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CHAPTER1
INTRODUCTION

Dengue infection is a major arthropod-borne global threat. The virus
spreads throughout tropical regions with 390 million infected cases per
year (1). Asia represented approximately 75 percent of the global burden
(2), of which both Thailand and the Philippine were two of the countries
with highest incidence in 2015(3). Moreover, accumulative data from 2012
to 2017 showed the mortality rate of 0.16 percent of the cases, suggesting
that dengue is still a significant public health issue in Thailand (4).

Dengue virus belongs to the family Flaviviridae, genus Flavivirus,
and consists of 4 species or serotype (DENV1-4). The infectious virion
contains lipid envelope surrounding an icosahedral nucleocapsid and a 11
kilobases, single stranded, positive sense RNA. Envelope (E) protein is an
Immunogen and a major antigenic cross-reactive agent (5). All serotypes
of dengue viruses are transmitted, by Aedes aegypti and Aedes albopictus
mosquitoes (2). Dendritic cells (DC) are primarily infected at the local site
and the virus causes systemic infection by traveling with DC into lymphatic
and circulatory system. An infection with a serotype creates lifelong
Immunity to that particular serotype (6), but 65-70 percent of the immunity
partially cross reacted to the other serotypes. When the host is subsequently
infected with another serotype, the immune responses trigger the memory
of the previous infection (7) creating robust but incompetent T-cells,
antibodies, and pro-inflammatory cytokines. Moreover, macrophages
enhanced for opsonization were infected with virus-tagged non-
neutralizing antibodies resulting in facilitating viral replication inside the

macrophages, thus increasing the risk of developing severe dengue (6).



Currently, the specific chemotherapy for dengue still under
development but there is already a vaccine commercially available. The
challenge of the vaccine design is to stimulate a highly effective response
simultaneously to all serotypes (8), and not creating vaccine-induced,
antibody-dependent enhancement (9). The only licensed dengue vaccine
CYD-TDV Sanofi Pasteur is effective to serotype 1-4 at 54.70 percent,
43.00 percent, 71.60 percent, and 76.90 percent respectively, therefore
WHO recommended only for people living in endemic area and between 9
and 45 years old (10).

Antiviral drugs have a role in treating the already infected patients
with an aim to reduce viral replication, (i.e. the chance to progress to
severe dengue diseases such as hemorrhagic shock, or multiple organ
failure (11)). Natural products are rich source of potential antiviral

inhibitors, especially those from medicinal plants. Recently, phenolic
lipids were reported with a broad spectrum antiviral effect with proposed
mechanisms at membrane-disturbing effect. The compounds were
abundant in cashew nut shell which is an agricultural waste. This group of
compounds are generally existed as mixture of saturated and three
unsaturated hydrocarbon chains. Moreover, there is a previous study
describing anacardic acid saturated as an anti-hepatitis C virus. Anacardic
acid, one of the phenolic lipids, was reported to inhibit hepatitis C virus
replication at several steps such as entry, translation, replication, and
release. In this study, we aim to determine efficacies of three members of
phenolic lipids consisting of anacardic acids, cardols, and cardanols
including the mixture and homologs to inhibit dengue virus in cell-based
system. We will explore the potential candidates for broad spectrum

activity to dengue serotype 1-4 and Zika virus, as well as searching for



mechanism of drug action. We expected that this study would bring
insights into further experiments on characterizing potential targets

involving in viral replication.



CHAPTER?Z2
OBJECTIVES

The objective of this study are:

1. To examine the efficacies of phenolic lipid mixture and each
purified product to dengue virus serotype 2 in cell culture system.

2. To examine the broad spectrum activity of a phenolic lipid
representative to inhibit dengue virus serotype 1-4 and Zika virus.

3. To explore the mechanism of drug interaction to dengue infection
at cellular level.



CHAPTERS
LITERATURE REVIEW

3.1 Virology

Dengue virus belongs to the family Flaviviridae, genus Flavivirus,
and closely related to Japanese Encephalitis Virus (JEV), West Nile Virus
(WNV), Zika virus (ZIKV), Yellow fever virus (YFV), and Hepatitis C
virus (HCV) (12). Flaviviruses have had an important impact on human
well-being over the centuries. Many flaviviruses (but not Hepatitis C virus)
are transmitted by mosquitoes or ticks (13). Dengue virus (DENV) consists
of 4 distinct serotypes (DENV1-4). All four serotypes are known to cause
the full spectrum of disease. The virion contains lipid at 20 percent by
weight (14). The virion possesses a spherical nucleocapsid core and an
icosahedral-like envelope with a diameter around 50 nm (15). The DENV
genome is approximately 11 kb long, with a 5’ cap (m7GS5'ppp5’A) at the
5" end, but lacks a polyadenylate tail (16). This genomic RNA also serves
as an mRNA containing a single open reading frame to translate into a large
polyprotein, which is subsequently cleaved into three structural proteins
(capsid protein C, membrane protein M and envelope protein E) and seven
non- structural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and
NS5) (17). Non-structural proteins play various roles in controlling and

regulating the intracellular processes to facilitate the viral replication.

3.2 Viral life cycle

The Flavivirus replication cycle starts at envelope (E) protein

binding to the receptors on the cell membrane including heparin sulfate



(18), DC-SIGN (19), mannose receptor (20), TIM/TAM receptor (21),
Hsp70, Hsp90 (22), GRP78/p protein (23), or PtdEth CD300a (24), and
entering the target cells such as monocytes, macrophages, dendritic cells,
mast cells, hepatocytes and endothelial cells (25) via receptor-mediated
endocytosis (26). The viral membrane fuses with host endosomal
membrane under acidic condition (pH~5-6) thus releasing the RNA
genome into the cytoplasm. Translation takes place by utilizing the host
ribosomal machineries associated with the endoplasmic reticulum (ER).
Following cleavage of the polyprotein by cellular and viral (NS2B/NS3)
proteases. The viral replication complex (RNA, NS5, nonstructural
proteins and cellular factor) forms inside the intracellular membranes.
Evidences showed that viral replication occurs in ER-derived vesicular
structures (27). Negative sense RNA was synthesized from the genome and
serves as template for the positive sense RNA replicates. The virion
assembly occurs in the lumen by budding into the endoplasmic reticulum
(ER) and rearranges its membrane and envelope proteins while traveling
through the golgi complex. Finally, mature infectious virus are released
from the cells by exocytosis (28, 29) (Figure 3.1)
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Figure 3.1 Flavivirus replication pathway.

Antiviral drugs for dengue targeted both structural and non-
structural proteins (Figure 3.2) involving in many steps in viral replication
such as entry (30), fusion (31), assembly, maturation (32). To start with,
the capsid protein is being explored as a drug target (33). The capsid
protein is the first viral protein to be synthesized during translation and is
shown to be integrated in the membrane of the endoplasmic reticulum by
the hydrophobic anchor and projecting into the cytoplasm (34). This
protein assembled to form an icosahedral capsid for packaging the RNA
genome.

The envelope protein E consists of three domains: domain I (N-
terminal, structurally central), domain Il (containing the hydrophobic
fusion peptide), and domain Il (receptor-binding). Protein E also

represents the first point of contact between the virus and the host cell and



Is able to interact with several cellular proteins and carbohydrate molecules
(35)

NS1 is a glycoprotein that is translocated into the lumen of the
endoplasmic reticulum and secreted from the cell, NS1 showed a stable
hydrophobic homodimer that interacts with membrane (36, 37), or may
expressed on the surface of infected cells and serve as a target for human
antibody response to DENV infections. This protein is involved in viral
RNA replication (38, 39) and may be also involved in assembly of the viral
replication complex and its localization to cytoplasmic membranes (40).

NS2A protein serves as a component of the viral replication complex
that functions in RNA synthesis and virion assembly (41).

NS2B-NS3 protease, the viral NS3 protease is required for
processing of the viral polyprotein and viral replication. NS2B is an
integral membrane protein that serves as a cofactor that play role in
regulation of the catalytic activity of NS3 protein (42-44). The
multifunctional enzyme NS2B-NS3 (32, 33) is a major target in many drug
discovery projects.

NS4A and NS4B are highly hydrophobic integral membrane protein,
NS4A play role in induction of membrane alterations required for virus
replication, while NS4B is involved in direct interactions with the NS3
protein enhances the helicase activity of NS3, supporting viral RNA
replication (45-47).

NS5 protein (Bi-functional: viral methyltransferase polymerase) is
the largest and the most conserved DENV protein. This protein is also a
major target for antiviral drug discoveries (34). This bi-functional enzyme
consist an N-terminal methyltransferase and C-terminal RNA-dependent
RNA-polymerase domain (48, 49).
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Figure 3.2 Structures of dengue virus proteins.

3.3 Epidemiology and pathology

Dengue is endemic in more than 100 countries in southeast Asia, the
Americas, the western Pacific, Africa, and the eastern Mediterranean
regions (3). The dengue virus have a transmission cycle that requires
invertebrate vectors (mosquitoes Aedes aegypti and Aedes albopictus) (50).
Also, travelers play important role in global epidemiology, causing the

spread from continent to continent crossing the anatomical barriers.

Dengue virus causes a wide range of diseases in human from the
acute febrile illness dengue fever (DF) to life-threatening dengue
hemorrhagic fever/dengue shock syndrome (DHF/DSS) (WHO, 2009).
DF symptomatic are characterized by fever, headache, retro-orbital pain,
myalgia, arthralgia, and rash. DHF is pointed by increased vascular
permeability (plasma leakage), thrombocytopenia, and hemorrhagic

manifestations, DSS grow when fluid leakage into the interstitial spaces



results in shock (3), that without treatment may lead to death. Recently,
dengue mortality and burden for Global Burden of Disease study in 2013
showed there are 60 million symptomatic dengue infections per year,
resulting in about 10,000 deaths (51). Moreover, Bureau of the Vector-
borne Diseases, Department of Disease Control, Ministry of Public Health
reported accumulative data from 2012 to 2018 showed the mortality rates

at 0.13 percent of the case (4).

3.4 Treatment

3.4.1 Dengue vaccine development

Currently, there is a commercially available vaccine named
Dengvaxia (CYD-TDV) developed by Sanofi Pasteur. CYD-TDV is the
chimeric yellow fever-dengue vaccine (CYD) that employs the yellow
fever virus 17D strain as the replication backbone (52). CYD-TDV is
effective to serotype 1-4 at 54.7 percent, 43.0 percent, 71.6 percent, and
76.9 percent respectively, overall protective efficacy of 65.6 percent but
was substantially more effective against severe dengue and dengue
hemorrhagic. WHO recommended only for people living in endemic area
and between 9 and 45 years old (10). Several other vaccines have been
developed using a variety of technological advancements including live
attenuated chimeric dengue vaccines, TV003/TV005 (whole virus DENV
1-3 and recombinant DENV2 in DENV4 backbone) by NIAID and
Butantan Institute (53) and DENVax (whole virus DENV2 and
recombinant DENV1/3/4 in DENV2 backbone) by Takeda (54). DEN-80E
tetravalent E protein subunit V180 vaccine by Merck (54). These vaccines
have been shown to be immunogenic in animals and also safe and
immunogenic in humans. However, these vaccines are just to progress to

clinical trial phase 11-111 to set their protective efficacy of dengue virus (55).
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3.4.2 Dengue drug development

Antiviral drugs is aimed to reduce viral replication in the febrile state
patients with an objective to alleviate the severity, (e.g. plasma leakage,
hemorrhage, shock, or multiple organ failure (11)). Studying the molecular
mechanism of dengue replication including the specific functions of each
DENV protein has led to the identification of new anti-viral targets. In
addition, with the help of novel technologies like in silico screening,
ligand-based design, high-throughput viral replication, and enzymatic
assays increasing the number of newly identified leads against dengue
infection (56-58). The potential inhibitors reported for anti-dengue activity
were listed (Table 3.1). Moreover, there are 5 compounds undergoing
clinical trials (Table 3.2) (59). Notably, Ivermectin from Phase |1 clinical
trial in Thailand reduced NS1 levels in serum and body temperature with
high dose (55).



Table 3.1 The development of anti-dengue drug.

11

Targets | Compound Mode of ECso uM CCso uM References
action
E- 1662G07 E stem and 16.90 >100 Limetal.,
protein E trimer 2013 (11)
interaction
E- GNF-2 (8b) | Interact with E | 1Cg CCoo Clark et al.,
protein protein DENV1=4 BHK21- 2016 (60)
DENV2=5 DENV2
DENV3=10 | =60
DENV4=40
M- MLH40 Block DENV- | 24.00-31.00 | ND Panya et al.,
protein peptide 2 attachment 2015 (61)
to cells
C- Capsid C protein 0.016 >100 Limetal.,
protein inhibitor ST- 2013 (11)
148
NS2B- Tetrapeptide | Bound to 5.00 BHK-21 Lietal.,
NS3 aldehyde NS2B-NS3 =>300 2014 (62)
protease | Bz-nKRR-H | protease HuH7
=55.00
NS2B- CID Inhibit NS2B- | 61.50+4.60 162.40+0.90 | Montalvo et
NS3 54681617 NS3 protease al., 2016 (63)
protease | CID 14.90£2.90 58.60£3.00
54692801
CID 11.80+0.20 42.10+1.60
54715399
NS3 Bromocrip Inhibit 0.80-1.60 53.60 Fumihiro et
protease | tine translation al., 2016 (64)
and/or
replication
NS2B- Mefenamic Against 32.00+1.00 150.00+5.00 | Rothan et al.,
NS3 acid, dengue virus 2013 (65)
protease | doxycycline | replication 40.00+3.00 125.00+4.00
NS4B 2-oxopipera | NS4B All four >50.00 Kounde et
zine serotypes al., 2017 (66)
derivatives-4 <0.10
NS5 BG-323 MTase GTP 30.80+1.30 184.00+4.20 | Limetal.,
protein pocket 2015 (67)
NS5 4-HPR - 2.50 13.50 Limetal.,
protein 2015 (67)
NS5 Ivermectin - 3.00 7.00-10.00 | Limetal.,
protein 2015 (67)
NS5 Compound Inhibit DENV- | 2.30 ND Manvar et
RdRp 12 and 21 2 NS5 RdRp 2.10 al., 2015 (68)
(thaiazoli
dinone-
thaidiazole
scaffold)

ND=Not determined



Table 3.2 The therapeutic trials listed on anti-dengue drug.

assembly

Compound Rationale Subject Results Reference
Characteristics
Chloroquine | Antimalarial Age, >18y: No change in Tricou et
drug, fusion | trial size 307, viremia and al., 2010
inhibitor Vietnam NS1 (69)
antigenemia
Prednisolone Anti- Age, 5-20y : No change in | Tametal.,
inflammatory | trial size 225, virological 2012 (70)
properties Vietnam profile
Balapiravir NS5 Age, 18-65 y: No change in | Nguyen et
nucleoside trial size 64, | virological and | al., 2013
inhibitor Vietnam immunological (71)
profile
Celgosivir ER- Age, 21-65y: | No statistically | Low et al.,
associated trial size 50, significant 2014 (72)
and Singapore reduction of
glucosidase viral load
inhibitor
Lovastatin Cholesterol Age, >18y: No evidence of | Whitehorn
synthesis trial size 300, effectonany | etal.,, 2016
inhibitor, Vietnam manifestations (73)
required for
viral RNA

12
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3.5 Phenolic lipids and derivatives

Natural products are rich source of potential antiviral inhibitors,
especially those from traditional medicinal plants. The potential inhibitors
reported for anti-dengue activity were listed (Table 3.3) (74). Phenolic
lipids isolated from cashew nutshell liquid (CNSL) composed of long
aliphatic chains and phenolic rings, including simple phenols, polyphenols
and their derivatives (75). The major determinant of phenolic lipid species
are defined by the head group of CNSL into anacardic acid, cardol, and
cardanol (Table 3.4). The constituent of CNSL differ depending on the
method of extraction. For example, when CNSL is extracted by cold
temperature- or solvent-dependent method, the components are
approximately 74.10-77.40 percent anacardic acid, 15.00-20.10 percent
cardol, 1.20-9.20 percent cardanol, and a few percentage of other phenols
(76). In contrast, the heating method leads to decarboxylation of anacardic
acid to cardanol therefore the components are approximately 60.00-65.00
percent cardanol, 15.00-20.00 percent cardol, 10.00 percent polymeric
material (77). The constituent of CNSL are mixtures of four types of C15
fatty acids consisting of 5.00-8.00 percent saturated, 48.00-49.00 percent
monoene, 16.00-17.00 percent diene, and 29.00-30.00 percent triene (76)
homologues. Previously, phenolic lipids were reported with biological
effects such as anti-parasitic, anti-cancer, anti-fungal, anti-microbial, anti-
inflammatory, and anti-oxidant (Table 3.5). Phenolic lipids present very
remarkable amphiphilic properties and can interaction with membrane
structures and the hydrophobic domains of protein. Therefore the ability
of these compounds to inhibit microbial, fungal, and parasitic growths
likely depend on their interaction with protein and/or on their membrane-
disturbing properties (78) (Table 3.5). Moreover, the diversity of chemical
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structure in phenolic lipids may account for the diverse bioactivities. For
example, the inhibitory effects of anacardic acid, one of the phenolic
lipids, on hepatitis C virus proposed mechanisms at entry, translation,
replication, and release (79). Furthermore, cardol was a promising anti-
cancer chemotherapy for anti-proliferative/cytotoxic properties with 1Cs
of 13.17+0.76 uM (80).

Table 3.3 Natural product with reported for develop anti-dengue drugs.

Species Common | Compound | ECso (M) | CCso | References
name isolated (uUM)
Flagellaria Whip Vine | Galactan 12.50 312.50 | AbdKadir
indica etal., 2013
(74)
Houttuynia Pak Kan | Hyperoside | 0.19-1.70 | 312.50 | AbdKadir
cordata Thong etal., 2013
(74)
Rhizophora Bakau - 1250 625.00 | AbdKadir
apiculata etal., 2013
(74)
Distictella - - 11.10+1.60 ND Simoes et
elongate al., 2011
(Vahl) (81)
Phyllanthus - - Inhibit MNTD | Leeetal,
spp. >90% 250 2013 (82)
Nephelium Rambutan | Geraniin 1.75 Not Admad et
lappaceum toxicto | al., 2017
Vero (83)
cells
upto 2
mM

ND=Not determined




Table 3.4 The molecular structure of anacardic acid, cardanol, and
cardol from CNSL.
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Table 3.5 Biological activities of phenolic lipid and derivatives

constriction
-at 50 uM, 72.00%
of hyphae showed

Subclasses compound Biological Results References
activities
Anacardic Gingko biloba Inhibit entry, 1C50=7.50 uM Hundt et al.,
acid (C22H3603) translation 2015 (79)
replication, and
secretion with no
effects on cell
viability
Cardanol Thai Apis Interaction with Antibacterial Boonsai et al.,
mellifera Propolis | proteins or on their | activities 2014 (84)
membrane- -1Cs0 0.58 uM for
disturbing E. coli
properties -1Cs50 2.27 UM
for Paenibacillus
larvae
Anacardic Cashew nut cell Prevent Antifungal activities | Muzaffar et
acid liquid M. oryzae from (Magnaporthe al., 2016 (85)
(6- infection by induce | oryzae)
pentadecylsalicy apoptosis-like cell | -at 75.00 uM,
lic acid) death complete inhibition
of spore
germination
-at 5 uM,
62.00%+5.00 of
conidia showed
membrane
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Subclasses compound Biological Results References
activities
membrane
constriction
Cardol Trigona incisa Induced apoptosis | Antiproliferative Kustiawan et
propolis in the SW620 activity al., 2017 (80)
human colorectal ICsp 13.17+0.76 uM
cancer cell line
Cardol Trigona incisa Cytotoxicity and Antiproliferative/ Kustiawan et
propolis apoptosis in cancer | cytotoxic activity al., 2015 (86)
cell lines - ICs0 2.2340.22 uM
(Hep-G2)
- 1Cs0 2.55£0.18 uM
(Chaco)
- 1Cs013.46+0.10 uM
(BT474)
- 1Cs0 14.18+0.76 uM
(SW620)
- 1Cs0 19.06+0.39 uM
(KATO-111)
Cardanol 3- Interact with the Shown PDP/DPPC | Cieslik-
pentadecylphenol | structure of the isotropic aggregates | Boczula and
(PDP) lipids bilayers of and lower gauche Koll, 2009
DPPC liposome populations in the (87)
hydrophobic chain
Cardol, - Interact with the Cardol affected the | Stasiuk and
anacardic structure of the properties of the Kozuber, 2008
acid, and lipids bilayers hydrophobic region | (88)
methyl but anacardic acid
cardol and methylcardol
were altered the
properties of the
subsurface part
Cardanol Preincorporated Had a stabilizing De Maria et
into a 1-palmitoyl- | effect on the al., 2005 (89)

2-
oleylphosphatydi-
choline liposome
bilayer

liposome




CHAPTERA4
MATERIALS AND MEDTHODS

4.1 Cell cultures
4.1.1 Vero cells

Vero cells (ATCC®CCL-81), derived from kidney of adult African
green monkey were maintained in Medium 199, Earle’ salts (Gibco, USA)
supplemented with 10% fetal bovine serum (FBS) (Gibco, USA), 100
I.U./ml penicillin (Bio Basic Inc., Canada), and 100 pg/ml streptomycin
(Bio Basic Inc., Canada), 10 mM HEPES (4-(2-hydroxyethyl)-I-
piperazineethanesulfonic acid) (Sigma Aldrich. USA) and 10% NaHCOs;
(Sigma Aldrich. USA) at 37°C in humidified air with 5% CO,. Cells were
sub-cultured with growth medium (see in appendix B) and using pre-
warmed 0.05% trypsin-EDTA (see in appendix B) every three days and

were maintained until they were senescent in culture.

4.1.2 LLC/MK2 cells

LLC/MK2 cells (ATCC®CCL-7), derived from kidney of adult
rhesus monkey were maintained in minimal essential medium (MEM)
(Gibco, USA) supplemented with 10% FBS, 100 1.U./ml penicillin, and
100 pg/ml streptomycin, 10 mM HEPES and 10% NaHCO; at 37°C in
humidified air with 5% CO,.. Cells were sub-cultured with growth medium
(see in appendix B) every three days and were maintained until they were

senescent in culture.
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4.1.3 C6/36 cells

C6/36 cells (ATCC®CRL-1660), a continuous mosquito cell line
was derived from a larva of Aedes albopictus, were maintained in MEM
medium supplemented with 10% FBS, 100 I.U./ml penicillin, and 100
pg/ml streptomycin, 10 mM HEPES and 10% NaHCO3at 28°C. Cells were
sub-cultured for removed the old medium by re-suspension in growth

medium (see in appendix B).

4.1.4 BHK-DENV2 replicon cells

BHK-DENV?2 replicon cells, a stable hamster kidney (BHK) cell line
expressing the DENV2 Rluc reporter replicon, were maintained in MEM
medium supplemented with 10% FBS, and 0.3 mg/ml G418 (Bio Basic
Inc., Canada), 10 mM HEPES and 10% NaHCO3zat 37°C in humidified air
with 5% CO,. Cells were sub-cultured with growth medium (see in
appendix B) with split-ratio of 1:10 and were maintained until they were

senescent in culture.

4.2 Virus stock preparation
4.2.1 Dengue virus propagation

Dengue virus serotype 1-4 were reference laboratory strains
containing DENV1 (16007), DENV2 (New Guinea C strain), DENV3
(16562), were a gift from Assoc. Prof. Padet Siriyasatien, M.D., Ph.D., and
DENV4 (C0036) was a gift from Prof. Kiat Ruxrungtham, M.D., and
Assist. Prof. Chutitorn Ketloy, Ph.D., Chulalongkorn University. DENV
were propagated in Vero cell line with maintenance medium 199 (see in
appendix B) at 37°C in humidified air with 5% CO,. The monolayer cells
in T25 cell culture flask were infected with DENV and rocking every 15



19

minutes for 1 h before incubating until the cytopathic effect (CPE) of
infected cells were observed under microscope after three day post
infection (dpi). Then, supernatant was used for other infections. The
process was repeated for three passages to high viral titer. Next,
supernatant was collected by centrifuged to remove cell debris at 1,500
rpm, 4°C, 5 min and FBS was added to the final concentration of 20 %
before storing as aliquots at -70°C. The viral titer was quantified by plague

titration assay.

4.2.2 Zika virus propagation

Zika virus (SV0010/15) was a gift from Armed Forces Research
Institute of Medical Sciences (AFRIMS), and Department of Disease
Control, Ministry of Public Health, Thailand. Zika virus was propagated in
C6/36 cells with maintenance medium MEM (see in appendix B) at 28 °C.
The process as previously described. The viral titer was quantified by

plaque titration assay.

4.3 Compounds separation and purification

All phenolic lipids were received from Assist. Prof. Warinthorn
Chavasiri, Ph.D., Chulalongkorn University. The compounds were
extracted and separated from cashew nut shell liquid (CNSL). Briefly,
CNSL (50g) was dissolved in 5% aqueous MeOH (300 mL) (Sigma
Aldrich. USA) and Ca(OH), (50g) (Sigma Aldrich. USA) was added in
portions under stirring before the reaction mixture was stirred at 50°C for
5 h. The reaction was monitored by thin layer chromatography (TLC)
(performed on aluminum sheet pre-coated with silica gel, Merck’s
Kieselgel 60 PFjs4) for the absence of CNSL. After completion of the

reaction, the precipitated calcium anacardate was filtered and washed with
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MeOH and the precipitate was dried under vacuum evaporator. Calcium
anacardate was suspended in water, acidified with conc. HCL (Sigma
Aldrich. USA) and stirred for 1 h. The resultant solution was extracted with
EtOAc (Sigma Aldrich. USA). The organic layer was washed with water,
dried over anhydrous Na,SO, (Sigma Aldrich. USA), and concentrated
under reduced pressure to yield anacardic acid (42.1 g, 84% vyield). The
filtrate left from the filtration of calcium anacardate was evaporated under
reduced pressure and extracted with EtOAc. The organic layer was dried
over anhydrous Na,SO4and concentrated under reduced pressure to obtain
crude product which was purified by silica column eluting with
hexane/EtOAc to afford cardanol (1.1g, 2% yield) and cardol (319.1 mg,
0.1% yield). The constituents of mixture compounds were separated by
semi-preparative HPLC. Cardanol derivatives and cardol derivatives were
systhesized by hydrogenation. All compounds were stored as solid powder
at room temperature. The stock solution compounds were prepared in
dimethyl sulfoxide (DMSO) (Merck, USA) to 50 mM final concentration

and stored as aliquots at -20°C until use.

4.4 Plaque titration of virus

The 24-well plates plaque titration assay for DENV and Zika virus.
Briefly, LLC/MK2 (5x10%) cells were seeded into each well of 24-well
plates and incubated overnight at 37°C in humidified air with 5% CO,. The
supernatant or viral stock was 10-fold serially diluted in maintenance
medium before infecting cells at 100 pl/well. Then, the plate was incubated
at 37°C in humidified air with 5% CO, with gentle rocking every 15 min
for 1 h. Next, cells were washed with 1X PBS and semisolid overlayer

medium, 0.8% gum tragacanth culture medium (see in appendix B) was
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added. The experiment was done in duplicate and maintenance medium
was used as mock infection. The plate was incubated until plaque was
observed under microscope. Cells were fix and stained for 1 h with 10%
formaldehyde (Carlo Erra, Italy), 5% isopropanol (Merck, Germany), and
1% crystal violet (Merck, Germany) (see in appendix B). The number of
plague forming units PFU/ml was determined manually and calculated

with formula.

PFU/mI = plaque no. per dilution x Dilution factor x 10

4.5 Primary screening of phenolic lipid compounds

To explore the efficacies of anacardic acid, cardol, and cardanol
mixtures against DENV2, Vero (5x10%) cells were seeded into each well of
24-well plates and incubated overnight at 37°C with 5% CO,. The cells
were infected with DENV2 (M.O.l. of 0.1) with 10 puM and 25 uM
concentration of compounds in 1% DMSO. 1% DMSO was used as a mock
treatment with 100% infectivity rate. After that cells were incubated at 37
°C for 1 h cells were washed with PBS and incubated with compounds at
designated concentrations. The supernatants were collected at 3 days post
infection for plaque titration assays to select the active compounds (cut
off=>90% viral inhibition). The experiment was tested by Thanaphon
Saelee, Department of Biology, Faculty of Science, Chulalongkorn

University.

To examine the toxicity of the mixture compounds from primary
screening. Vero (10%) Cells were seeded into each well of 96-well plates
and incubated overnight at 37°C with 5% CO,. Compounds were added at

the same concentrations as in the primary screening, 1% DMSO as control
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(100% cells viability). Cells were incubated for 48 h and 72 h before cell
viability was accessed using CellTiler 96® Agueous One Solution Cell
Proliferation Assay kit (Promega, USA) according to manufacturer’s
protocol. The plate was incubated at 37°C for 4 h and read by
spectrophotometer at Asso nm with microplate reader model: VICTORTM
X3 (PerkinElmer, USA). And results were calculated to present cell death.
The experiment was tested by Thanaphon Saelee, Department of Biology,

Faculty of Science, Chulalongkorn University.

4.6 Cytotoxic concentration study (CCsp)

Vero (10%) cells were seeded into each well of 96-well plates and
incubated overnight at 37°C. Phenolic lipid mixtures and their homologue
were serially diluted in DMSO to the final concentrations as follows; 25,
50, 100, 200, 300, 400, and 500 uM. Each concentration was performed in
quadruplicates. 1% DMSO was used as a mock treatment referring to 100%
cell viability. Cells were incubated for 48 h before cell viability was
accessed using CellTiler 96® Aqueous One Solution Cell Proliferation
Assay kit (Promega, USA) according to manufacturer’s protocol. The plate
was incubated at 37°C for 4 h and read by spectrophotometer at Asso Nm
with microplate reader model: VICTORTM X3 (PerkinElmer, USA).
Cytotoxic concentrations were calculated from non-linear regression
analysis and the results were reported as means and standard error mean
(SEM) from three independent experiments, unless indicated otherwise.
The experiment was tested by Thanaphon Saelee, Department of Biology,

Faculty of Science, Chulalongkorn University.



23

4.7 Effective concentration study (ECsp)

Vero (5x10%) cells were seeded into each well of 24-well plates and
incubated as previously described before infected with DENV2 at the
M.O.1. of 0.1 for 1 h with gentle rocking every 15 min. Phenolic lipid
mixtures and their homologue were serially diluted in DMSO to the final
concentrations as follows; 0, 0.5, 1, 1.5, 2, 2.5, 5, 7.5, 10, 25, and 50 puM.
DMSO at the concentration of 1% was used as a mock treatment referring
to 100% infection. Infected cells were treated with the designated
compounds during and post infection. Supernatants were collected at 3
days after infection for analysis of virion production by plaque titration.
Effective concentrations of the compounds were calculated from non-
linear regression analysis and the results were reported as means and
standard error mean (SEM) from three independent experiments. The

therapeutic index (TI) was calculated from a ration of CCso/ECsy.

4.8 Plaque titration assays

The 96-well plaque titration assay was adopted for determining the
efficacy of the compound for viral inhibition (90). Briefly, the supernatant
was 10-fold serially diluted in the culture medium and sampled 50 pl into
each well of 96-well plate. LLC/MK2 (2.5x10°) cells were prepared in 50
ul before gently mixed into each well. Each dilution was performed in
triplicates. The plate was incubated at 37°C under 5% CO, for 3 h before
addition of semisolid overlayer medium, 0.8% gum tragacanth culture
medium (see in appendix B) 100 ul. The plate was incubated for 5 to 7 days.
Cells were fixed and stained with 10% formaldehyde and 1% crystal violet,
respectively. Plaques were counted and reported in plaque forming units
(PFU/mI). Each experiment was done in triplicate and reported as means



24

and standard error mean (SEM) for further ECs, analysis. The number of
plaque forming units (PFU/ml.) was determined manually and calculated

with formula.

PFU/mI = plaque no. per dilution x Dilution factor x 20

4.9 Time of drug addition study (TOA) (91, 92)

TOA assay was designed to preliminary determine the mechanism
of compound affected the DENV life cycle, the results from TOA assay
used to verify the functional impairment of that particular step. Briefly,
Vero (5x10%) cells were seeded in each well of 24-well plates and incubated
overnight. Cardol triene was prepared in DMSO and added to the final
concentrations of 10 uM and 20 uM to DENV?2 infected Vero cells (M.O.I.
of 0.1) with independent experiments. The concentration of 10 uM of cardol
triene were added at before (-1 h), during (0 h) and after infection (2, 4, 6,
8, 10, 12, 24, 48, and 72). As the 20 uM of cardol triene were added at
various time points by dividing into two experiments; early time points at
during (0), and after (1, 2, 4, 6, 8, 10, 12, 24, 36, 48 and 72 h) infections.
The late time points were also accessed at (0, 12, 14, 16, 18, 20, 22, 24, 36,
48, 60, and 72 h) after infections. DMSO alone was added to the infected
cells as a mock treatment. Plates were incubated for 3 days before collection
of cell lysates and supernatants to determine viral RNA by RT-gPCR and
virion production by plaque titration, respectively. The results were

reported from three independent experiments.
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4.10 Viral RNA extraction and RT-gPCR

The intracellular viral RNAs were extracted from cell lysates by
TRIzol reagent (Invitrogen, Life, Grand Island, USA) according to the
manufacturer’s protocol. Total RNAs were stored at -70 °C until use. To
determine the reduction of viral genome in experiments, total RNAs were
quantified by Nanodrop (EppendorfBio Photometer D30, NY, USA). The
RT-gPCR were performed using 1x Power SYBRGreen PCR Master Mix,
400 nM each of C-protein primer (93) or 400 nM of NS1 primer (94) (see
in appendix C) and 0.1 pg of total RNA with a Step-OnePlus Real-Time
PCR System (ABI7500, California, USA). The reactions were cycled at
48°C 30 min and 95°C 10 min, followed by 45 cycles of 95°C for 20s
(denaturation), 55°C for 30s (annealing), 72°C for 30s (extension). Results
were collected in cycle threshold (Ct) and analyzed by absolute
guantification. Each sample was analyzed in triplicated. The results were

reported from three independent experiments.

4.11 Anti-attachment study (95)

Vero (5x10%) cells were seeded and inoculated in 24-well plates as
previously described. Cells were then adsorbed by DENV2 (M.O.I. of 1)
diluted in maintenance medium at 4°C for 1 h with continuously gentle
rocking. Cardol triene at 10 uM was added to DENV?2 virus preparation
for 1 h before adsorption (pre-attachment), during adsorption (co-
attachment), and after adsorption plus three washing with cold PBS to
remove external viruses (post-attachment). Cells were incubated at 37 °C,
under 5% CO, for 3 days before collection of cell lysates and supernatants
to determine viral RNA by RT-gPCR and virion production by plaque
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titration, respectively. DMSO-treated were used as no-inhibition control.

The results were reported from three independent experiments.

4.12 Fusion inhibition study (96-98)

C6/36 (2x10°) cells were seeded into 24-well plates and
incubated at 28°C before infected with DENV2 and ZIKV (M.O.I. of
1) for 1 h with gentle rocking. Cardol triene at 10 uM were introduced
to the DENV2 and ZIKV infected cells after infection. DMSO-treated
cells was used as no inhibition control and 4G2-treated cells was used
as a 100% inhibition control. Plates were incubate at 28°C for 2 days
before addition 0.5 M 2-(N-morpholino) ethanesulfonic acid (MES)
(pH 5.0) (Sigma Aldrich, USA) until fused cells were observed.
Picture were taken using an Eclipse TS100 Inverted Routine
Microscope (Nikon, New York, USA). The results were reported from

three independent experiments.

4.13 Replicon inhibition study

BHK-21 (5x10%) cells expressing DENV-2 replicon (BHK-
21/DENV2) (91) were seeded in 24-well plates and incubated at 37°C
under 5% CO, for 1 day. Cardol triene at 10 uM and 20 uM were
introduced to treated cells. DMSO-treated cells was used as the no-
inhibitor control (0% inhibition) and used the ribavirin (TargetMol, USA)
as the reference compound. Cells were incubated at 37°C for 3 days before
collection of cell lysates to quantified DENV2 replicon by RT-qPCR. Data
were reported as percent inhibition compared with ribavirin. The results

were reported from three independent experiments.
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4.14 Cell morphology

Vero (5x10%) cells were seeded and inoculated in 24-well plates as
previously described. Cells were infected with DENV2 (M.O.1. of 1 and 5)
for 1 h with gentle rocking. Cardol mixture and cardol triene at 10 uM were
introduced to the DENV?2 infected cells during and after infection. DMSO,
10 uM cardol mixture, and 10 uM cardol triene alone were used as no virus
control. The cell morphology was observed after 2, 24, and 48 h incubation.
Picture were taken using an Eclipse TS100 Inverted Routine Microscope
(Nikon, New York, USA).



CHAPTERS
RESULTS

5.1 Compound separation and purification results

Phenolic lipids were extracted from CNSL and purified by the H
NMR (CDCIs) spectroscopy. The products were initially characterized
using the species of hydrophilic heads into; anacardic acid, cardanol, and
cardol, with constituted of 84, 2, and 0.1 percent, respectively. Next, each
species were further separated into pure homologues of saturated (C15:0),
monoene (C15:1), diene (C15:2), and triene (C15:3) using semi-
preparative HPLC. The characteristics and signals of all compounds were

shown as follows Table 5.1

In addition, the saturated homologues (C15:0) of cardanol and cardol
were synthesized from hydrogenation reaction. The characteristic signals

were shown as follows Table 5.1
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Table 5.1 The data of phenolic lipid from CNSL after separation and

purification.

No. Name structure MW Content/
Yield

1 | Anacardic acid C15:0 (] 348 | 18% of total
(6-pentadecylsalicylic acid) L anacardic

acids

2 | Anacardic acid C15:1 (S e 346 | 31% of total
(6-[8(2)-pentadecenyl]salicylic | 7 1~ anacardic
acid) | acids

3 | Anacardic acid C15:2 f S/ TV 344 | 26% of total
(6-[8(2), 11(2)- 7 anacardic
pentadecadienyl]salicylic acid) | ™ ™ acids

4 | Anacardic acid C15:3 B ATV 342 25% of total
(6-[8(2), 11(2), 14- Y anacardic
pentadecatrienyl] salicylic acids
acid)

5 Cardanol C15:1 r\fv-\»m’:\fwv 302 31% of total
(3-[8(2) pentadecenyl] phenol) b cadanols

6 Cardanol C15:2 (3-[8(2), m/\f\fw’ﬂﬂ/\ 300 46% of total
11(Z)-pentadecadienyl] bl cadanols
phenol) <)

7 | Cardanol C15:3 (3-[8(2), p/\f\/“w’“’”'\f’_ 298 | 23% of total
11(Z), 14-pentadecatrienyl] cadanols
phenol)

8 | Cardanol C15:0 (T T 304 | T5% yield
(3-pentadecylphenol) T, Synthesized by

hydrogenation

9 | Cardol C15:2 (5-[8(2),11(2)- | w._- - ~,~_- ' 316 | 73% of total
pentadecadienyl] E\,,, cadols
resorcinol) |

10 | Cardol C15:3 (5-[8(2), 11(Z), | "~~~V 314 | 27% of total
14-pentadecatrienyl] I cadols
resorcinol)

11 | Cardol C15:0 B~ A ~| 320 83% vyield
(5-pentadecylresorcinol) E‘r*" Synthesized by

- hydrogenation
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5.2 Initial screening of compounds with DENV-2 and cytotoxicity in VVero

cells

A previous report suggested that anacardic acid mixture extracted
from leaves of Gingko biloba inhibited many steps of hepatitis C virus
replication cycle (79). Hepatitis C virus is one of the members of the family
Flaviviridae, therefore, it is speculated that the inhibitory effect of
anacardic acids and their close relatives would also be seen in dengue
viruses. We extended our study towards the three head groups extracted
from CNSL including anacardic acid, cardanol, and cardol in order to
explore the possible relationship between the head group structures and the
activity to inhibit dengue virus cellular replication. Briefly, anacardic acid,
cardanol and cardol mixtures were co-incubated with DENV?2 infected
Vero cells (M.O.l. of 0.1) at 10 uM and 25 uM for 72 h and the viral
inhibition was quantified by plaque titration. Our preliminary data
suggested that DENV2 were inhibited at 97.95, 65.30, and 95.91 percent
when incubated with anacardic acid, cardanol and cardol at 10 pM,
respectively; and more than 99.00 percent at 25 uM (Fig. 5.1a). Similar
effect was observed in DENV2 infected LLC/MK2 cells that were
incubated for 120 h at 65.00, 97.40, and more than 99.00 percent when
incubated with anacardic acid, cardanol and cardol at 10 uM, respectively;
and more than 99.00 percent at 25 uM (Saelee, T., unpublished). Moreover,
the viability of VVero cells were accessed in the presence of each compound
at 10 and 25 uM for 48 and 72 h (Fig 5.1b) and cytotoxicity results were
less than 10 percent in all experimental conditions. Taken together, our
preliminary data showed the compounds inhibited DENV2 infectivity
similar to that of HCV previously reported (79). Therefore, we plan to

study further purified and synthesized all phenolic compounds into
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homologue and characterized the efficacies and cytotoxicities of the

infected cells.
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Figure 5.1 (a) Percentage of screening results in Vero cells at 72 h. (b)

Toxicity of the compounds in Vero cells at 48 h and 72 h.

5.3 Cytotoxicity and efficacy study of phenolic lipid.

Each compound mixture were further purified and synthesized into
saturated (C15:0), monoene (C15:1), diene (C15:2), and triene (C15:3) as
previously described. Toxicities were first to be analyzed regarding the
safety concern. Vero cells were treated with the compound at the following
concentrations; 25, 50, 100, 200, 300, 400, and 500 uM, for 48 h before
the cell viability was accessed using MTS reagents. Results were
calculated to percent viability and CCs, were analyzed using non-linear
regression curve. Interestingly, triene compounds, anacardic and cardol,
strikingly showed higher CCsps 0f 115.13 + 14.12, and 207.30 + 5.24 uM
(Table 5.2), when compared with other homologues of the same head
groups. In addition, the cell viability declined in consistent with decreasing
double bonds of the tail, and reached the lowest CCsgs at saturation (C15:0).
Cardanol triene was insoluble in DMSO, therefore the compound was

excluded from analysis.
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Regarding the table 5.2, cardol triene yielded the highest CCs, value
at 207.30 £ 5.24 uM in Vero cells. This finding was verified using the
observation of cell morphology under DENV2-infected (M.O.l. of 1 and
5) and 10 puM cardol triene treatment for 2, 24, and 48 h (Fig. 5.2-5.4).
Moreover, we further explored the CCs of cardol triene in other cell lines
to verify its cytoprotective character. CCsos Of three human-derived cell
lines (HepG2, THP-1, and HEK-293) co-incubated with cardol triene and
cardol mixture (73 percent diene and 27 percent triene) were reported (Fig.
5.5) (Saelee, T, unpublished). From the results, the triene compound was

apparently less cytotoxic than the mixture at about 30-50 uM in all cell

types.

Next, we studied the efficacies (ECsg) of the phenolic compounds
against DENV?2 infectivity in Vero cells. Briefly, compounds at 10
different concentrations were added to DENV?2 infected Vero cells (M.O.l.
of 0.1) during and post infection and the viral inhibition was determine by
plaque titration. Efficacies of anacardic acids series varied among
homologues so that the structure-activity relationship was inconclusive.
However, we observed that ECss of saturated homologue and the mixture
were unusually similar due to the fact that the anacardic acid saturated
constituted of 18 percent of the total mixture, plus the other components
were all contributed to higher ECsgs. It is possible that the viral inhibition
and cellular response might be predominately influenced by anacardic acid
saturated regardless of the percent constituent. Noted that anacardic acids
were major components of CNSL extracts where none of the homologues
was synthesized in the laboratory. Therefore, obtaining the adequate

amount for further experiments was an advantage of this group.
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Also, cardanol mixture and homologues were studied for efficacies
of DENV2 inhibition. Naturally derived cardanol mixture was a
combination of monoene, diene, and triene compounds, where the cardanol
saturated was a product of hydrogenation. Overall, efficacy of cardanols
were less potent than anacardics and cardols. One of the homologues,
cardanol triene was insoluble in DMSO; therefore, the efficacy and
cytotoxicity were unable to obtain in this setting. Efficacy of cardanol
mixture fell between the efficacies of the saturated and monoene,
suggesting that both homologues contributed to the viral inhibition.
Interestingly, hydrogenation of cardanol potentiated the efficacy as the
ECso went down to 5.89+2.83 uM. However, cardanols were the most
cytotoxic of all, thus resulted in the least Tl values. The group were then

excluded from further investigations.

Last, cardol mixture and homologues were analyzed for their
efficacies using the DENV?2 infected cells previously described. Cardol
mixture was the most potent DENV2 inhibitor beyond any homologue with
the ECso0f 3.24+ 0.51 uM, and therapeutic index (TI) (Table 5.2) of 18.67.
In other words, a synergistic effect was found in CNSL-derived cardol
mixture consisting of 73 percent diene and 27 percent triene homologues.
Analysis of the homologue showed that increasing the number of double
bonds in the tail structure resulted in increasing the viral inhibition. In other
words, cardol triene was the most and cardol saturated was the least
effective compound to inhibit DENV2 infectivity in Vero cells.
Considering the TI values, cardol triene homologue showed the broadest
Tl values at 29.07, suggesting strong candidates for further
characterization. From this results, cardol triene was selected as a pure

homologue for subsequent mechanism a drug action study.
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Moreover, we explored whether cardol triene would exhibit broad
spectrum anti-dengue and Zika activities. Efficacies against DENV1
(16007), DENV3 (16562), DENV4 (c0036), and ZIKV (sv0010/15) (Table
5.3) suggested that cardol triene similarly inhibited all dengue viruses but
not Zika virus. Investigating for drug target could start from the
discrepancies between mechanism of dengue and Zika virus replication

inside the cells, as well as between the two viral proteins.
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Table 5.2 Effective concentrations (ECsp), cytotoxic concentration

(CCsp), and Therapeutic index (TI) of phenolic lipids.

compounds ECso (LM) CCso (uM) TI
Anacardic acid mixture  4.82+171 58.80+2091 12.19
Anacardic acid saturated 431+117 66.33+1.58 15.39
Anacardic acid monoene 12.59+0.84 74.00+0.85 5.88
Anacardic acid diene Not inhibited 112.17 +857 -
Anacardic acid triene 748 +2.14  11513+14.12 15.38
Cardanol mixture 11.06 +0.40 46.86 £2.94 4.23
Cardanol saturated 589+283 4351+1.10 7.39
Cardanol monoene 7.65+258 98.70+3.16 12.90
Cardanol diene Not inhibited 159.40+7.41 -
Cardanol triene* - - -
Cardol mixture 3.24+051 60.51+4.94 18.67
Cardol saturated 12.72 £0.67 58.75+0.43 4.62
Cardol diene 11.90+£0.82 71.66 +5.27 6.02
Cardol triene 713+0.72 207.30+5.24 29.07

* Insoluble.

The TI values represent the ratios of CCso/ECso. Data represent means +

standard error mean (SEM) of at least two independent experiments.
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Figure 5.2 Morphology of Vero cells under DENV?2 infected M.O.l.
of 1 and 5 were treated with 10 uM cardol mixture and

cardol triene at 2 h. Images are at 400x magnification.
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Figure 5.3 Morphology of Vero cells under DENV2 infected M.O.I.
of 1 and 5 were treated with 10 uM cardol mixture and

cardol triene at 24 h. Images are at 400x magnification.
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Figure 5.4 Morphology of Vero cells under DENV2 infected M.O.I.
of 1 and 5 were treated with 10 uM cardol mixture and

cardol triene at 48 h. Images are at 400x magnification.
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Figure 5.5 Cytotoxic concentration (CCsy) of cardol triene and cardol
mixture when treated in (a) HepG2 cells, (b) THP-1 cells,

and (c) HEK-293 cells. Data represent means * standard

error mean (SEM) of three independent experiments.
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Table 5.3 Effective concentrations (ECsp) and Therapeutic index (TI)
of cardol triene with DENV 1, 3, 4 and Zika virus.

Virus ECso (UM) TI
DENV1 5.35%£1.16 38.77
DENV3 8.98+1.77 23.08
DENV4 8.21+0.34 25.24
ZIKV Not inhibited -

Data represent means + standard error mean (SEM) of three independent
experiments.

5.4 Mechanism of action study
5.4.1 Initial screening mechanism: Time of drug addition

Time of drug addition assay is a standard method to primarily
identify the possible target of a newly characterized compound (99-101).
Based on the previous efficacy results, cardol triene was chosen as a
representative of the CNSL-derived phenolic lipids. Cardol triene was
prepared in DMSO and added to the final concentrations of 10 uM and 20
UM to DENV?2 infected Vero cells (M.O.l. of 0.1). The compound was
added to the cells at different time points. DMSO alone was added to the
infected cells as a mock treatment. After 72 h incubation, cell lysates and
supernatants were collected for analysis of intracellular RNAs and
infectious virions by RT-gPCR and plaque titration, respectively. Results
showed that intracellular RNAs and infectious virions (Fig. 5.6, 5.7)
decreased immediately at 1 h and persisted until 48 h after infections
suggesting that the compound inhibited the virus at both early and late
phases post-infection. The inhibitory effect was also dose-dependent as 20
UM of the compound inhibited more strongly than 10 uM to DENV?2
infected Vero cells. Noted that the ECs, of cardol triene was 7.13 £ 0.72
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UM; therefore, the viral replication should be suppressed beyond 50
percent by plaque titration under the treatment of cardol triene at both
concentrations. From this results, we hypothesized that the phenolic
compounds could bind to multiple targets at both early and late stages of

the virus life cycle.

Moreover, a computational screening was done in parallel using
similarity search, bioactivity analysis and interactome mapping (courtesy
of Kowit Hengphasartporn, Ph.D. candidate). Potential targets were
identified and grouped into 31 protein families. Among the direct hits, a
nonstructural protein-5 (NS5) was the only flaviviral protein to be
identified. This result supported the TOA finding that viral replication was
one of the potential targets of cardol triene and other CNSL-derived

phenolic lipids.
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Figure 5.6 Plaque formations from TOA supernatants at (a, b) early and
(c, d) late time points. Cells were infected with DENV?2 at a
M.O.l. of 0.1. The compound was added to the cells at
different time points after infection (hpi). DMSO alone was
added to the infected cells as a mock treatment. After 72 h
incubation, cell lysates and supernatants were collected for
analysis of intracellular RNAs and infectious virions by RT-
-qPCR and plaque titration, respectively
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Figure 5.7 The intracellular RNAs (A) and infectious virions (B) from
TOA at early and late time points were treated with
10 and 20 puM of cardol triene. Data were represent of three

independent experiments.
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5.4.2 Investigating the possible targets of the early steps

Molecular docking by CDOCKER revealed that cardol triene and
other CNSL-derived phenolic lipids stably bound to kl-loops that were
found exclusively in DENV E, not in Zika E protein (Fig. 5.8a-c) (courtesy
of Kowit Hengphasartporn, Ph.D. candidate). The inhibition of viral
attachment was studied using cardol triene at 10 UM co-incubated with
DENV2 before, during, and after infection to Vero cells (Fig. 5.9
attachment inhibition diagram). Since dengue envelope protein was the key
factor to receptor-binding, endocytosis, and fusion steps of virus life cycle,
we asked the question whether the compound binding would maximally
inhibit DENV envelope at which step. Results showed that the major
inhibition was observed at post-attachment with interferences of
intracellular RNA and infectious virion at 87.00 + 6.43 percent and 91.73
+ 4.53 percent (Figure 5.10) respectively. This level of inhibition resembles
that of ECsos experiment where 10 puM cardol triene inhibited the viral
progeny at 99.93 £ 0.01 percent with no significant difference. Partial
inhibition was also noticed in compound-virus pre-incubation and co-
incubation. Taken together, the compound most likely bound to kl-loop of
envelope protein and inhibited its conformational change to trimerization,

that would subsequently trigger pH-dependent fusion.
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Figure 5.8 a) Crystal structure of DENV E protein with kl-loop, b) a
crystal structure of Zika virus E protein without kl-loop, c)
the binding energy and fitness score between series of
phenolic lipid and kl-loop of DENV E protein using two
molecular  docking methods. (courtesy of Kowit
Hengphasartporn)
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Figure 5.9 Attachment inhibition procedure diagram.

Inhibition (%)

L4y
o
1

e e e e

I oo e e

Bl intracellular RNA

1004 T infectious virion

Figure 5.10 Percent inhibition of DENV2 infected Vero cells treated

with 10 uM cardol triene at 48 h before quantified the
amount of intracellular RNA and infectious virion. Data
represent means + standard error mean (SEM) of three
independent  experiment.  Statistical differences are
indicated as ****= p<0.0001
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Based on the accumulated data, the most likely target was DENV E
conformational change during pH-dependent fusion process. Fusion
inhibition study (Fig. 5.11 fusion inhibition diagram) was adapted from
(96),(97), and (98). Briefly, cardol triene at 10 uM was added to DENV2
(Fig. 5.12) or Zika virus (Fig. 5.13) infected C6/36 cells at the M.O.I. of 1
for 48 h before inducing acidic condition by MES. The 4G2 antibody was
used as a positive inhibition control of both DENV2 and Zika virus
experiments (102). Cardol triene inhibited only dengue fusion, but not Zika
virus fusion, consistent with the previous findings of ECsos and molecular
docking. Blocking the kl-loop prevented the conformational change of
DENV dimer to trimer that was required to initiate pH-dependent fusion.
Therefore, we concluded that one of the targets of cardol triene, and other
CNSL-derived phenolic lipids, could be the kl-loops of DENV E protein.

post-infection DENVZO/ZIKV cardol triene
28°C
overnight 1h 48h | MEs2n || 24-48 h
A A A
seeding inoculation wash wash  wash observed

Figure 5.11 Fusion inhibition procedure diagram.



48

DENV?2 infected cells DMSO+DENV?2 infected cells
(positive control)

Medium-only Cardol trienet+tDENV2 infected cells ~ 4G2+DENV?2 infected cells
(Negative control)

Figure 5.12 Morphology of DENV-infected C6/36 cells and treated
with 10 uM cardol triene at 48h before induced fusion
by MES. Images are at 400x magnification and data

were representation of three independent experiment.
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ZIKV infected cells DMSO+ZIKYV infected cells
(positive control)

Medium-only Cardol triene+ZIKV infected cells 4G2+ZIKV infected cells
(Negative control)

Figure 5.13 Morphology of Zika virus-infected C6/36 cells and treated
with 10 uM cardol triene at 48 h before induced fusion
by MES. Fused cells were indicated in a, b and d
(arrows). Images are at 400x magnification and data were

representation of three independent experiment.
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5.4.4 To explore the possible target of the late stages:

Replicon inhibition study
We analyzed the replication inhibition using BHK-21/DENV2

replicon cells stably expressed the non-structural proteins. Cardol triene at
10 uM and 20 pM were added to the replicon cells for 72 h and the
replication inhibition was accessed by RT-qPCR of DENV2 NSLI.
Ribavirin, a known inhibitor of flaviviral replication, was used as a positive
inhibition control (103). We found 76.60 £ 7.59 percent and 89.44 £ 4.02
percent inhibition from 10 uM and 20 uM cardol triene, respectively (Fig.
5.14a), comparable to those of ribavirin. The inhibitory effect at 20 uM of
cardol triene was closed to ribavirin that showed 98.42 + 0.68 percent and
98.09 £ 0.72 percent at 10 uM and 20 uM, respectively. Replicon cell
viability under cardol triene treatment was also analyzed using an MTS
assay. Cardol triene treatment at 10 uM and 20 uM for 72 h did not have
effect on cell viability (Fig. 5.14b). Therefore, we concluded that cardol
triene inhibited DENV RNA replicon replication. Results from this study

the replication could be the targets of cardol triene.
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Figure 5.14 Replicon inhibition study. (a) Percent replicon cells were
inhibited by cardol triene (black bars) and ribavirin (gray
bars) at 72 h. (b) Percent replicon cells viability were
treated with 10 and 20 uM cardol triene for 72 h. Data
were represent of three independent experiment.
Statistical differences are indicated as ** p-value<0.01,

ns= not significant.

In conclusion, this study characterized the CNSL-derived
phenolic lipids as dengue virus inhibitors. Among the 11 homologues,
cardol triene showed the broadest therapeutic index so it was chosen for
further investigations. Cardol triene expressed pan-dengue inhibition, but
did not inhibit Zika virus. Also, the compound showed good cytotoxic
profile towards three mammalian cell lines. Molecular targets of cardol
triene were likely a kl-loop of DENV E protein preventing fusion at the
early stages. Moreover, the screening result from the replicon inhibition

study showed the replication could be the target at late stages.
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CHAPTERG
DISCUSSION

Phenolic lipids, the natural amphiphilic long chains with
saturated and unsaturated homologues, were first reported in Ginkgoaceae
and Anacardiaceae plants with versatile biological activities (104). In this
work, all the main components of phenolic lipids were isolate from cashew
nut shell liquid (CNSL). The efficacies of viral inhibition were analyzed
using Vero cells and DENV?2 and cardol triene was the compound showing
highest T value. Cardol triene was then further investigated for efficacies
against DENV1, 3, 4, and Zika virus. Results showed that the compound
inhibited all dengue viruses but had no effect over Zika virus.
Cytotoxicities against three human-derived cell lines were also studied and
results showed that cardol triene was less cytotoxic than cardol mixture in
all tested cell lines. Moreover, the mechanism of action was also
investigated and results showed that the molecular targets were likely at
the kl-loop of DENV envelope protein. Our findings showed for the first
time that CNSL-derived phenolic lipid had a potential for further
development as anti-dengue inhibitors.

All homologues of CNSL-derived phenolic lipids showed similar
efficacies within against DENV2 (Table 5.2). We then hypothesized that
all CNSL-derived phenolic lipids shared the same molecular targets on
DENV2. Moreover, anacardic acid saturated (C15:0) that inhibited
DENV2 with the ECsy of 4.31 + 1.71 uM was also reported to inhibit
hepatitis C virus with the ECso 0f 7.25 uM (79). In contrast, cardol triene
inhibited DENV1-4 but had no effect over Zika virus. Based on the
findings, we speculated that the similar efficacies of DENV2 and HCV
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might be a coincidence of the compound targeted different molecules.
Evidences on the study of mannoside glycolipid conjugates suggested that
the saturated and unsaturated C24 tail were actively inhibited DENV2
infection (105). Further structure-activity relationship study using MD
simulation of kl-loop with a variety of phenolic lipids including another
head groups, tail length (C15-C25), and number of tail double bonds

should be performed.

Cardol triene showed cytoprotective effect towards Vero, HepG2,
THP-1, and HEK-293 cell lines with the CCs, of 207.30 + 5.24, 140.27 +
8.44,129.77 £ 12.08, 92.80 £ 3.93 uM, respectively (Figure 5.5) (Saelee,
T, unpublished). The cytoprotective effect of cardol triene was also
reported in normal human lung fibroblast cell line, GM07492A, with the
192.6 £ 6.0 uM (106). Cardol monoene, however, was reported with a
cytotoxicity against the SW620 (1Csp of 14.18 +£0.76 uM), KATO-111 (ICso
0f 19.06 £+ 0.39 uM), Hep-G2 (ICsp of 2.23 £ 0.22 uM), Chago I (ICso of
2.55+0.18 uM) and BT474 (ICsp of 13.46 + 0.14 uM) cell lines (80, 86).
By similar to the anacardic acid saturated was reported with a cytotoxicity
against the K562 (ICs of 25.40 uM) and AGS (41.60 uM) cell lines (107).
Therefore it was suggested as anti-cancer chemotherapy. Moreover, we
noticed that the increasing tail double bonds of anacardic acids, cardanols,
and cardols correlated with higher CCs, value (Table 5.2). It is possible
that the increasing double bonds of the tails would facilitate the compound
incorporation into lipid bilayer and stabilizing the bilayer by increasing the
membrane fluidity (108). Moreover, among the three head groups, cardol
showed the highest cytoprotection possibly because cardol had a rod-like
shape with adequate hydrophobicity for insertion and stabilization into the
hydrophobic parts of bilayer. Anacardic acids had a conical shape and more
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hydrophilic than cardol, therefore it was incorporated into the subsurface
and introduced a constraint on lipid packing leading to earlier membrane
disruption (78, 88).

The major target of cardol triene, and potentially other phenolic
lipids, was likely the kl-loop of DENV E protein. This target was one of
the hotspots in dengue drug discovery and a variety of ligands were
reported as fusion inhibitors (97, 109-111). Cardol triene was structurally
similar to 3-OG, the crystalized ligand, and similar binding moieties were
identified. For a clear demonstration of the compound failure to inhibit
ZIKV-induced fusion, we plan to perform the blue-fluorescent DAPI
nucleic acid stain. And further SAR studies would enlighten the drug

design for the next generation of phenolic lipids as dengue inhibitors.

Our results showed that replicons RNA were inhibited by cardol
triene. The replicon RNA was a self-replicating viral RNA but did not
produce the infectious virions due to absence of structural genes (112, 113).
Our results was in accordance withprevious report that anacardic acid
saturated inhibited hepatitis C viral replication (79). Since this group of
compounds are potential for multiple targets related to DENV replication
by both host and viral factors. However based on the accumulated data
from ECsos and fusion study showed cardol triene have selective efficacies
between DENV and Zika virus. Further studies should to explore the exact
molecular target of phenolic lipid compounds with two viral proteins by in
silico molecular docking, the chemical affinity-tagged purification and
identification such as chloro-alkane tagging, azide-alkyne streptavidin-

biotin system or liquid chromatography mass spectrophotometry system.
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Moreover, previous reports showed that the longer and the more
unsaturated hydrocarbon tail bonds related to higher affinity to either
disruptive and stabilizing the lipid bilayer (78, 88) (87, 114). It is also
possible that membrane insertion is one of the strategy of cardol triene to
protect the cell membrane, thus tremendously increasing CC50s in all
tested cell lines. In addition, a previous report suggested that the
incorporation of phenolic lipids into lipid membrane could promote
liposome fusion to the cell membrane and could activate the release of drug
molecules from the interior of liposomes to the target cells (87). In our
case, cardol triene itself was also active as anti-dengue by blocking the
DENV E conformational change. Therefore, cardol triene could possibly
being directly delivered to DENV-inhabitating endosome via membrane
incorporation and liposome fusion, which subsequently bind to kl-loop as

previously described.

Naturally, lipids are commonly the component of cellular membrane but
some lipid call bioactive lipids (e.g. diacylglycerols (DAG), eicosanoids,
and sphingolipids respectively) are important to regulate the cellular
pathways and signaling events (108). It was possible that phenolic lipids
would mimic the functions of bioactive lipids. Further studies to explore a
potential antiviral activities of phenolic lipids as bioactive lipid could be
performed. Moreover, it is possible that phenolic lipids could activate
pattern-recognition receptors (PRRs) as foreign pathogen-associated
molecular pattern (PAMPs). However, Vero cells is a cell-line that lacks
interferon type 1 system (115) to respond to such pathway. It was then
unlikely that the viral inhibition would be the results of activating the

Innate immune response.
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The phenolic lipid compound are one of the main interested in
pharmaceutical. The application of phenolic lipid compound is limited due
to poor solubility and low bioavaibility. Utilizing liposome vehicle might
be a solution of drug administration as this strategy has a potential to
deliver a lipophilic drug between membranes without perturbing their
membrane stability. Another possible application is encapsulation in order
to reduce the side effected and prevent the drug form exposure to the

digestive system (116).

In conclusion, we demonstrated for the first time that phenolic
lipids including anacardic acid, cardanol, and cardol were potential
candidates for drug development. The compounds inhibited all serotypes
DENV with good efficacy, and mild cytotoxic effects. The molecular
targets were identified at a kl-loop of E protein at the early stage. The SAR
of phenolic lipids should be further explored for potentials to be antiviral
agents for their versatile possible targets. Moreover, its selective efficacies
towards DENV but not Zika virus could become a crucial tool for structural
and functional comparative studies. Since this group of compounds are
relatively new in antiviral drug discovery, a lot of knowledge is awaited to
be explored and discovered. And we clearly showed in this research that

this group of compounds has strong potentials to become novel antivirals.



10.

11.

12.

13.

14.

15.

REFERENCES

Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes
CL, et al. The global distribution and burden of dengue. Nature.
2013;496(7446):504-7.

Murray NE, Quam MB, Wilder-Smith A. Epidemiology of dengue: past,
present and future prospects. Clinical epidemiology. 2013;5:299-309.
WHO.Dengue and  severe  dengue. [Available  from:
http://www.who.int/mediacentre/factsheets/fs117/en/.

Bureau of the Vector.Thailand dengue situation, Ministry of Public
Health. Available from. 2017.

Marimuthu P, Ravinder JR. Trends in clinical trials of dengue vaccine.
Perspectives in clinical research. 2016;7(4):161-4.

Prince HE, Yeh C, Lape-Nixon M. Primary and probable secondary
dengue virus (DV) infection rates in relation to age among DV IgM-
positive patients residing in the United States mainland versus the
Caribbean islands. Clinical and vaccine immunology : CVIL.
2012;19(1):105-8.

Gubler DJ. Dengue and dengue hemorrhagic fever. Clinical microbiology
reviews. 1998;11(3):480-96.

Ramadona AL, Lazuardi L, Hii YL, Holmner A, Kusnanto H, Rocklov J.
Prediction of Dengue Outbreaks Based on Disease Surveillance and
Meteorological Data. PL0oS One. 2016;11(3):e0152688.

Chan KR, Ong EZ, Ooi EE. Therapeutic antibodies as a treatment option
for dengue fever. Expert review of anti-infective therapy.
2013;11(11):1147-57.

Villar L, Dayan GH, Arredondo-Garcia JL, Rivera DM, Cunha R, Deseda
C, et al. Efficacy of a tetravalent dengue vaccine in children in Latin
America. N Engl J Med. 2015;372(2):113-23.

Lim SP, Wang QY, Noble CG, Chen YL, Dong H, Zou B, etal. Ten years
of dengue drug discovery: progress and prospects. Antiviral research.
2013;100(2):500-19.

Neufeldt CJ, Cortese M, Acosta EG, Bartenschlager R. Rewiring cellular
networks by members of the Flaviviridae family. Nature Reviews
Microbiology. 2018;16:125.

Acheson NH. Fundamentals of molecular virology: John Wiley & Sons,
Inc; 2011.

Russell P, Brandt W, Dalrymple J. Chemical and antigenic structure of
flaviviruses. The togaviruses Academic Press, New York, NY. 1980:503-
29.

Kuhn RJ, Zhang W, Rossmann MG, Pletnev SV, Corver J, Lenches E, et
al. Structure of dengue virus: implications for flavivirus organization,
maturation, and fusion. Cell. 2002;108(5):717-25.



http://www.who.int/mediacentre/factsheets/fs117/en/

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

217.

28.

58

Soares R, Caliri A. Stereochemical features of the envelope protein
Domain 111 of dengue virus reveals putative antigenic site in the five-fold
symmetry axis. Biochimica et Biophysica Acta (BBA)-Proteins and
Proteomics. 2013;1834(1):221-30.

Herrero LJ, Zakhary A, Gahan ME, Nelson MA, Herring BL, Hapel AJ,
et al. Dengue virus therapeutic intervention strategies based on viral,
vector and host factors involved in disease pathogenesis. Pharmacology
& therapeutics. 2013;137(2):266-82.

Chen Y, Maguire T, Hileman RE, Fromm JR, Esko JD, Linhardt RJ, et al.
Dengue virus infectivity depends on envelope protein binding to target
cell heparan sulfate. Nature medicine. 1997;3(8):866.

Tassaneetrithep B, Burgess TH, Granelli-Piperno A, Trumpfheller C,
Finke J, Sun W, etal. DC-SIGN (CD209) mediates dengue virus infection
of human dendritic cells. Journal of Experimental Medicine.
2003;197(7):823-9.

Miller JL, M deWet BJ, Martinez-Pomares L, Radcliffe CM, Dwek RA,
Rudd PM, et al. The mannose receptor mediates dengue virus infection of
macrophages. PLoS pathogens. 2008;4(2):e17.

Meertens L, Carnec X, Lecoin MP, Ramdasi R, Guivel-Benhassine F,
Lew E, etal. The TIM and TAM families of phosphatidylserine receptors
mediate dengue virus entry. Cell host & microbe. 2012;12(4):544-57.
Reyes-del Valle J, Chavez-Salinas S, Medina F, Del Angel RM. Heat
shock protein 90 and heat shock protein 70 are components of dengue
virus receptor complex in human cells. Journal of virology.
2005;79(8):4557-67.

Jindadamrongwech S, Thepparit C, Smith D. ldentification of GRP 78
(BiP) as a liver cell expressed receptor element for dengue virus serotype
2. Archives of virology. 2004;149(5):915-27.

Carnec X, Meertens L, Dejarnac O, Perera-Lecoin M, Hafirassou ML,
Kitaura J, et al. The phosphatidylserine and phosphatidylethanolamine
receptor CD300a binds dengue virus and enhances infection. Journal of
virology. 2016;90(1):92-102.

Diamond MS, Pierson TC. Molecular insight into dengue virus
pathogenesis and its implications for disease control. Cell.
2015;162(3):488-92.

Acosta EG, Castilla vV, Damonte EB. Functional entry of dengue virus
into Aedes albopictus mosquito cells is dependent on clathrin-mediated
endocytosis. Journal of General Virology. 2008;89(2):474-84.

Welsch S, Miller S, Romero-Brey I, Merz A, Bleck CK, Walther P, et al.
Composition and three-dimensional architecture of the dengue virus
replication and assembly sites. Cell host & microbe. 2009;5(4):365-75.
Sampath A, Padmanabhan R. Molecular targets for flavivirus drug
discovery. Antiviral research. 2009;81(1):6-15.



29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.

42.

59

Clyde K, Kyle JL, Harris E. Recent advances in deciphering viral and host
determinants of dengue virus replication and pathogenesis. Journal of
virology. 2006;80(23):11418-31.

Wang Q-Y, Patel SJ, Vangrevelinghe E, Xu HY, Rao R, Jaber D, et al. A
small-molecule dengue virus entry inhibitor. Antimicrobial agents and
chemotherapy. 2009;53(5):1823-31.

Poh MK, Yip A, Zhang S, Priestle JP, Ma NL, Smit JM, et al. A small
molecule fusion inhibitor of dengue virus. Antiviral research.
2009;84(3):260-6.

Chu J, Yang PL. c-Src protein kinase inhibitors block assembly and
maturation of dengue virus. Proceedings of the National Academy of
Sciences. 2007;104(9):3520-5.

Xie X, Wang Q-Y, Xu HY, Qing M, Kramer L, Yuan Z, et al. Inhibition
of dengue virus by targeting viral NS4B protein. Journal of virology.
2011;85(21):11183-95.

Markoff L, Falgout B, Chang A. A conserved internal hydrophobic
domain mediates the stable membrane integration of the dengue virus
capsid protein. Virology. 1997;233(1):105-17.

Modis Y, Ogata S, Clements D, Harrison SC. Structure of the dengue
virus  envelope protein  after ~membrane fusion.  Nature.
2004,;427(6972):313.

Winkler G, Maxwell SE, Ruemmler C, Stollar V. Newly synthesized
dengue-2 virus nonstructural protein NS1 is a soluble protein but becomes
partially hydrophobic and membrane-associated after dimerization.
Virology. 1989;171(1):302-5.

Westaway EG, Mackenzie JM, Kenney MT, Jones MK, Khromykh AA.
Ultrastructure of Kunjin virus-infected cells: colocalization of NS1 and
NS3 with double-stranded RNA, and of NS2B with NS3, in virus-induced
membrane structures. Journal of virology. 1997;71(9):6650-61.
MACKENZIE JM, JONES MK, YOUNG PR. Immunolocalization of the
dengue virus nonstructural glycoprotein NS1 suggests a role in viral RNA
replication. Virology. 1996;220(1):232-40.

Lindenbach BD, Rice CM. trans-Complementation of yellow fever virus
NS1 reveals a role in early RNA replication. Journal of virology.
1997;71(12):9608-17.

Edeling MA, Diamond MS, Fremont DH. Structural basis of Flavivirus
NS1 assembly and antibody recognition. Proceedings of the National
Academy of Sciences. 2014;111(11):4285-90.

Xie X, Zou J, Puttikhunt C, Yuan Z, Shi P-Y. Two distinct sets of NS2A
molecules are responsible for dengue virus RNA synthesis and virion
assembly. Journal of virology. 2015;89(2):1298-313.

Luo D, Vasudevan SG, Lescar J. The flavivirus NS2B—NS3 protease—
helicase as a target for antiviral drug development. Antiviral research.
2015;118:148-58.



43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

o4,

95.

60

Falgout B, Pethel M, Zhang Y, Lai C. Both nonstructural proteins NS2B
and NS3 are required for the proteolytic processing of dengue virus
nonstructural proteins. Journal of virology. 1991;65(5):2467-75.

Leung D, Schroder K, White H, Fang N-X, Stoermer MJ, Abbenante G,
et al. Activity of recombinant dengue 2 virus NS3 protease in the presence
of a truncated NS2B co-factor, small peptide substrates, and inhibitors.
Journal of Biological Chemistry. 2001;276(49):45762-71.

Zou J, Xie X, Wang Q-Y, Dong H, Lee MY, Kang C, et al
Characterization of dengue virus NS4A and NS4B protein interaction.
Journal of virology. 2015;89(7):3455-70.

Zou J, Wang QY, Xie X, Lu S, Yau YH, Yuan Z, et al. Mapping the
interactions between the NS4B and NS3 proteins of dengue virus. Journal
of virology. 2015;89(7):3471-83.

Wang Q-Y, Dong H, Zou B, Karuna R, Wan KF, Zou J, et al. Discovery
of dengue virus NS4B inhibitors. Journal of virology. 2015;89(16):8233-
44,

Zhao Y, Soh TS, Zheng J, Chan KWK, Phoo WW, Lee CC, et al. A crystal
structure of the dengue virus NS5 protein reveals a novel inter-domain
interface essential for protein flexibility and virus replication. PL0oS
pathogens. 2015;11(3):e1004682.

Lim SP, Noble CG, Shi P-Y. The dengue virus NS5 protein as a target for
drug discovery. Antiviral research. 2015;119:57-67.

Black WCt, Bennett KE, Gorrochotegui-Escalante N, Barillas-Mury CV,
Fernandez-Salas |, de Lourdes Munoz M, et al. Flavivirus susceptibility
in Aedes aegypti. Archives of medical research. 2002;33(4):379-88.
Stanaway JD, Shepard DS, Undurraga EA, Halasa YA, Coffeng LE,
Brady OJ, et al. The global burden of dengue: an analysis from the Global
Burden of Disease Study 2013. The Lancet infectious diseases.
2016;16(6):712-23.

Viennet E, Ritchie SA, Williams CR, Faddy HM, Harley D. Public health
responses to and challenges for the control of dengue transmission in
high-income countries: four case studies. PLoS neglected tropical
diseases. 2016;10(9):e0004943.

Whitehead SS. Development of TV003/TV005, a single dose, highly
immunogenic live attenuated dengue vaccine; what makes this vaccine
different from the Sanofi-Pasteur CYD™ vaccine? Expert review of
vaccines. 2016;15(4):509-17.

Schwartz LM, Halloran ME, Durbin AP, Longini Jr IM. The dengue
vaccine pipeline: Implications for the future of dengue control. Vaccine.
2015;33(29):3293-8.

Torresi J, Ebert G, Pellegrini M. Vaccines licensed and in clinical trials
for the prevention of dengue. Human vaccines & immunotherapeutics.
2017;13(5):1059-72.



56.

S7.

58.

59.

60.

61.

62.

63.

64.

65.

66.

61

Pattnaik A, Palermo N, Sahoo BR, Yuan Z, Hu D, Annamalai AS, et al.
Discovery of a non-nucleoside RNA polymerase inhibitor for blocking
Zika virus replication through in silico screening. Antiviral research.
2017.

Nawi MSM, Sufian M, Rahman N, Abd Hamid S, Yusof R, Othman S, et
al. Ligand Based Drug Discovery of Novel Dengue-2 NS2B-NS3
Protease Inhibitors: Universiti Sains Malaysia; 2015.

Mirza SB, Lee RCH, Chu JJH, Salmas RE, Mavromoustakos T, Durdagi
S. Discovery of selective dengue virus inhibitors using combination of
molecular fingerprint-based virtual screening protocols, structure-based
pharmacophore model development, molecular dynamics simulations and
in vitro studies. Journal of Molecular Graphics and Modelling.
2018;79:88-102.

Low JG, Ooi EE, Vasudevan SG. Current Status of Dengue Therapeutics
Research and Development. The Journal of infectious diseases.
2017;215(suppl_2):S96-5102.

Clark MJ, Miduturu C, Schmidt AG, Zhu X, Pitts JD, Wang J, et al. GNF-
2 inhibits dengue virus by targeting Abl kinases and the viral E protein.
Cell chemical biology. 2016;23(4):443-52.

Panya A, Sawasdee N, Junking M, Srisawat C, Choowongkomon K,
Yenchitsomanus PT. A peptide inhibitor derived from the conserved
ectodomain region of DENV membrane (M) protein with activity against
dengue virus infection. Chemical biology & drug design.
2015;86(5):1093-104.

Li X, Chen W, Tian Y, Liu H, Zhan P, De Clercq E, et al. Discovery of
novel diarylpyrimidines as potent HIV NNRTIs via a structure-guided
core-refining approach. European journal of medicinal chemistry.
2014;80:112-21.

Cabarcas-Montalvo M, Maldonado-Rojas W, Montes-Grajales D, Bertel-
Sevilla A, Wagner-Dobler 1, Sztajer H, et al. Discovery of antiviral
molecules for dengue: In silico search and biological evaluation.
European journal of medicinal chemistry. 2016;110:87-97.

Kato F, Ishida Y, Oishi S, Fujii N, Watanabe S, Vasudevan SG, et al.
Novel antiviral activity of bromocriptine against dengue virus replication.
Antiviral research. 2016;131:141-7.

Rothan HA, Buckle MJ, Ammar YA, Mohammadjavad P, Shatrah O,
Noorsaadah AR, et al. Study the antiviral activity of some derivatives of
tetracycline and non-steroid anti inflammatory drugs towards dengue
virus. Tropical biomedicine. 2013;30(4):681-90.

Kounde CS, Yeo H-Q, Wang Q-Y, Wan KF, Dong H, Karuna R, et al.
Discovery of 2-oxopiperazine dengue inhibitors by scaffold morphing of
a phenotypic high-throughput screening hit. Bioorganic & medicinal
chemistry letters. 2017;27(6):1385-9.



67.

68.

69.

70.

71.

72.

73.

74,

75.

76.

77,

78.

62

Lim SP, Noble CG, Shi PY. The dengue virus NS5 protein as a target for
drug discovery. Antiviral research. 2015;119:57-67.

Manvar D, Kucukguzel I, Erensoy G, Tatar E, Deryabasogullari G, Reddy
H, et al. Discovery of conjugated thiazolidinone-thiadiazole scaffold as
anti-dengue virus polymerase inhibitors. Biochemical and biophysical
research communications. 2016;469(3):743-7.

Tricou V, Minh NN, Van TP, Lee SJ, Farrar J, Wills B, et al. A
randomized controlled trial of chloroquine for the treatment of dengue in
Vietnamese adults. PLoS neglected tropical diseases. 2010;4(8):e785.
Tam DT, Ngoc TV, Tien NT, Kieu NT, Thuy TT, Thanh LT, et al. Effects
of short-course oral corticosteroid therapy in early dengue infection in
Vietnamese patients: a randomized, placebo-controlled trial. Clinical
infectious diseases : an official publication of the Infectious Diseases
Society of America. 2012;55(9):1216-24.

Nguyen NM, Tran CN, Phung LK, Duong KT, Huynh Hle A, Farrar J, et
al. A randomized, double-blind placebo controlled trial of balapiravir, a
polymerase inhibitor, in adult dengue patients. The Journal of infectious
diseases. 2013;207(9):1442-50.

Low JG, Sung C, Wijaya L, Wei Y, Rathore AP, Watanabe S, et al.
Efficacy and safety of celgosivir in patients with dengue fever
(CELADEN): a phase 1b, randomised, double-blind, placebo-controlled,
proof-of-concept trial. The Lancet Infectious diseases. 2014;14(8):706-
15.

Whitehorn J, Nguyen CVV, Khanh LP, Kien DTH, Quyen NTH, Tran
NTT, et al. Lovastatin for the Treatment of Adult Patients With Dengue:
A Randomized, Double-Blind, Placebo-Controlled Trial. Clinical
infectious diseases : an official publication of the Infectious Diseases
Society of America. 2016;62(4):468-76.

Abd Kadir SL, Yaakob H, Mohamed Zulkifli R. Potential anti-dengue
medicinal plants: a review. Journal of natural medicines. 2013;67(4):677-
89.

Stasiuk M, Janiszewska A, Kozubek A. Phenolic lipids affect the activity
and conformation of acetylcholinesterase from Electrophorus electricus
(Electric eel). Nutrients. 2014;6(5):1823-31.

Hamad FB, Mubofu EB. Potential biological applications of bio-based
anacardic acids and their derivatives. International journal of molecular
sciences. 2015;16(4):8569-90.

Phani Kumar P, Paramashivappa R, Vithayathil PJ, Subba Rao PV,
Srinivasa Rao A. Process for isolation of cardanol from technical cashew
(Anacardium occidentale L.) nut shell liquid. Journal of agricultural and
food chemistry. 2002;50(16):4705-8.

Stasiuk M, Kozubek A. Biological activity of phenolic lipids. Cell Mol
Life Sci. 2010;67(6):841-60.



79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

63

Hundt J, Li Z, Liu Q. The inhibitory effects of anacardic acid on hepatitis
C virus life cycle. PLoS One. 2015;10(2):e0117514.

Kustiawan PM, Lirdprapamongkol K, Palaga T, Puthong S,
Phuwapraisirisan P, Svasti J, et al. Molecular mechanism of cardol,
isolated from Trigona incisa stingless bee propolis, induced apoptosis in
the SW620 human colorectal cancer cell line. BMC pharmacology &
toxicology. 2017;18(1):32.

Simoes LR, Maciel GM, Brandao GC, Kroon EG, Castilho RO, Oliveira
AB. Antiviral activity of Distictella elongata (\Vahl) Urb. (Bignoniaceae),
a potentially useful source of anti-dengue drugs from the state of Minas
Gerais, Brazil. Letters in applied microbiology. 2011;53(6):602-7.

Lee SH, Tang YQ, Rathkrishnan A, Wang SM, Ong KC, Manikam R, et
al. Effects of cocktail of four local Malaysian medicinal plants
(Phyllanthus spp.) against dengue virus 2. BMC complementary and
alternative medicine. 2013;13:192.

Ahmad SAA, Palanisamy UD, Tejo BA, Chew MF, Tham HW, Hassan
SS. Geraniin extracted from the rind of Nephelium lappaceum binds to
dengue virus type-2 envelope protein and inhibits early stage of virus
replication. Virology journal. 2017;14(1):229.

Boonsai P, Phuwapraisirisan P, Chanchao C. Antibacterial activity of a
cardanol from Thai Apis mellifera propolis. International journal of
medical sciences. 2014;11(4):327-36.

Muzaffar S, Bose C, Banerji A, Nair BG, Chattoo BB. Anacardic acid
induces apoptosis-like cell death in the rice blast fungus Magnaporthe
oryzae. Applied microbiology and biotechnology. 2016;100(1):323-35.
Kustiawan PM, Phuwapraisirisan P, Puthong S, Palaga T, Arung ET,
Chanchao C. Propolis from the Stingless Bee Trigona incisa from East
Kalimantan, Indonesia, Induces In Vitro Cytotoxicity and Apoptosis in
Cancer Cell lines. Asian Pacific journal of cancer prevention : APJCP.
2015;16(15):6581-9.

Cieslik-Boczula K, Koll A. The effect of 3-pentadecylphenol on DPPC
bilayers ATR-IR and 31P NMR studies. Biophysical chemistry.
2009;140(1-3):51-6.

Stasiuk M, Kozubek A. Membrane perturbing properties of natural
phenolic and resorcinolic lipids. FEBS letters. 2008;582(25-26):3607-13.
De Maria P, Filippone P, Fontana A, Gasbarri C, Siani G, Velluto D.
Cardanol as a replacement for cholesterol into the lipid bilayer of POPC
liposomes. Colloids and surfaces B, Biointerfaces. 2005;40(1):11-8.
Boonyasuppayakorn S, Suroengrit A, Srivarangkul P, Yuttithamnon W,
Pankaew S, Saelee T, et al. Simplified dengue virus microwell plaque
assay using an automated quantification program. J Virol Methods.
2016;237:25-31.

Boonyasuppayakorn S, Reichert ED, Manzano M, Nagarajan K,
Padmanabhan R. Amodiaquine, an antimalarial drug, inhibits dengue



92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.

64

virus type 2 replication and infectivity. Antiviral research. 2014;106:125-
34.

Lani R, Hassandarvish P, Chiam CW, Moghaddam E, Chu JJ, Rausalu K,
et al. Antiviral activity of silymarin against chikungunya virus. Scientific
reports. 2015;5:11421.

Shu PY, Chang SF, Kuo YC, Yueh YY, Chien LJ, Sue CL, et al.
Development of group- and serotype-specific one-step SYBR green I-
based real-time reverse transcription-PCR assay for dengue virus. Journal
of clinical microbiology. 2003;41(6):2408-16.

Manzano M, Reichert ED, Polo S, Falgout B, Kasprzak W, Shapiro BA,
et al. Identification of cis-acting elements in the 3'-untranslated region of
the dengue virus type 2 RNA that modulate translation and replication.
The Journal of biological chemistry. 2011;286(25):22521-34.

Lani R, Hassandarvish P, Shu MH, Phoon WH, Chu JJ, Higgs S, et al.
Antiviral activity of selected flavonoids against Chikungunya virus.
Antiviral research. 2016;133:50-61.

Ichiyama K, Gopala Reddy SB, Zhang LF, Chin WX, Muschin T, Heinig
L, et al. Sulfated polysaccharide, curdlan sulfate, efficiently prevents
entry/fusion and restricts antibody-dependent enhancement of dengue
virus infection in vitro: a possible candidate for clinical application. PLoS
neglected tropical diseases. 2013;7(4):e2188.

Poh MK, Yip A, Zhang S, Priestle JP, Ma NL, Smit JM, et al. A small
molecule fusion inhibitor of dengue virus. Antiviral research.
2009;84(3):260-6.

Randolph VB, Stollar V. Low pH-induced cell fusion in flavivirus-
infected Aedes albopictus cell cultures. The Journal of general virology.
1990;71 ( Pt 8):1845-50.

Daelemans D, Pauwels R, De Clercq E, Pannecouque C. A time-of-drug
addition approach to target identification of antiviral compounds. Nature
protocols. 2011;6(6):925.

Lin P-F, Blair W, Wang T, Spicer T, Guo Q, Zhou N, et al. A small
molecule HIV-1 inhibitor that targets the HIV-1 envelope and inhibits
CD4 receptor binding. Proceedings of the National Academy of Sciences.
2003;100(19):11013-8.

Frabasile S, Koishi AC, Kuczera D, Silveira GF, Verri Jr WA, Dos Santos
CND, et al. The citrus flavanone naringenin impairs dengue virus
replication in human cells. Scientific reports. 2017;7:41864.

Summers PL, Cohen WH, Ruiz MM, Hase T, Eckels KH. Flaviviruses
can mediate fusion from without in Aedes albopictus mosquito cell
cultures. Virus research. 1989;12(4):383-92.

Takhampunya R, Ubol S, Houng HS, Cameron CE, Padmanabhan R.
Inhibition of dengue virus replication by mycophenolic acid and ribavirin.
The Journal of general virology. 2006;87(Pt 7):1947-52.



65

104. Przeworska E, Gubernator J, Kozubek A. Formation of liposomes by
resorcinolic lipids, single-chain phenolic amphiphiles from Anacardium
occidentale L. Biochimica et biophysica acta. 2001;1513(1):75-81.

105. Schaeffer E, Flacher V, Neuberg P, Hoste A, Brulefert A, Fauny J-D, et
al. Inhibition of dengue virus infection by mannoside glycolipid
conjugates. Antiviral research. 2018;154:116-23.

106. Alvarenga TA, de Oliveira PF, de Souza JM, Tavares DC, Andrade e

Silva MrL, Cunha WR, et al. Schistosomicidal Activity of Alkyl-phenols from

the Cashew Anacardium occidentale against Schistosoma mansoni Adult

Worms. Journal of agricultural and food chemistry. 2016;64(46):8821-7.

107. Alam-Escamilla D, Estrada-Muniz E, Solis-Villegas E, Elizondo G, Vega

L. Genotoxic and cytostatic effects of 6-pentadecyl salicylic anacardic acid in

transformed cell lines and peripheral blood mononuclear cells. Mutation

Research/Genetic Toxicology and Environmental Mutagenesis. 2015;777:43-53.

108. Villareal VA, Rodgers MA, Costello DA, Yang PL. Targeting host lipid

synthesis and metabolism to inhibit dengue and hepatitis C viruses. Antiviral

research. 2015;124:110-21.

109. Tambunan US, Zahroh H, Parikesit AA, Idrus S, Kerami D. Screening

analogs of B-OG pocket binder as fusion inhibitor of dengue virus 2. Drug target

insights. 2015;9:DTI. S31566.

110. Kampmann T, Mueller DS, Mark AE, Young PR, Kobe B. The role of

histidine residues in low-pH-mediated viral membrane fusion. Structure.

2006;14(10):1481-7.

111. Yennamalli R, Subbarao N, Kampmann T, McGeary RP, Young PR,

Kobe B. Identification of novel target sites and an inhibitor of the dengue virus

E protein. Journal of computer-aided molecular design. 2009;23(6):333.

112.  Junjhon J, Pennington JG, Edwards TJ, Perera R, Lanman J, Kuhn RJ.

Ultrastructural characterization and three-dimensional architecture of replication

sites in dengue virus-infected mosquito cells. Journal of virology.

2014,;88(9):4687-97.

113. Zhou S, Liu R, Baroudy BM, Malcolm BA, Reyes GR. The effect of

ribavirin and IMPDH inhibitors on hepatitis C virus subgenomic replicon RNA.

Virology. 2003;310(2):333-42.

114. Siwko ME, de Vries AH, Mark AE, Kozubek A, Marrink SJ. Disturb or

stabilize? A molecular dynamics study of the effects of resorcinolic lipids on

phospholipid bilayers. Biophysical journal. 2009;96(8):3140-53.

115. Emeny JM, Morgan MJ. Regulation of the interferon system: evidence

that Vero cells have a genetic defect in interferon production. Journal of General

Virology. 1979;43(1):247-52.

116. Esfanjani AF, Assadpour E, Jafari SM. Improving the bioavailability of

phenolic compounds by loading them within lipid-based nanocarriers. Trends in

Food Science & Technology. 2018.



APPENDIX



67

APPENDIX A

REAGENTS, MATERAILS AND INSTRUMENTS

Reagents

Absolute methanol

Crystal violet

Dimethyl sulfoxside
Direct-zol™ RNA MiniPrep
EDTA

Fetal bovine serum
Formaldehyde

Geneticin (G418)

Gum tragacanth

HEPES

Isopropanol

M199 medium

MEM medium

Methanol

MES (N-morpholino ethanesulfonic acid)
MTS reagent

Na;HCO;

Penicillin G

Potassium chloride
Potassium phosphate

Power SYBRGreen PCR Master Mix

(Merk, Germany)
(Merk, Germany)
(Merk, Germany)
(Zymoresearch, USA)
(Bio Basic Inc., Canada)
(GIBCO, USA)
(CARLO ERRA, Italy)
(Bio Basic Inc., Canada)
(Sigma Aldrich, USA)
(Bio Basic Inc., Canada)
(Merk, Germany)
(GIBCO, USA)
(GIBCO, USA)

(Merk, Germany)
(Sigma Aldrich, USA)
(Promaga, USA)
(Sigma Aldrich, USA)
(Bio Basic Inc., Canada)
(Merk, Germany)

(Bio Basic Inc., Canada)
(ABI7500, USA)



Ribavirin

Sodium bicarbonate
Sodium chloride
Sodium phosphate
Streptomycin
TRIZOL reagent

Trypsin

Materials

Centrifuge tube (15 and 50 ml)

Microcentrifuge tube (1.5 ml)
Flat 24, 96 well-plate

Tissue culture flask (T25 and T75)

Instruments

Autoclave (model-SX-700)
Biophotometer (D30)
Centrifuge (Biofuge Stratos)
CO; incubator

Incubator

Inverted microscope (Eclipse TS100)
Microcentrifuge (model: Forc 1418)
Microplate reader (model: VICTOR™X3)

Mixer-vortex

Step-OnePlus Real-time PCR System

Water bath
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(TargetMol, USA)
(Sigma Aldrich, USA)

(EMSURE, Germany)
(Merk, Germany)

(Bio Basic Inc., Canada)
(Ambion, USA)

(Bio Basic Inc., Canada)

(JET BIOFIL, China)

(JET BIOFIL, China)

(SPL LIFE SCIENCE, Korea)
(NUNC, Denmark)

(Tomy, Japan)
(Eppendorf, USA)
(SORVALLR, Germany)
(Thermo Forma, USA)
(Memmert, Germany)
(Nikon, USA)

(Edison, USA)
(PerkinElmer, USA)
(Science industrial, USA)

(Applied Biosystems, USA)
(Julabo, Germany)



APPENDIX B

REAGENTS PREPARATION

Reagents and media for cell culture

2X MEM
MEM with L-glutamine
Sterilized DDW

Sterilized by filtration and stored at 4°C

2X M199
M199 with L-glutamine
Sterilized DDW
Sterilized by filtration and stored at 4°C

10% MEM (Growth media for LLC/MK2 cells)
2X MEM with L-glutamine
Fetal bovine serum
10 mM HEPES
Penicillin (100 I1.U./ml) and
Streptomycin (1000 pg/ml) antibiotic
10% Na,HCO;

Sterilized DDW
Stored at 4°C

19.2
1000

19
1000

50
10
500

36.5

69

g
ml

ml

mi

ml

mi
ml

mi



2X MEM with L-glutamine
Fetal bovine serum

10 mM HEPES

Geneticin (G418) (50 mg/ml)
10% Na,HCO;

Sterilized DDW
Stored at 4°C

10% MEM (Growth media for C6/36 cells)

2X MEM with L-glutamine

Fetal bovine serum

10 mM HEPES

Penicillin (100 I.U./ml) and
Streptomycin (1000 pg/ml) antibiotic
10% Na,HCO;

Sterilized DDW
Stored at 4°C

10% M199 (Growth media for Vero cells)

2X M199 with L-glutamine

Fetal bovine serum

10 mM HEPES

Penicillin (100 1.U./ml) and
Streptomycin (1000 pg/ml) antibiotic
10% Na,HCO;

10% MEM (Growth media for BHK-DENV?2 replicon cells)

50
10
500
600

36.5

50
10
700

500
36.5

50
10
500

70

mi

ml

ml

mi



Sterilized DDW
Stored at 4°C

36.5

71

mi

1% MEM (Maintenance medium for LLC/MK2 cells and BHK-DENV2

replicon cells)
2X MEM with L-glutamine
Fetal bovine serum
10 mM HEPES
Penicillin (100 I.U./ml) and
Streptomycin (1000 pg/ml) antibiotic
10% Na;HCO;

Sterilized DDW
Stored at 4°C

1% MEM (Maintenance medium for C6/36 cells)
2X MEM with L-glutamine
Fetal bovine serum
10 mM HEPES
Penicillin (200 I.U./ml) and
Streptomycin (1000 pg/ml) antibiotic
10% Na,HCO;

Sterilized DDW
Stored at 4°C

1% M199 (Maintenance medium for Vero cells)
2X M199 with L-glutamine
Fetal bovine serum
10 mM HEPES

50
1
500

45.5

50

700

500
45.5

50

500

mi

ml

ul

mi
ml

mi

mi

ml



Penicillin (200 I1.U./ml) and
Streptomycin (1000 pg/ml) antibiotic
10% Na;HCO;

Sterilized DDW
Stored at 4°C

5% Trypsin
Trypsin
Sterilized DDW
Sterilized by filtration and stored at 4°C

0.25% Trypsin-EDTA
5% Trypsin
1% EDTA
1X PBS

Stored at -20°C

0.05% Trypsin-EDTA
0.25% Trypsin
1% EDTA
1X PBS

Stored at 4°C

45.5

100

800
37.2

320
15.68

72

mi
ml

mi

mi

ml

ml

mi

mi



1% EDTA
EDTA 1
Sterilized DDW 100

Sterilized by filtration and stored at 4°C

10X PBSpH 7.4

NaCl 40
KCI 1
Na;HPO, 5.75
KH;HPO, 1
Sterilized DDW 500

Sterilized by autoclaved and stored at room temperature

1X PBS
10X PBS 20
Sterilized DDW 180

Stored at room temperature

10 mM HEPES
HEPES 11.915
Sterilized DDW 50

Sterilized by autoclaved and stored at 4°C

73

mi

o QO «u «

ml

mi

ml



10% Na,HCO;
NazHCO;g
Sterilized DDW

Sterilized by autoclaved and stored at 4°C

0.5 M MES (N-morpholino ethanesulfonic acid)
MES
Sterilized DDW

50

0.98
50

Sterilized by filtration and stored at room temperature

Plaque overlay medium
1.6% Gum tragacanth
Gum tragacanth

Sterilized DDW

Sterilized by autoclaved and stored at 4°C

0.8% Overlay medium
2X MEM with L-glutamine
1.6% Gum tragacanth
Fetal bovine serum
10 mM HEPES
Penicillin (100 I.U./ml) and
Streptomycin (1000 pg/ml) antibiotic
10% Na,HCO;

Stored at 4°C

1.6
100

50
50

500

74

mi

ml

ml

mi
ml

ml

ml

ml



1% Crystal violet staining dye
Crystal violet
5% lsopropanol
10% Formaldehyde
Sterilized DDW

Stored at room temperature

25
70

75

ml
ml

mi



Primers
DN-F
DN-R
D2-F NS1
D2-R NS1

APPENDIX C

PRIMERS SEQUENCES

Sequences
5’-CAA TAT GCT GAA ACG CGA GAG AAA-3’
5’-CCC CAT CTATTC AGA ATC CCT GCT-3’
5’-CTG CGA CTC AAA ACT CAT GTC AG-3°
5>-GGC TTT CTCTATCTT CCATGT GTC-3°

76



APPENDIX D

CYTOTOXIC CONCENTRATION CCso OF PHENOLIC LIPD
COMPOUNDS

Cytotoxic concentration (CCs) of Anacardic acid
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Cytotoxic concentration (CCsp) of Cardol
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EFFECTIVE CONCENTRATION (ECso) OF PHENOLIC LIPID
COMOUNDS

Effective concentration (ECsp) of anacardic acid
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Effective concentration (ECsp) of Cardol

10
10°
;105 _
S ~ 10
> £
o1’ s
= NET
e
210! ERTE
~
10° TR
> EC,,=12.72 £ 0.67 pM >
= s0 = . n Z
w 1 T = 4.62 w
o 1o o 1o
10° T T & L g 1 Lo !
. s . 10
10 10 10

log [Cardol Diene] (M)
log [Cardol saturated] (M)

E
s
a
°

EC = 7.13 % 0.72 pM

DENV?2

T = 29.07

log [Cardol Triene] (M)

Effective concentration (ECsg) of cardol triene with DENV 1, 3, 4 and Zika

virus

10°7 10°
£10°17 E10°
S S
210" 210’
Z10°% 210°
- 2 - 2
S10°79 510
z z
wigty DENV1EC,,=5.352%1.16 ppM Wyt DENV4EC, = 8.21 % 034pM
o T = 38.77 e T = 25.24
10° T T ® ® 1 10° T T g ® 1
-6 -5 -4 -6 -5 -4
log [cardol triene] (M) log [cardol triene] (M)
10°79 10’
o - @ 0—0- o o
E10°7 S10° A A \ 2 4 *—o L 2 ]
£
S
S10t s10°
210y 2
a
N s .
10
;1031 =
o, Z10°
510779 S
2 2
Wit PENVIEC, =808 177 kM x10 ZIKV=Notinhibited
o T = 23.08 Nyg®
10° T T *—o 1
s s » 10° T T 1

-6 -5 -4
log [cardol triene] (M)

log [cardol triene] (M)



81

PLAQUE FORMATIONS FROM TOA SUPERNATANTS AFTER
10 pM CARDOL TRIENE TREATMRNT

Serially diluted TOA Supernatants
10 uM Cardol triene

Undiluted

101 )
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ECso PLAQUE FORMATIONS OF DENV 1-4 AND ZIKA

Serially diluted DENV2 supernatants in LLC/MK2 cells of representative
plate

Anacardic acid saturated
0 0.5 1 1.5 2 2.5 5 7.5 10 25 50 Negr
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Serially diluted DENV1 supernatants in LLC/MK2 cells of representative
plate

Cardol triene
0 05 1 1.5 2 25 5 75 10 25 50 Neg

Serially diluted DENV3 supernatants in LLC/MK2 cells of representative
plate

Cardol triene
0 0.5 1 1 S m—h 2.5 5 7.5 10 25 50 Neg
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Serially diluted DENV4 supernatants in LLC/MK2 cells of representative
plate

Cardol triene
0 05 1 1.5 2 25 75 10 25 50 Neg
Undiluted . :\ V . _‘ R ; & a 4 S T

01 (
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