) Viral replication follows the secretory pathway in the host cell, facilitated by the viral
nonstructural proteins. Viral RNA is translated in the rough endoplasmic reticulum and viral proteins are processed in the
Golgi apparatus, where further post-translational modifications such as carbohydrate addition and proteolytic cleavage
occur. Viral NS5 protein which is the RNA-dependent RNA polymerase (RdRp) synthesises negative-sense RNA, which is in
turn used to produce more copies of the viral positive-sense RNA. (4) The viral positive-sense RNA is packaged into the
nucleocapsid core (consisting viral proteins synthesised using host cell machinery). (5) The virion then moves towards the
host cell membrane, where it acquires the membrane envelope and is released via exocytosis as a mature virion. [Color
figure can be viewed at wileyonlinelibrary.com)

3.1 | Inhibitors with direct virucidal effects

Viral entry inhibitors can be divided into two subclasses, namely those that exhibit direct virucidal effects on the
viral envelope itself and those that target host cell receptors or viral-host interactions.

Labyrinthopeptins are a type of lantibiotic, which is a peptide antibiotic consisting of unusual amino acids.
Labyrinthopeptins A1 and A2 (LabyAl and LabyA2) are peptides produced in the bacteria actinomycete
Actinomadura namibiensis DSM 6313. Using high-content imaging and immunofluorescence, Prochnow et al.3®

showed the broad-spectrum antiviral activity of LabyA1 and LabyA2 against not just flaviviruses but other viruses
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such as herpes simplex virus without high toxicity. LabyA1 inhibited ZIKV-976 with an ICso value of 2.0 uM;
LabyA2 inhibited ZIKV-976 with an ICsq value of 9.6 uM. Mechanistic studies revealed that LabyA1 and LabyA2
bind directly to virus particles to exhibit their antiviral effect. In particular, the labyrinthopeptins bind to
phosphatidylethanolamines present as membrane lipids on the surface of the virus particles. This disrupts the viral
envelope, leading to virolysis. Both LabyA1 and LabyA2 were also shown to work synergistically and display good
preliminary pharmacokinetic properties when administered in male CD1 mice.

Cirne-Santos et al.%? investigated the anti-ZIKV activity of crude extracts from the Brazilian brown seaweed
Dictyota menstrualis. Brown seaweeds of this genus are rich in cyclic diterpenes and have been investigated for their
antiviral effects on human immunodeficiency virus.*®** It was found that fraction FAc-2 exhibited virucidal effects
on ZIKV particles, inhibiting >90% of viral activity at a 20 pg/ml concentration.

In addition to compounds and fractions of microbial and marine origin, plants are a rich source of antivirals.
Epigallocatechin gallate (EGCG,) is a flavanol found in a large quantity in green tea and has known antiviral effects
against many other viruses.*? Carneiro?? and colleagues showed the direct virucidal effect of EGCG on ZIKV
particles with an ECsq value of 21.4 uM, inhibiting viral entry. Building upon the current findings, another study
identified the site of EGCG binding on the E protein of ZIKV, and showed the key amino acid residues of the E
protein involved in interacting with the compound via induced-fit docking and molecular dynamics simulations.*?
Through a similar method, the interaction of EGCG with NS3 helicase was investigated, which showed possible
binding of EGCG to both the RNA site and NTPase site of NS3 helicase.** In vitro NTPase activity inhibition by
EGCG was shown to be 295.7 nM, confirming the results obtained in silico. EGCG was also identified in another
screen of six structurally related polyphenols conducted by Vazquez-Calvo et al.,*> where the virucidal effects of
both delphinidin and EGCG on ZIKV was observed. A concentration of 10 uM was able to decrease viral plaque
formation by approximately 10-fold. Further analysis via quantitative reverse transcription-polymerase chain
reaction revealed both delphinidin and EGCG to result in a reduction of viral RNA in the infected culture
supernatant.

Flavones baicalein and baicalin from Chinese herbs Scutellaria baicalensis and Scutellaria lateriflora were
investigated for their anti-ZIKV effect in Vero-infected cells.*® Baicalein had the lowest ECsq value of 0.004 pM
when it was introduced post-entry; baicalin had the lowest ECsq value of 14 uM when it was introduced at the
point of entry. Both compounds also showed direct virucidal effect on ZIKV particles. In silico studies revealed the
two compounds had the strongest binding affinity to viral NS5. In addition, both baicalein and baicalin have long
half-lives of 15.01 and 9.65 h respectively, and have favourable pharmacokinetic properties, making them ideal
candidates for lead optimisation.*”

Gossypol was identified in a natural product library screen of Vero-infected cells by Gao et al.,*® exhibiting the
highest inhibitory activity among the hits identified against various ZIKV strains (ICsq range: 0.21-4.31 uM). Time-
of-addition experiments revealed its potent virucidal effect on virus particles; enzyme-linked immunoassay and
surface plasmon resonance experiments confirmed the high binding affinity of gossypol for the ZIKV E protein
(ECs0: 7.12 uM; Kp: 2.19 uM).

Ginkgolic acid is a phenolic acid extractedfrom the seed coats or leaves of Ginkgo biloba. Plaque-forming assays
showed ginkgolic acid to be able to block ZIKV replication in Vero cells in a dose-dependent manner.> Time-of-
addition experiments showed that ginkgolic acid affects the early stages of viral replication, possibly due to its
virucidal activity.

Emodin, an anthraquinone derivative that can be found in various Chinese herbs, was shown by to reduce ZIKV
viral titre in Vero cells (ICso: 3.2 uM).*’ Emodin reduced viral entry by 42.31% and produced a virucidal effect on
virus particles. It was postulated that the virucidal effect is due to the high affinity of emodin for the phospholipid
bilayer of the viral envelope. This is evidenced by a change in the hydrodynamic radii of ZIKV virus particles before
and after incubation with emodin when measured via dynamic light scattering, possibly indicating a disruption of
the phospholipid bilayer of virus particles.
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Resveratrol is produced by several plant species, and is usually extracted from red grapes and red wine.>°

Resveratrol has been widely researched on for its antioxidant, anti-inflammatory, and anticancer properties. The
anti-ZIKV activity of resveratrol and its mechanism of action were explored.>? Results showed treatment of Huh7-
infected cells with 80 uM resveratrol reduced the number of foci formed by 93% (1 log) and is likely to have direct
virucidal activity and post-entry inhibition of the ZIKV replication cycle.

Berberine, an isoquinoline alkaloid isolated from Berberis vulgaris, was assessed by Batista and lab for its anti-
ZIKV activity on Vero cells.*’ Berberine reduced ZIKV viral titre with an ICsg value of 39.06 uM and was identified
to do so via a direct virucidal effect.

Cephalotaxine is an alkaloid isolated from the plant Cephalotaxus drupacea, shown by Lai, Ho, and Lu®® to inhibit
ZIKV infection in A549 cells in a dose-dependent manner. Further analysis revealed that viral RNA was reduced in
Vero cells when cephalotaxine was added post-infection and throughout infection, indicating that cephalotaxine
exhibits inhibition after virus entry. It was hypothesised that cephalotaxine works by interfering with viral RNA
translation. In addition, a virucidal effect on ZIKV particles was observed.

Many of the compounds mentioned above do not just exhibit virucidal effects, but are bifunctional in targeting
two different stages of the ZIKV replication cycle, such as EGCG which targets both viral entry and NS3 helicase.

This bifunctional aspect could be leveraged on in drug development as for the same dose, dual effects are achieved.

3.2 | Inhibitors targeting the viral entry process

These inhibitors prevent the successful internalisation of the virus by disrupting viral-host cell interactions or by
blocking host cell factors that mediate the endocytosis of the viral capsid.>*

The same study carried out by Cirne-Santos and colleagues on crude extracts from D. menstrualis.3’ In addition
to fraction FAc-2 exhibiting virucidal effects on ZIKV particles, fraction F-6 from the crude extract was found to
reduce viral activity via inhibition of viral adsorption into host cells.

Nanchangmycin is an antibiotic produced by Streptomyces nanchangensis and shown to inhibit Gram-positive
bacteria. Rausch®® and co-workers carried out a high-throughput image-based screen on a library of bioactive
compounds against ZIKV and identified nanchangmycin to be a potent inhibitor with an ICsg of 0.1 uM in U20S
cells. Nanchangmycin also exhibited inhibitory effects on other viruses with the same internalisation pathway as
ZIKV such as chikungunya and sindbis viruses. However, nanchangmycin had no effect on parainfluenza 5 virus
which does not share the same internalisation pathway as ZIKV. This suggests that nanchangmycin likely acts by
blocking clathrin-mediated endocytosis.

Zou>?

and colleagues further added on to the research by investigating the inhibitory effects of several
flavonoids on ZIKV-infected Vero cells in vitro.>® Plaque reduction assays revealed the flavonols quercetin (ICsq:
2.30+0.50 uM), myricetin (ICso: 0.58 £0.17 uM), galangin (ICso: 14.36+ 9.5 uM), and kaempferide (ICsq:
5.83+1.92 uM) to be potent inhibitors of ZIKV infection, with high CCsq values indicating low cytotoxicity. The
flavanol EGCG was the most potent among the five compounds, with an ICsq of 0.02 £ 0.003 uM and CCsq of more
than 500 uM. Time-of-addition assays showed that these flavonoids mediate the highest inhibition when co-
incubated with the virus, inhibiting viral entry. In addition, a biochemical enzymatic assay with ZIKV NS2B-NS3
protease was performed, confirming that these five compounds are also able to inhibit ZIKV NS2B-NS3 protease
activity, with ECso values ranging from 0.73 to 25.68 uM. Based on the data obtained, Zou®® and colleagues
postulated that the ICsq values decreased when the number of hydroxyl groups increased on the molecule.
Furthermore, the galloyl group on EGCG seems to be responsible for the formation of crucial hydrogen bonds that
give rise to the low ICsq value of EGCG. This study has thus showed the dual function of flavonoid inhibitors in
inhibiting both ZIKV viral entry and ZIKV NS2B-NS3 protease activity.

Isoquercetin, a glycoside derivative of quercetin which is a flavonol found in various plant species, was also

found to have anti-ZIKV activity in several studies, being able to reduce viral replication in Vero-infected cells
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(ICs0: 1.2-1.3 umol/L).>” Preliminary studies in immunocompromised mice (Ifnar1™") vulnerable to ZIKV infection
showed the protective efficacy of isoquercetin in increasing survival and reducing weight loss. Another study
reported the ICsq of isoquercetin in multiple cell lines (A549, Huh-7, SH-SY5Y) to be between 9.7 and 15.5 uM, and
showed that isoquercetin targets the initial stages of ZIKV infection, particularly that of virus internalisation.>®

Another study on ellagic acid, a polyphenol identified and isolated from the P. granatum plant (commonly
known as pomegranate), demonstrated its possible mechanism of action by binding to host cell surface and reducing
cell susceptibility to the virus.>?

Curcumin is a component of turmeric, and has been shown to have antibacterial, antifungal and antiviral
effects.®® Mounce®? and co-workers showed the anti-ZIKV effect of curcumin on Hela cells to be through
inhibition of virus binding to the cell surface (ICso: 1.90 uM), as transfection of ZIKV bypassed curcumin inhibition.
Derivatives of curcumin such as bisdemethoxycurcumin and demethoxycurcumin showed similar inhibitory activity
as unmodified curcumin.

Digitonin is a steroidal saponin in the class of terpenoids, which are characterised by the five-carbon isoprene
structure. Digitonin was a positive hit in a natural product library screen by Gao*® and colleagues, with ICsq values
against various ZIKV strains ranging from 3.19 to 6.52 uM. Time-of-addition experiments showed digitonin to
inhibit viral entry.

Conessine, a steroidal alkaloid, was another hit identified in the natural product library screen by Gao*® and
colleagues, with ICsq values ranging from 7.18 to 11.60 uM against a variety of ZIKV strains. From time-of-addition
experiments, it is likely that conessine targets the virus-cell attachment or a post-entry step of the ZIKV replication
cycle.

Several studies have attempted to identify the mechanism of inhibition of these natural products. A flavonoid
binding pocket was identified on the Dengue virus (DENV) E protein surface, where it was shown that flavonoids
such as EGCG, baicalein and baicalin docked in the same region between domain | and domain Il of different
subunits of E protein.®? This same flavonoid binding pocket might be present in ZIKV, resulting in many flavonoids
being inhibitors of viral entry. The viral E protein is a glycoprotein that mediates virion binding to host cell receptors,
inhibition of binding results in inhibition of viral attachment and entry into cells. In addition, the trihydroxyphenyl
group on aromatic ring R2 seen in delphinidin and EGCG seem to confer the anti-ZIKV activity, as compounds like
catechin and epicatechin lacking the trihydroxyphenyl group do not inhibit ZIKV infection.*> Another possible
explanation is that the mildly acidic nature of the trihydroxyphenyl impairs the acidification of the endosome,
inhibiting the release of the viral genome into the host cell cytoplasm. It has also been suggested that the type of
sugar bound to the aglycone group of the flavonoid may affect the anti-ZIKV activity of the flavonoid, as seen in
isoquercetin versus quercetin.”® Taken together, the findings point toward possible pharmacophores essential for
the inhibition of ZIKV viral entry of these natural products.

4 | VIRAL REPLICATION INHIBITORS

Viral replication inhibitors are those that target the postentry stages of the replication cycle, inhibiting ZIKV viral
proteins released from the viral capsid or host cell factors involved in viral replication and assembly. Host cell
factors such as Golgi-specific Brefeldin A-resistant guanine nucleotide exchange factor 1 (GBF1) involved in Golgi-
to-ER recycling and fatty acid synthase have been shown to be crucial in viral replication.3%%

Estoppey and colleagues explored the anti-flaviviral effect of cavinafungin, a lipopeptide from the fungus
Colispora cavincola with 1Cso of 150nM against ZIKV in A549 cells.** Through CRISPR/Cas9 chemogenomic
profiling, host cell endoplasmic reticulum (ER) signal peptidase was found as the target of cavinafungin.
Cavinafungin inhibits the ER signal peptidase, which in turn results in parts of the viral polyprotein precursor not
being cleaved to give individual viral proteins (Figure 1). As partially cleaved fragments of the polyprotein are

unstable, viral replication is inhibited and viral titre is reduced.
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Sinefungin is a structural analogue of S-adenosylmethionine (SAM) produced by Streptomyces griseoleus. SAM is
a natural substrate of many methyltransferases, making sinefungin a pan-methyltransferase competitive inhibitor.
The ZIKV nonstructural protein NS5 contains a methyltransferase domain which methylates the viral mRNA cap.
Coutard and lab demonstrated that sinefungin was able to inhibit ZIKV 2'-O-methyltransferase activity with an ICsq
of 1.18 +0.05 uM via radioactive methyltransferase assay.®® Subsequently, Hercik and colleagues presented the
crystal structure of the ZIKV NS5 methyltransferase domain with sinefungin bound and made suggestions for
possible fragment-based drug design that might improve the specificity and binding affinity of sinefungin.®® Tao and
lab followed up with the synthesis of sinefungin derivatives and reported the ICsq of certain derivatives in BHK cells
to be as low as 6.33 +1.93 uM, as compared to sinefungin (ICsq > 50 uM).%”

Suroengrit and colleagues conducted a screen of eight selected flavonoid derivatives (including flavones,
flavanones and chalcones) against DENV serotype 2 (DENV2) using plaque titration of the culture supernatants of
LLC-MK2 cells.® From the screen, FV13 and FV14, two halogenated chrysins, showed strong inhibition of DENV2.
Upon further testing with ZIKV, both compounds showed potent anti-ZIKV activity with 1Cso values of
1.65+0.86 uM and 1.39 +0.11 uM, respectively. Further investigations into the mechanism of action of FV13
showed that FV13 acts at the early post-attachment stage, where multiple targets are possible. FV13 and FV14
have more favourable pharmacokinetic profiles than chrysin, with high efficacy and low cytotoxicity, making them
ideal inhibitors to further investigate.

Pinocembrin was identified in an immunofluorescence-based high throughput screen of a library of 483
flavonoid derivatives, inhibiting ZIKV infection in JEG-3 cells with an ICso of 17.4 uM.%? It was reported to decrease
both positive- and negative-sense ZIKV RNA levels; Western blot analysis also showed a decrease in ZIKV envelope
protein levels. Hence, it is likely that pinocembrin works by inhibiting post-entry stages in the ZIKV replication
cycle.

Sophoraflavenone G (SFG) was identified from an extract of Sophora flavescens, a plant used in
Chinese medicine, to be able to inhibit ZIKV and DENV replication.”® An in vitro RdRp activity assay
revealed that SFG inhibits ZIKV RdRp with an ICs¢ of 22.61 uM. SFG is a suggested starting hit compound
from which lead optimization can be carried out on, as significant levels of cytotoxicity were seen at higher
doses of SFG.

Emetine is a drug currently used in the treatment of amebiasis, a parasitic infection of the intestines by
Entamoeba histolytica.”* Emetine can be extracted from the plant Carapichea ipecacuanha, and was identified
in a drug-repurposing screen on HEK293 cells (ICso: 52.9 nM).”2 Further time-of-addition and ZIKV NS5
polymerase experiments revealed NS5 RdRp to be the target of emetine (ICs0: 121 nM). In vivo treatment of
emetine on two distinct mouse models (SJL and Ifnar1™") showed an approximate 10-fold decrease in
circulating ZIKV. In addition, emetine was also found to disrupt lysosome function. The same study also
looked at cephaeline, the structural desmethyl analogue of emetine, which also demonstrated anti-ZIKV
properties (ICsq: 7.60 nM), targeting ZIKV NS5 RdRp (ICso: 976 nM) and the autophagy-dependent virus
infection pathway.”?

Lycorine, a benzyl phenethylamine alkaloid, was tested both in vitro on a variety of cell types (ECso:
0.22-0.39 uM) and in vivo by Chen et al.”® Cellular thermal shift assay carried out on ZIKV NS5 showed that
lycorine directly binds to ZIKV NS5, inhibiting its RdRp activity and reducing viral RNA replication. Treatment of
ZIKV-infected AG6 mice with 10 mg/kg lycorine improved survival rate by 83% and reduced viral RNA in the brain
and liver.

Silvestrol is a flavagline isolated from the plant Aglaia foveolate known to inhibit the host cell factor DEAD-box
RNA helicase eukaryotic initiation factor-4A (elF4A), an essential component in viral RNA translation in Ebola virus
and coronaviruses.”* Using immunofluorescence microscopy, Elgner’® and co-workers showed the dose-dependent
reduction in A549-infected cells upon treatment with 5-50 nM of silvestrol. Inhibition of viral RNA translation by
silvestrol was shown to be through inhibition of cellular elF4A.
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4.1 | Inhibitors targeting the viral protease

A common target for the development of inhibitors is the ZIKV NS2B-NS3 protease, which is key in the production
of mature viral proteins for further viral replication.”®”” The nonstructural protein NS3 is a serine protease, with a
catalytic site consisting of the triad of serine-135, histidine-51 and aspartate-75.”% The protease activity of NS3
requires the interaction with the cofactor domain of nonstructural protein NS2B. The NS2B-NS3 viral protease is an
attractive target for ZIKV drug discovery as the active site of the protease is highly conserved among other
flaviviruses as well, showing promise for the possibility of developing a broad-spectrum flavivirus inhibitor.”®
Target-based studies beginning with ZIKV NS2B-NS3 protease as a viral target explored compounds that bind to
and inhibit protease activity. Often, in vitro biochemical enzymatic assays are performed to characterise the method
of inhibition of these compounds.

The antibiotic novobiocin is an aminocoumarin produced by Streptomyces niveus, which acts by inhibiting
bacterial DNA gyrase and hence preventing bacterial cell division. In an in silico structure-based screening of 8227
compounds for ZIKV NS2B-NS3 protease inhibitors, novobiocin was identified and validated for its anti-ZIKV
activity, with an 1Cso of 42.63 uM in Vero cells.2® Further in vitro studies are consistent with the hypothesis of
novobiocin acting on the ZIKV NS2B-NS3 protease. In addition, subcutaneous administration of novobiocin at
100 mg/kg every 12 h from 1 to 13 dayspost-infection (dpi) to dexamethasone-immunosuppressed mice led to a
higher survival rate and lesser weight loss compared to untreated mice. Mean viral loads in the blood and organ
tissues were reduced by more than two-log fold in novobiocin-treated mice as compared to untreated mice just
5 dpi.

With ZIKV NS2B-NS3 protease as a target, Roy et al.2* carried out an in vitro biochemical enzymatic assay of
nine natural products. From the enzymatic assay, six compounds were shown to inhibit NS2B-NS3 protease
significantly in a non-competitive manner. These six compounds are mainly flavonoids, namely the flavones luteolin
(ICs0: 2.7 £0.3 uM) and apigenin (ICso: 56.3+0.9 uM), flavonols myricetin (ICso: 1.3 £0.1 uM), quercetin (ICsq:
2.4 +0.2 pM) and isorhamnetin (ICso: 15.5 + 0.7 uM), and the natural phenol curcumin (ICso: 3.5 + 0.2 uM). Through
molecular docking, the explanations for the different ICso values were elucidated, such as myricetin being the
strongest inhibitor as it forms six hydrogen bonds with four different amino acid residues on ZIKV NS3 protease.
With the knowledge of key residue interactions and how binding is affected, inhibitors can be better designed with
higher affinity for NS2B-NS3 protease.

Also utilising NS2B-NS3 protease as a target, Lim®2 and co-workers performed an in vitro biochemical
enzymatic assay with a fluorogenic peptide, determining the inhibition kinetics for 22 polyphenols. Among the 22
polyphenols tested at 100 uM, seven compounds reduced NS2B-NS3 protease activity by more than 40%. These
seven compounds were further validated to obtain ICsy values. The compounds are: the flavone luteolin (ICsq:
53+1.3uM), the flavonols myricetin (ICso: 22+ 0.2 uM), astragalin (ICso: 112+ 5.5uM), and rutin (ICsq:
104 £ 2.9 uM), the flavanols EGCG (ICso: 87 + 1.2 uM), epicatechin gallate (ICso: 89 + 1.6 uM), and gallocatechin
gallate (ICso: 99 + 1.8 uM). Comparing the structures of the compounds and the inhibition values, one of the
observations made was that the presence of the hydroxyl group on flavonols is important in the inhibitory activity
of flavonols against ZIKV NS2B-NS3 protease.

Naringenin, a flavanone found in several citrus fruits, was shown to inhibit ZIKV replication in A549 cells in a
dose-dependent manner with an ICsy of 58.79 uM.8384 Time-of-addition assays revealed the stage naringenin
inhibits to be between virus replication and assembly of the ZIKV replication cycle. Molecular docking showed that
naringenin can act as a non-competitive inhibitor of the NS2B-NS3 viral protease, which could be a possible target
of naringenin. The low bioavailability of naringenin prompted the study of chemical derivatives of naringenin by
Mendes and colleagues, where ether derivatives demonstrated anti-ZIKV effects on A549-infected cells (ICsq
values range from 6.76 to 69.33 uM).8> However, these ether derivatives were shown to have higher toxicity than
that of naringenin.
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The suggested SAR for flavonoids against ZIKV NS2B-NS3 protease has been researched on in multiple studies,
with results being in agreement with each other. Continuing on from the SAR established for viral entry, Zou®> and
colleagues extended the pharmacophore region of flavonoids beyond the trihydroxyphenyl group to include the
ester functional group (galloyl group). In addition, Lim®? and co-workers established a similar SAR as Zou®> where
the presence of hydroxyl groups at C3’, C4', and C5' of the B-ring is key in the inhibition of NS2B-NS3 protease. As
opposed to the findings from Gaudry et al.,>® glycosylation at C7 of the A-ring decreases NS2B-NS3 protease
inhibition, though this glycosylation may be important in inhibiting viral entry instead. The binding pocket of these
flavonoids on the ZIKV NS2B-NS3 protease complex is likely to be on an allosteric site, based on the enzyme
kinetics performed by Roy and colleagues.®?

5 | INHIBITORS WITH UNKNOWN TARGETS

Inhibitors with unknown targets were identified in phenotypic screening assays, which are a common way of
identifying potential antivirals. A large number of compounds can be tested, increasing the probability of identifying
a hit inhibiting ZIKV infection with acceptable ICsq and CCsq values. Improvements in technology have enabled the
establishment of high throughput screening assays that are becoming increasingly cost-efficient and improving in
accuracy.

A marinopyrrole derivative was identified from a screen of a library of natural product derivatives carried out by
Bernatchez and co-workers.2¢ This compound was obtained after structural simplification and optimization studies
on marinopyrroles, which are produced by Actinomycete strain CNQ-418. Of the 24 compounds screened, one was
able to reduce cytopathic effect (CPE) in Vero cells with an ECsq of 5.95+0.72 uM.

Kitasamycin was identified in a high-content immunofluorescence screening of U.S. Food and Drug
Administration (FDA)-approved drugs.®” Kitasamycin is a macrolide antibiotic produced by Streptomyces
narbonensis, and has been shown to inhibit Gram-positive bacteria and mycoplasma by binding to bacterial
ribosomal RNA, hence inhibiting bacterial protein synthesis. Though the mechanism of the anti-ZIKV effect of
kitasamycin is still unknown, the measured ECsq is 41.7 £10.1 uM in Huh7 cells, indicating the potential of
kitasamycin as a promising compound with anti-ZIKV activity.

Hippeastrine hydrobromide (HH), first isolated from Lycoris radiata, is another steroidal alkaloid identified in a
high-content chemical screen using human pluripotent stem cell-derived cortical neural progenitor cells (ICsq:
1.95 uM).28 In a human fetal-like forebrain organoid model, treatment with 25 pM of HH for 3 days was effective in
reducing the percentage of cells infected with ZIKV. This is especially important as ZIKV infection is often
associated with neurological disorders.’® This finding was further shown in severe combined immunodeficiency
beige (SCID-beige) mice, where immunohistochemical analysis revealed that HH was able to reduce infection in
various regions of the brain. However, the mechanism of action of HH remains to be investigated.

18-oxoferruginol is an abietane diterpenoid whose anti-ZIKV activity was evaluated in vitro.? Among the
abietane analogues tested, 18-oxoferruginol presented the best selectivity index of 13.51 with a CCsq value of
35.09 £5.20 uM and an ECsq value of 2.60+0.07 uM.

Instead of isolated compounds, several studies also investigated the anti-ZIKV effect of plant extracts as a
starting point for the identification of novel anti-ZIKV agents.>*?°=%5 Most of these extracts are polyphenol-rich,
such as extracts from Polygonum cuspidatum,93 Psiloxylon mauritianum,’? Schinus terebenthifolius Raddi,”* Punica
granatum,®® Doratoxylon apetalum,’® Aphloia theiformis,”* and silymarin, an extract from the plant Silybum marianum
L. Gaertn.” From these extracts, natural products with novel chemical scaffolds can be identified. For instance,
Kuo et al. showed the anti-flaviviral activity of the methanolic extract from Polygonum cuspidatum, in which
major constituents include quercetin, resveratrol, and emodin.”® Flow cytometry-based infection analysis on
Vero-infected cells showed the significant inhibition of ZIKV entry by this P. cuspidatum extract.
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6 | CONCLUSION AND FUTURE PERSPECTIVES

Ever since the first outbreak of ZIKV in Micronesia in 2007, much research has been carried out in identifying anti-
ZIKV compounds, through drug-repurposing screens or looking to the relatively untapped source of natural
compounds. Natural products of microbial, plant and marine origins have great structural diversity, as evidenced by
the many chemical classes. This allows for the discovery of novel chemical scaffolds which can serve as parent
compounds for further SAR investigations to further improve on the efficacy and safety profile of the compound
through synthetic processes. This method of identifying hit compounds saves time as these molecules have
evolutionary preoptimized biological targets, increasing the prospect of identifying a positive hit.

As shown by the 44 isolated compounds and six plant extracts discussed in the earlier sections, current
knowledge of the anti-ZIKV natural products show that these compounds target different stages in the ZIKV
replication cycle, ranging from host cell factors such as elF4A to ZIKV viral proteins such as the NS2B-NS3
protease.>>”>8182 Thjs, therefore, raises the possibility of combinatorial therapy in the treatment of ZIKV infections
to increase the efficacy of treatment. This has been explored by Gao et al.*® in the combinatorial effects of gossypol
with other natural products such as curcumin. Results show a two- to threefold enhancement in the inhibition of
ZIKV infection in Vero cells, with little effect on cytotoxicity. High synergism was observed when both D.
menstrualis acetylated crude extract fraction FAc-2 and ribavirin, a synthetic nucleoside with known antiviral
activity against other RNA and DNA viruses, were added together.”® ZIKV replication was inhibited by around 90%,
which was much more than the addition of the compounds effects of these compounds individually. Many of these
natural products isolated are flavonoids or polyphenols, whose antiviral activity is known to be caused by hydrogen
bond interactions of the phenolic hydroxyl groups with viral or host cell factors.®> Strategies to improve the
inhibitory activity of these natural products include improving lipophilicity for greater interaction with biological
membranes and better permeability of the compound into the host cell. However, these structural modifications
should also take into account the current established SAR of these flavonoids, such as the number and positions of
hydroxyl groups, the hybridization of carbons, and the glycosylation of the compound.

Nonetheless, there are still certain areas of research that provide great potential in the discovery of ZIKV
natural product antivirals, such as marine sources of natural products. The marine environment has also been
another important source of natural products, providing several compounds that have been approved by FDA as
antibiotics and anticancer drugs.””?® Sources of these natural products include marine microorganisms, algae,
sponges, jellyfish and rocky corals.”” Marine natural products as ZIKV antivirals are still a relatively unexplored area,
which is surprising as organisms in the marine environment such as marine actinomycetes and cyanobacteria have
provided many compounds that have progressed into clinical trials and even been approved for clinical use.*° This
could be due to perceived challenges presented by natural product drug discovery, such as the extra resources and
time required to isolate and identify compounds responsible for the antiviral effect. For compounds with moderate
to high complexity, chemical synthesis might not be a viable option. However, with the development of better
technology, it has become much easier. It was reported that with the relevant skills and resources, the structures of
individual compounds in extracts can be solved within 2 weeks.*°?

In many studies the in vitro antiviral assays were only tested in a particular cell line or only using a particular
ZIKV strain as shown inTable 1. Thus, the results of the compound may be cell line- or strain-specific instead, which
renders the compound ineffective in treating ZIKV infection where ZIKV infects a variety of cell types.>*°® This is
particularly important as there have been significant differences observed in the pathogenesis of African ZIKV

1.192 reported that African ZIKV strains are more

strains as compared to Asian strains. For example, Aubry et a
transmissible by mosquitoes, and are associated with fetal loss rather than birth defects. Differences in growth
ability were also reported, where the African ZIKV strains showed greater ability to infect human placental
trophoblasts.'®® Hence, it would be interesting to explore the differences in drug effect across these different ZIKV

strains, particularly comparing between the African and Asian lineages.
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Additionally, more work in characterising the activity of the compound in several representative cell types is
required, before taking the compound forward to in vivo studies. Several of these compounds have only been
tested in cell-free systems against particular ZIKV proteins such as the NS2B-NS3 protease, which does not rule out
the possibility of secondary drug targets, such as other viral or host factors. At the same time, preliminary
information on the pharmacokinetic properties of the drug is not considered. The advantage, however, of using
purified viral proteins is in the ability to determine the mode of inhibition of the drug, where further characterisation
of specific molecular interactions of the pharmacophores and amino acid residues can be elucidated. As the end
goal is still towards testing in living organisms, further validation in cell culture is essential. Majority of the studies
perform cell-based assays by infecting cell lines with ZIKV and quantifying reduction in viral titre via plaque assays.
A common choice of cell line is Vero, a kidney epithelial cell line obtained from the African green monkey. Although
Vero is derived from normal kidney cells and not immortal cells, its origin is non-human. Hence, evaluating the drug
effect in other immortalised human cell lines or in primary human cell lines is necessary. Although human A549 was
shown to be as effective as Vero E6 in its susceptibility to ZIKV infection, more physiologically relevant cell lines can
be used, such as the human brain microvascular endothelial cells used by Rausch et al.>®*%* Such cell lines will be
helpful in replicating the natural host environment of ZIKV.

In any drug discovery programme, in vivo testing in animal models is essential in evaluating the pharmacokinetic
properties of the compound—understanding its preclinical safety and efficacy profile and establish a therapeutic
dose. Of the 44 natural compounds highlighted, only six of these compounds have been tested in mouse
models.38:°7:7273.8088 Though the particular mouse models used differ, the mice are all immunocompromised, either
with double knockout of the Ifnarl gene or dexamethasone-immunosuppressed. This is because it is known that
mice with genetic knockouts in the type | interferon signalling pathway are more susceptible to flavivirus
infection.2> However, ethical concerns arising from the use of animal models present a high barrier to entry.
Furthermore, inter-species biological differences may skew the results obtained.

To circumvent and improve on existing limitations of animal models, three-dimensional (3D) cell cultures and
organoid models have been developed. In the study by Zhou and colleagues, a human pluripotent stem cell-derived
forebrain organoid model was utilised to study the effect of hippeastrine hydrobromide on ZIKV infection in the
brain.88 This organoid model is used in the study of brain disorders such as microcephaly, which is one of the
possible effects of severe ZIKV infection.'®® Especially for complex organs like the brain, two-dimensional
monolayer or free-floating neurosphere cell cultures might not be able to replicate the same diversity and
composition of the various cell types that constitute the organ. Being able to mimic the in vivo physiology with
lesser ethical concerns make organoid cultures an ideal model system for antiviral development. Nonetheless,
culturing organoids is still a relatively new technique, requiring extensive training and equipment. Specialised
equipment to visualise readouts is required, especially if the study is focused on particular segments of the 3D
culture. Issues with regards to accessing the target host cell receptors and visualising CPE have also been raised.'®”
Finally, studying organoids in isolation neglects interactions arising from the immune and circulatory system being
connected to organ, which may affect the results of ZIKV infection.

Several of these natural products may still require optimisation of their pharmacokinetic properties. For
instance, Batista and colleagues have recognised the barriers in bringing the natural products berberine and emodin
forward in pharmaceutical development, such as low aqueous solubility and bioavailability.*’ For this reason, the
development of semisynthetic or synthetic structures which were conceptually derived from a natural product have
been on the rise, where a natural product compound is used as a start point for the introduction of synthetic
modifications.°® This was explored in a few of the studies with chemically modified flavones®® or ethers and esters
lipophilic naringenin derivatives.®°

In areas where ZIKV infection is endemic, coinfections with other arboviruses such as DENV and the West Nile
virus (WNV) are common.*®? This is an additional concern as DENV-specific antibodies have been reported to result
in a higher susceptibility to ZIKV infection by the Brazilian isolate through the antibody-dependent enhancement
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mechanism.*° Thus, it is worthwhile to consider looking at natural products that can act as antivirals against a
broad-spectrum of arboviruses instead of just ZIKV in isolation, as carried out by numerous studies.384%:56: 64.68.90

To conclude, viral infections are seasonal in that there are cyclical patterns in infectiousness due to changes in
pathogen survival rates and host susceptibility.}1* Although there seems to be a decrease in the number of reported
cases of ZIKV infection, as long as the vectors for ZIKV infection continue to exist, the search for antivirals against
ZIKV remains an urgent need. Moreover, ZIKV infection could also occur vertically from mother to fetus. Hence,
research on ZIKV antivirals should continue to prevent future outbreaks. Natural products have lower costs of
production, are environmentally friendly, and tend to have more favourable physicochemical properties such as
lower cytotoxicity compared to synthetic compounds. This is especially important as ZIKV infections tend to be
endemic in developing countries, where cost is an important factor in considering the available therapeutic options.
Furthermore, as ZIKV infection has been associated with fetal microcephaly, the patient profile of anti-ZIKV drugs
includes pregnant women, indicating the need for a more favourable safety profile. Hence, natural products are a

viable source of antivirals against ZIKV infection, which continues to be a persistent epidemic worldwide.
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