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8.1 INTRODUCTION

Viruses are ultramicroscopic, acellular, metabolically
inert nucleoprotein particles of either deoxyribonucleic
acid (DNA) or ribonucleic acid (RNA), with or without a
lipid envelop [1,2]. They are obligate intracellular para-
sites, utilize the host’s cell machineries to propagate, and
cause ailments as benign as a common wart, as irritating
as a cold, or as deadly as the bloody African fever [2].
Entry of a virus into the specific host cell depends on the
precise attachment or fitting of the viral surface molecules
with the molecules of the host cell. Each viral strain is
unique in its surface antigenic structure, host cell recep-
tors, and life cycle, and thus adopts various invasion stra-
tegies to infect every form of life. Due to their genetic
variation, mode of transmission, effective replication, and
the ability to persist within the host, viruses can cause
widespread diseases from bacteria to humans [3—6].

Thus, the development of antiviral drugs requires
great efforts. Several reports on the discovery of new
drugs from traditional medicines [7—12] indicated the
use of medicinal plants as a potential source for antiviral
drug development [1,7—9]. Several reports indicated
that a wide variety of phytochemicals, including alka-
loids, flavonoids, terpenoids, polyphenolics, coumarins,
lignans, have therapeutic applications [4—12] due to
their interferences on viral entry or replication, along
with their antioxidative properties [6,9,13]. Different in
vitro and in vivo bioassays on phytochemicals lead to
the identification of potential antiviral molecules. In
this chapter, we will summarize the scientific ap-
proaches used to validate potential “antiviral leads”
against selected genetically and functionally diverse
viral families, from crude extracts to pure compounds.
In-depth studies on some common in vitro antiviral as-
says with testing of efficacies, modes, and molecular
mechanisms of action will be described here with in
vivo methods against a few selected viruses.

Viral infection control strategies include (1) public
health measures to minimize the risk of infection, (2)
vaccination to the exposed individuals, and (3) antiin-
fective drugs for infected individuals. Public health
measures such as safe drinking water can prevent Polio
and Rota virus infections, while pest control can prevent
arthropod and rodent-borne yellow fever, dengue, en-
cephalitis, and hanta and arena viruses. However, to
provide these benefits to the people of underdeveloped
and developing world is a challenge. A second challenge
is to discover means to control airborne respiratory in-
fections. As public health measures are never totally
effective, vaccination is a second strategy. Although vac-
cines dramatically decreased the incidence of polio, yel-
low fever, rabies, measles, mumps, rubella, and hepatitis
B, they are not yet effective in human immunodeficiency
virus (HIV), herpes simplex virus (HSV), hepatitis C vi-
rus (HCV), influenza, including common cold, caused
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by 100" strains of Rhinoviruses. Developing a polyva-
lent vaccine against all these viruses is also a challenge.
Moreover, Alpha and Filovirus (Ebola) cause devas-
tating epidemics with sporadic outbreaks, and it is diffi-
cult to vaccinate the entire population to eradicate them.
Thus, infection can and will occur despite the best effort
of humankind. Hence, for antiviral drug development,
scientists are looking into the features of an ideal anti-
viral drug that (1) effectively inhibits some essential
viral processes, (2) prevents the development of drug-
resistant viruses, (3) has broad activity (single drug
against any of the 100" common cold viruses), and (4)
has minimum or no effect on the host system. The first
feature is obvious while the remaining depend on the
viral process being targeted.

8.2 RATIONALE FOR ANTIVIRAL DRUG
DEVELOPMENT

Till 2014, only 37 antivirals are approved by the US
Food and Drug Administration, although many viral
diseases have no effective drug(s). Moreover, several
viral diseases require long-term treatment that usually
leads to the development of drug-resistant viruses. The
existing antiviral nucleoside analogs act as antimetabo-
lites in DNA synthesis and prevent viral replication
in infected cells, and the related nucleotide analogs are
used against hepatitis B virus (HBV), HCV, HSV, and
HIV. In infected cells, these analogs are incorporated
into the replicating DNA strand and phosphorylated
as a chain terminator to stop viral DNA polymerase ac-
tivity, and affect the mitochondrial DNA, leading to
adverse effects such as bone marrow suppression.
Another family of synthetic nucleoside analog
reverse-transcriptase (RT) inhibitors help to design
drugs with preferential activity, while some nucleoside
analogs can act as nucleoside analog reverse-
transcriptase inhibitors and polymerase inhibitors for
HBV. Thus, antiviral nucleotides analogs repress viral
reproduction by interfering with viral nucleic acid
replication, compete with natural deoxynucleotide tri-
phosphates (ANTP)/NTP substrates, and incorporate
into the nascent viral nucleic acid leading to chain
termination or mutagenesis (Table 8.1).

Extensive long-term clinical use of antivirals, such as
acyclovir, the reference treatment for herpes viruses [14],
results in the emergence of drug-resistant strains [15],
due to mutations in viral thymidine kinase and/or DNA
polymerase [16], along with renal impairment [17,18].
As antiviral drugs are virus specific and target oriented,
they require appropriate diagnosis before therapeutic
intervention. Another factor is the availability of suitable
vaccines and their degree of effectiveness against a
particular virus, as vaccination is the most effective
approach for the prevention of a disease. However, in
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TABLE 8.1 Some Nucleoside and Nucleotide Analogs and Their Antiviral Properties

Nucleotide Analog Incorporated to viral Mechanism of viral inhibition
Vidarabine triphosphate ATP DNA polymerase Unknown

Ribavirin triphosphate GTP RNA polymerase Mutagenesis of genome replication
Acyclovir triphosphate GTP DNA polymerase Chain termination of DNA synthesis
Zidoduvine triphosphate TP Reverse transcriptase CT of cDNA synthesis

Stavudine triphosphate TTP Reverse transcriptase Do

Lamivudine triphosphate CTP Reverse transcriptase Do

Nucleoside Analog Incorporated to viral Mechanism of inhibition
Didanosine Deoxyadenosine HIV-RT CT of viral cDNA synthesis
Abacavir, Entecavir Deoxyguanosine HIV-RT, HBV Do

Telbivudine, zidovudine Deoxythymidine HBV, HIV-RT Do

Emtrici- and Zalci-tabine Deoxycytidine HIV-RT and HBV Do

Idoxuridine Trifluridine Deoxyuridine HIV-RT Do

ATP, Adenosine triphosphate; GTP, Guanosine triphosphate; TTP, Thymidine triphosphate; CTP, Cytidine triphosphate; CT, Chain termination, (Dai L, Huang Q, Boeke
JD. (2011). Effect of reverse transcriptase inhibitors on Line-1 and Ty1 reverse transcriptase activities and on LINE-1 retrotransposition. BMC Biochemistry 12:18—28).

diseases such as hepatitis B, infected patients provide a
large market for chemotherapy. Therefore, there is an
unmatched need for readily available antiviral drugs
at affordable prices with minimal side effects. Hence,
traditional medicines are explored as novel antiviral
agents, as many of these ancient medicaments, contain-
ing diverse plant metabolites, have potent antiviral
activities [10—12,19,20].

8.3 DEVELOPMENT OF EFFECTIVE
ANTIVIRAL DRUGS

Despite continuous advancement in medical science,
viral diseases are a major cause of death around the
globe. The development of an antiviral drug depends
on the unique features of host—virus interactions, as vi-
ruses are acellular and host- and route-specific, and
infect only by their nucleic acid(s) that regulate the
host cell DNA for multiplication. Being an obligate intra-
cellular parasite, viral replication depends on the meta-
bolic pathways of the host. Thus, designing an effective
antiviral drug to target virus-specific enzymes or repli-
cation steps without affecting the host cell is very diffi-
cult [20]. Advancement in molecular biology and
genetics helps to design a rational approach for devel-
oping antiviral agents by targeting specific sites/steps
of the viral life cycle, including (1) inactivation of the
extracellular virus particles, (2) prevention of viral
attachment or fusion, (3) entry or penetration, (4) repli-
cation of viral genome, (5) synthesis of viral-specific pro-
teins or intermediates, and (6) assembly or release of
new virions. However, the most desirable target is the

inhibition of major viral enzymes essential for replica-
tion and spread of the disease. Most of the well-
studied inhibitors of HIV, HSV, or Influenza viruses
target the host cell binding (T-20, betulinic acid),
uncoating of capsid (amantadine, pleconaril), viral repli-
cation (RT inhibitors: zidovudine, abacavir, nevirapine),
viral enzymes integrase or DNA/RNA polymerase
(acyclovir, cidofovir, ribavirin), proteinases of polypro-
tein precursors, and assembly or maturation (indinavir,
ritonavir, rimantadine). On the basis of these strategies,
several compounds were tested on different viruses, but
only 40 licensed antivirals are approved till 2014 [1,5].
Moreover, studies on viral genomics, gene functions,
and regulations led to the rational designing of gene-
based drugs that induce protective antiviral immunity,
interference with viral replication, gene expression, or
viral messenger RNAs with limited delivery to the sites
of replication and nuclease degradation [13].

8.4 MEDICINAL PLANTS AS A SOURCE
OF ANTIVIRAL DRUGS: AN OVERVIEW

The history of human civilization revealed that
almost all ancient cultures rely upon medicinal plants
for treating ailments of the body and mind, and about
80% of the world population uses traditional medicine
for primary health care [4]. The discovery of synthetic
drugs with better efficacy and quick recovery in many
diseases leads to several adverse effects during long-
term clinical use, particularly in chronic or “difficult-
to-treat” diseases. Thus, there has been a huge upsurge
in the use of natural products for preventing and
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treating serious viral diseases. However, most herbal
products have no quality control, are unable to provide
consistent results, and even produce undesirable effects.
About 40% of the modern-day anticancer and antimicro-
bial drugs have their roots in traditional medicine
[4,5,20], but till 2014, we have barely analyzed the tip
of iceberg to design more drugs from plants. Hence, it
is of utmost importance to search for phytochemicals
with antiviral potential from unexplored plants used
in ethnomedicine, before we lose our herbal resources
due to rapid anthropogenic activities including industri-
alization and urbanization [1,8].

Many viruses have unique features in their structure
or replication cycle that may act as the potential target
for designing new antivirals, as evident with acyclovir
(acycloguanosine), which blocks certain enzymes of her-
pes viruses responsible for triggering disease. Due to the
structural diversity and broad range of bioactivities, eth-
nomedicines can serve as a source of complementary an-
tivirals by inhibiting some specific enzymes or steps of
viral replication or cellular factors (Table 8.2) of many
DNA /RNA viruses [5].

Ayurveda and traditional Chinese medicine, in
particular, use several medicinal plants to reduce dis-
ease severity, and many of them have antiviral activity

TABLE 8.2 The Viruses and Their Viral and Cellular Targets for
Antiviral Drug Development

Virus Viral target Cellular target
Parvo, Polyoma, DNA polymerase -

Papiloma viruses

Adenovirus DNA polymerase Cellular factors
Herpesviruses DNA pol, kinase, helicase —

Poxvirus DNA and RNA polymerase 4 Enzymes*

Hepadna virus DNA polymerase (RT) -

Picornavirus Capsid RNA polymerase -
Flavivirus RNA polymerase -
Arenavirus RNA polymerase 4 Enzymes*
Bunya, Toga, RNA polymerase 4 Enzymes*
Rhabdo Filovirus
Hepacivirus -Do-, helicase, protease -
Orthomyxovirus Matrix neuraminidase -
Paramuxovirus Fusion polypeptides 4 Enzymes*
Coronavirus RNA poly, helicase, protease —
Rheovirus - 4 Enzymes*
Retrovirus Protease, integrase, TAT Integration-
transcription
factors

* Inosine 5’ monophosphate dehydrogenase, S-adenosylomocysteine hydrolase,
Oritidine 5'-phosphate decarboxylase, Cytosine 5'-triphosphate synthetase.
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[1,5,7,8,21]. Research on the antiviral potentials of plants
was first started in 1952, and 12 out of 288 plants were
found to be effective against influenza [4,5]. During
the past 40 years, numerous broad-based screening
programs for the antiviral activity of medicinal plants
have been initiated using in vitro and in vivo assays.
Out of 100 British Colombian medicinal plants, only a
few showed activities against corona viruses, respira-
tory syncytial virus (RSV), para influenza, and HSV
[22], while the marine algae Spirulina showed antimuta-
genic, immunomodulatory, and antiviral activities
[23,24]. Interestingly, Cyanovirin N, an 11-kDa protein
of blue green algae, inactivates HIV-1 by binding with
its glycoprotein120 [25], while sulfated polysaccharides
of seaweeds and alga showed anti-HIV and anti-HSV ac-
tivities [26]. A list of selected medicinal plants and their
compounds having antiviral activities against common
viral diseases is presented in Table 8.3, and the struc-
tures of some important compounds are depicted in
Figure 8.1.

8.5 METHODS FOR THE VALIDATION OF
ANTIVIRAL ACTIVITY OF PLANTS

In vitro assays are the preliminary step toward the
identification of antiviral activity of a plant extract or
phytocompounds. These assays measure the ability of
a virus to infect and replicate in specific cell lines and
the response of a particular extract toward the relevant
virus infection. The cell culture system provides a rapid
and less cumbersome method for the growth of viruses
at higher titers, testing of cytotoxicity and antiviral effi-
cacy, maintenance of cultures, and genetic manipula-
tions. The cell lines characterized and routinely used
for common viruses along with their respective methods
are given in Table 8.4.

8.5.1 In vitro Assay

8.5.1.1 Indirect Assays

Indirect assays are the first step for screening a large
number of extracts or phytocompounds at a time, as vi-
rus infection and multiplication result in a cytopathic ef-
fect (CPE) due to the release of infectious virion or
induction of apoptosis. Inhibition of CPE in the presence
of a test extract or phytocompound may be due to the in-
hibition of viral replication. Till 2014, various indirect as-
says have been developed, validated, and modified for
individual viruses.

8.5.1.2 Visual Observation of CPE

Visual observation of CPE under an inverted mi-
croscope is usually carried out by infecting a semi-
confluent cell monolayer with a susceptible virus in



TABLE 8.3 Partial List of Viruses Inhibited by Plants Used in Traditional Medicines

Virus Medicinal plant Family name Isolated molecule Antiviral effect References
HSV Tanacetum vulgare Asteraceae Parthenolide Anti-HSV-1 and -HSV-2 [27]
Ophiorrhiza nicobarica Rubiaceae Harmaline Inhibit IE gene synthesis [10,11]
Rhus javanica Anacardiaceae Moronic acid Anti-HSV-1 and -HSV-2 [28]
Achyranthes aspera Amaranthaceae Oleanolic acid Anti-HSV-1 and -HSV-2 [12]
Odina wodier Anacardiaceae Chlorogenic acid Prevent attachment [29]
Mallotus peltatus Euphorbiaceae Ursolic acid HSV replication [30]
Terminalia chebula Combretaceae Chebulagic acid, punicalagin Inhibit entry and cell spread [31]
Ilex asprella Aquifoliaceae Asprellanoside A, Oblonganoside H Anti-HSV-1 [32]
Azadirachta indica Meliaceae Sulfonoquinovosyldiacylglyceride Anti-HSV-1 and -HSV-2 [33]
Ficus benjamina Moraceae Quercetin 3-O-rutinoside, Kaempferol Anti-HSV-1 and -HSV-2 [34]
3-O-robinobioside
Artocarpus lakoocha Moraceae Oxyresveratrol Inhibit viral replication [35]
HIV Mimusops elengi Sapotaceae Gallocatechin, Epigallocatechin HIV-1 integrase activity [36]
Schisandra sphenanthera Schisandraceae Schisphendilactones A, B Anti-HIV-1 activity [37]
Olea europaea Oleaceae Maslinic acid Anti-HIV [38]
Stellera chamaejasme Thymelaeaceae Stelleralides A Anti-HIV [39]
Artemisia annua Asteraceae Artemisinin Anti-HIV activity [40]
Sargassum fusiforme Sargassaceae Palmitic acid Inhibits HIV entry [41]
Melochia odorata Sterculiaceae Waltherione A Inhibition of HIV P24 [42]
Emblica officinalis Phyllanthaceae Curcumin Anti-HIV activity [43]
Pelargonium sidoides Geraniaceae - Blocks attachment of HIV-1, and prevent entry  [44]
Influenza virus  Syzygium aromaticum Myrtaceae Eugenol Inhibit the activation of extracellular signal- [45]
regulated kinase, p38-mitogen-activated
protein kinase, IkB kinase (IKK)/NF-«B signal
pathways
Silybum marianum L. Asteraceae 23-(S)-2-Amino-3-phenyl- activate ERK/p38 MAPK and IKK pathways [46]
propanoyl-silybin
Ribes nigrum folium Saxifragaceae - Antiinfluenza A [47]
Taraxacum officinale Asteraceae - Antiinfluenza (HIN1) [48]
Caesalpinia sappan Fabaceae 3-Deoxysappanchalcone Antiinfluenza, apoptosis, and antiinflammation  [49]
Continued
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TABLE 8.3 Partial List of Viruses Inhibited by Plants Used in Traditional Medicines—cont’d
Virus Medicinal plant Family name Isolated molecule Antiviral effect References
Vaccinium angustifolium, Ericaceae, Procyanidin Antiinfluenza A by inhibiting the formation of [50]
Vitis vinifera L, Cinnamomum cassia ~ Vitaceae, Atg5-Atgl2/ Atgl6 heterotrimer
Lauraceae
Adenium obesum Apocynaceae Oleandrigenin-B-D-glucosyl 1 (1 —4)-B- Antiinfluenza A/PR/8/34 (HIN1) [51]
D-digitalose
Angelica keiskei Apiaceae Xanthokeistal A Neuraminidase inhibitor [52]
Melaleuca alternifolia Myrtaceae Terpinen-4-ol, terpinolene Anti-A/PR/8 virus (HIN1) [53]
Human RSV Rosmarinus officinalis Lamiaceae Carnosic acid Inhibit replication of RSV [54]
Gentiana lutea Gentianaceae — Anti-RSV [55]
Cimicifuga foetida L. Ranunculaceae Cimicifugin Inhibit viral attachment and internalization [56]
HBV Artemisia capillaris Asteraceae 8-(Z)-Decene-4, 6-diyne-1, 3, 10-triol (1),  Inhibit HBV DNA replication [57]
1, 3S, 8S-trihydro xydec-9-en-4, 6-yne (2)
Aster tataricus L. Asteraceae Astataricusones, astataricusol A Inhibit HBV DNA replication [58]
Swertia macrosperma Gentianaceae Swermacrolactones, luteolin Inhibit secretion of HBV surface antigen [59]
Piper longum Linn. Piperaceae Piperine Inhibit the secretion of HBV surface antigen [60]
Phyllanthus niruri L. Phyllanthaceae Nirtetralin A Anti-HBV activities [61]
HCV Morinda citrifolia Rubiaceae Pyropheophorbide, pheophorbide Inhibit entry and postentry steps of HCV [62]
Syncephalastrum racemosum Syncephalastraceae  Ursolic acid Anti-HCV activity [63]
Marrubium peregrinum L Lamiaceae Ladanein HCV entry inhibitor [64]
Acacia nilotica Fabaceae — Anti-HCV activity [65]
Vaccinium virgatum Aiton Ericaceae Proanthocyanidin Inhibit HCV replication [66]
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VHSV

SARS-CoV

VSsv

Human ADV

DEN

Coffea arabica

Baccharis gaudichaudiana

Heteropteris aphrodisiaca
Dianella longifolia
Pterocaulon sphacelatum
Rhus verniciflua

Olea europaea L.

Lycoris radiata
Glycyrrhiza glabra
Glycyrrhiza glabra

Calendula arvensis
Trichilia glabra L.
Glycine max

Gentiana lutea
Astragalus membranaceus
Ficus carica

Aedes aegypti

Scutellaria baicalensis

Azadirachta indica Juss.

Rubiaceae

Asteraceae/
Compositae

Malpighiaceae
Xanthorrhoeaceae
Asteraceae
Anacardiaceae
Oleaceae
Amaryllidaceae
Fabaceae

Fabaceae

Asteraceae
Meliaceae
Fabaceae
Gentianaceae
Fabaceae
Moraceae
Culicidae
Lamiaceae

Meliaceae

N-methyl-pyridinium formate

Apigenin

Aliphatic nitro compound
Chrysophanic acid
Chrysosplenol C

Fisetin

Oleuropein

Lycorine

Glycyrrhizin

Glycyrrhizin

Oleanolic acid

Astragaloside IV
Triptamine

Baicalein

Anti-PV
Anti-PV type 2

Inhibit PV type 1

Inhibit PV 2 and PV 3 replication
Inhibit PV

Anti-VHSV

Inhibit VHSV replication
Anti-SARS-CoV

Anti-SARS-CoV

Inhibit phosphorylation enzymes and
latency of VSV

Inhibit VSV multiplication
Leaf extract inhibit VSV
Inhibit ADV-1, Coxsackie B1
Against ADV-5

Inhibit ADV-3 replication
Inhibit replication
Larvicidal

Virucidal against DEN-2
Leaf extract inhibit DEN-2

[67]
[68]

[69]
[70]
[71]
[72]
[73]
[74]
[75]
[75]

[76]
[77]
[78]
[55]
[79]
[80]
[81]
[82]
[83]

ADV, adenovirus; DEN, Dengue virus; PV, Poliovirus; SARS-CoV, severe acute respiratory syndrome coronavirus; VHSV, viral hemorrhagic septicemia virus; ERK, extracellular signal-regulated kinase, MAPK,
p38-mitogen-activated protein kinase; IKK, IkB kinase.
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the presence or absence of a test drug, in a microtiter
plate (Figure 8.2).

This initial evaluation is usually done at a twofold
concentration (with a 10-fold difference, e.g., 1 and
10ng/ml or pg/ml). An 18h culture (80—90%
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Structures of some important compounds.

confluency) of an appropriate cell line should be added
with the test drug or placebo, immediately after the vi-
rus infection. When the drug effect was tested as pre-
treatment, cells need to be treated with the test drug
for 15—180 min before virus infection, and incubated



TABLE 8.4 In vitro and In vivo Models for Antiviral Assays Against Common Viruses
In vitro assay
Virus Disease In vitro assay (Cell line)  Antiviral activity Mechanistic study In vivo model In vivo methods
HSV Herpes Vero, MRC-5, HFF, BHK, = MTT assay, plaque IFA, ELISA, quantitative Mouse, rat, rabbit Skin irritation test,
HepG2cells reduction assay, CPE RT-PCR, Western blot, guinea pig cutaneous lesion assay, viral
reduction, TCIDs5 electrophoretic mobility vaginitis assay, ocular HSV
[10,11,29,30] shift assay (EMSA), study, latency and
Attachment assay, reactivation study, footpad/
penetration assay dorsal root ganglia model
[10,11,29,30] [10,11,29,30]
Influenza Flu MDCK, A549 cell lines MTT, hemagglutination, Virus adsorption assay, Mice, ferrets, Chicken Treatment with extract/

Polio virus

HBV

HCV

HIV

Rabies

DENV-2

Paralysis, aseptic
meningitis

Liver inflammation,
Jaundice

Liver cirrhosis

Acquired
immunodeficiency
syndrome

Hydrophobia

Dengue fever

Hela, Vero,

Human
Rhabdomyosarcoma
cells

HepG2, HepG2.2.15,
COS-7 cells

Huh?7, Ava5
cells

TZM-bl, MT-4

cells, VK2 /E6E7,
lymphocytic reporter cell
line

McCoy cells

C6/36 mosquito and
Vero cells

and plaque assay [47]

MTT, plaque reduction
And luciferase assay
[125]

MTT, ELISA [126,127].

Full-replication, replicon,
and RdRp assay, TCIDsq
[89,90]

CPE reduction, TZM-bl
and CEM-GFP cell-based
assay [44, 85]

MTT assay, CPE reduction
assay [128].

Foci forming unit reduction

and prophylactic activity
assay [130,131]

Q-Rt PCR, Western blot,
flow cytometry, IFA [47]

EMSA, Q-RT PCR,
Western blot, siRNA
transfection [125]

Q-Rt PCR, Western blot
[126,127]

Pseudoparticle infection
assay, ELISA, Western
blot [90].

Quantitative RT-PCR, Virus

infectivity assays, pulse-

chase analysis, Western blot,

siRINA transfection [85]

Confocal fluorescence
Microscopy, Q-Rt PCR,
Western blot [129]

Quantitative RT-PCR,
extracellular virucidal
activity [130,131]

Mouse, rat

Mice, Ducklings

Chimpanzee, Cynomolgus
monkey

Transgenic mice, rabbits

Mice

Mice

compound, mouse
monitoring, histology and
immunohistology [47]

Prophylactic and
therapeutic efficacy,
infectivity titers in brain/
spinal cord [111]

Infection and treatment,
detection of duck hepatitis
B virus-DNA,
Histopathology of duck
liver [126,127]

10 and 18-Day treatment
schedule [90]

Transgenic rat model,
vaginal irritation study
[112]

Protection assay [113],
determination of mortality
rate [114]

Virus inhibition assay [83]
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HSV-1 infected Vero cells
stained with haematoxylin-eosin
(X400) 2 days after infection
showing  Cytopathic  effect
(CPE) of the virus.

Uninfected Vero Cell

HSV-1 infected Verocell

Syncytia or Mtinucleated Giant

) () ) (i) cells, formed due to fusion of Cell

membranes bearing HSV-1 glyco-

) proteins, with alterations in
nuclei and cytoplasm between the
cells (X400).

FIGURE 8.2 HSV-1 infected Vero (African green monkey kidney) cells showing CPE as the formation of Syncytia (multinucleated giant cell).
This assay can be used to detect the antiviral activity of the test drug and cytopathicity can be expressed microscopically as 0 = No CPE;

1 = 0—-25%; 2 = 25—50%; 3 = 50—75%; 4 = 75—100%.

for a standard time to induce viral CPE. After every 24 h
until the end of the experiment, the plate needs to be
visualized microscopically for changes in cell
morphology, compared to that for the control cells.
Here, the uninfected cell monolayer treated with the
test drug will provide an idea of the maximum dose of
drug causing minimum cell toxicity, as enlargement,
granularity, rounding off, detachment, etc., and the de-
gree of cytotoxicity as T (100% toxic), PVH (partially
very heavy toxic, 80%), PH (partially heavy toxic,
60%), P (partial toxic 40%), PS (partial slightly toxic,
20%), or 0 (nontoxic, 0%). A 50% cell inhibitory or cyto-
toxic concentration (CCsp) and 50% end point of virus
inhibitory or effective concentration (ECsg) can be deter-
mined from a graph plotted with the concentration
versus cellular effect due to virus infection, while the
selectivity or therapeutic index (SI or TI) is calculated
as CCsp/ECs.

8.5.1.3 MTT or MTS Assay

Another rapid and sensitive in vitro assay for
the evaluation of antiviral agents is based on the
spectrophotometric assessment of the viability of
virus-infected or mock-infected cells, via the in situ

reduction of a tetrazolium dye 3-(4,5-dimethylthiazol-
2-yl)-2,5-diphenyltetrazolium  bromide (MTT) or
3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-
2-(4-sulfophenyl)-2H-tetrazolium (MTS); this has an
equal sensitivity to that of the plaque reduction assay
[10,11,84]. The mechanism is based on the conversion of
a yellow water-soluble dye MTT or MTS to a purple
colored insoluble formazan crystal by the mitochondrial
enzymes of the viable cells. The quantitation of the
amount of formazan produced in each well is then deter-
mined spectrophotometrically at 490 nm, and the same
is subtracted from the background absorption of the
plate at 650 nm. The cytotoxicity of the test drug needs
to be evaluated in the same plate, and for data analysis,
a statistical software program is used to determine the
efficacy (ECsp), cell toxicity (CCsp), and SI or TI of the
test drug. This method allowed the screening of a larger
number of extract/compounds at the same time with a
simplified procedure.

Protocol: Cell Monolayer (100—200 pl) cultured in 10
Columns (C2—11) of a 96-well flat-bottom plate
(~2 x 10* cells/ml) needs to be added at a twofold dilu-
tion of the test drug, after 24 h (eight concentrations in
serum-free medium), the medium is removed and
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added with the virus (0.5—5 multiplicity of infection
(MOQI)) in six wells of C3—11 (Rows 3—8). Then, C-2 (un-
infected Control) and Rows 1—2 of C3—11 are added
with the media and after adsorption (45—60 min) at
37 °C, unabsorbed viruses are removed by washing
with fresh media. The infected cells should then be
mixed with the test drug (0—highest concentration) in
all wells of C3—11, and incubated (37 °C in a CO; incu-
bator) for 24—48 h. After removing the drug-containing
media, 50 pl of MTT solution (5 mg/ml in phosphate
buffered saline (PBS)) should be added with the fresh
media (200 pl) to all wells in C1—11, and incubated for
3—4 h at 37 °C. Finally, the medium should be replaced
with dimethyl sulfoxide (DMSO; 200 pl) to dissolve the
formazan in C1-11, and after 15 min, glycine buffer
(25 pl) should be mixed in all wells (pH 10.5) and the
absorbance should be read (570 nm). Usually, the results
are calculated by plotting a graph with absorbance
(Y-axis) versus drug concentration (X-axis). Here, Col-
umn 2 with no virus serves as the cell viability control
and wells in Column 3 with virus without the drug serve
as the virus-induced loss of cell viability. Rows 1—2 of
Columns 3—11 with an increasing concentration of the
drug without virus provide ICsy (50% cell inhibitory
concentration) of the drug, while ECsy or ECyp can be
deduced by plotting absorbance of virus-infected wells
(Column 3, rows 3—8) versus concentration of the drug
showing an increased absorbance by 50 or 90% over
the virus alone [29].

8.5.1.4 TZM-bl Cell-Based Assay

This neutralizing antibody assay, used for HIV-1, sim-
ian immunodeficiency virus (SIV), and simian-HIV, is
done in TZM-bl cells as it reflects the reduction in Tat-
induced luciferase (Luc) reporter gene expression after
a single round of virus infection. TZM-bl cells are
HelLa cell clones, engineered to express cluster of differ-
entiation 4 and C—C chemokine receptor type 5, and
contain integrated reporter genes for firefly luciferase
and Escherichia coli B-galactosidase under the control of
an HIV-1 long terminal repeat. Thus, they are highly sen-
sitive and prone to infection by immunodeficiency vi-
ruses including primary HIV-1 isolates and cloned
Env-pseudotyped viruses. Here, diethylaminoethyl
(DEAE) dextran is used to enhance infectivity during
neutralization. Soon after infection, reporter gene
expression is induced by a viral transactivator protein
Tat. Luciferase activity can be quantified by lumines-
cence and is directly proportional to the number of infec-
tious virus particles present in the initial inoculum [85].
This high-throughput assay requires a 96-well plate, and
clonal cells provide enhanced precision and uniformity.
This has been validated for a single-round infection with
either uncloned viruses grown in human lymphocytes
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or molecularly cloned Env-pseudotyped viruses pro-
duced by transfection in 293T /17 cells [85].

Protocol: TZM-bl cells (4 x 10*/well) are usually
seeded in a 24-well plate and incubated overnight. In a
separate vial, HIV-INL4.3 (MOI 0.05) virion is mixed
with the test drug or vehicle for 1 h at 37 °C, and then
added to TZM-bl cells, and incubated for 4 h. After
washing the cells (with cold PBS), fresh media with
the test drug should be added and cultured for 48 h, us-
ing untreated HIV-1 infected cells (negative) and azido-
thymidine (AZT)-treated cells (positive) as a control.
The cells then need to be washed twice with PBS, lysed
with 1X lysis buffer, and the supernatant added with the
substrate can be analyzed for luciferase activity in an
optiplate using a fluorimeter. The results are expressed
as percentage inhibition as luminescence in the experi-
mental group (test drug or AZT)/luminescence of
infected cells without the drug x 100; and percent inhibi-
tion can be calculated by subtracting the above value
from 100 [44,85].

8.5.1.5 CEM-Green Fluorescent Protein
Cell-Based Assay

CEM-green fluorescent protein (GFP) is a stable T-cell
line-containing a plasmid encoding GFP and is suitable
for HIV-INL4.3 (MOI 0.05) culture. For postinfection,
the cells (2.0x10°/well) should be incubated with the
test drug up to 8 days, using AZT and solvents (used
to prepare the test drug) as control(s). The virus-
infected cells are then lysed with 1x Promega cell lysis
buffer (150 pl), and transferred to culture plate to read
the absorbance at 485 nm (excitation) and 520 nm (emis-
sion) by means of a fluorimeter. The results can be
expressed as percentage inhibition: GFP fluorescence
in the experimental group /fluorescence in infected cells
without the test drug X 100. Percent inhibition should be
calculated by subtracting the above value from 100 [85].

8.5.1.6 Virus Yield Reduction Assay

This is generally used to confirm the results of the
CPE reduction or inhibition assay with the freshly pre-
pared test drug that showed activity in the initial exper-
iments. After 3—5 days of the test, the cells are lysed by a
freeze—thaw cycle, to elute the virion, centrifuged
(10,000 x g), and the resulting supernatants with
increasing drug concentration are titrated for infectious
virion and subjected to a fresh CPE inhibition test.
Briefly, cells plated in a 96-well plate with susceptible
cell lines need to be incubated for 24 h, and then added
with the serially diluted virus preparations from drug-
treated cells. Development of CPE indicates the presence
of infectious virus, and 90% effective concentration
(ECyp) of the test drug is determined as the concentration
that inhibits virus yield by one logig. Infectious virus
yield assay, pretreated or posttreated with the test
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drug (reduced virus infectivity by 90% or TCIDsp/ml)
can be calculated from this assay.

Secondary testing of potential antiviral compounds:
The antiviral activity of the test compound is expressed
as a TI or SI, determined by dividing CCsy by ECsp. In
general, an SI of >10 is considered as a potential anti-
viral agent, although a low SI for the positive control
needs to be considered. Compounds having SI values
of >10 need to be evaluated against additional virus
strains to establish the full spectrum of activity, and
the potential antiviral drug needs to be screened further
by direct assays to measure viral replication or titer inhi-
bition [1].

8.5.1.7 Direct Assays

Direct assays can measure >50% reduction in the
viral titer in the presence of the test drug, compared to
the untreated cells. CPE inhibition can be determined
by end point titration [86], which evaluates the virucidal
activity after preincubation with the virus plus test com-
pound [87,88]. Fifty percent end point titration is done
on confluent monolayers (10* cells/well) infected with
serial 10-fold dilutions (107 TCIDsp/ml) of the virus sus-
pension in 96-well plate. After adsorption for 1h at
37 °C, the test drug (serial twofold dilutions) is added
(to the maintenance medium with 2% fetal bovine serum
(FBS) plus antibiotics), and incubated at 37 °C to record
the viral CPE under a light microscope after 4—5 days
with virus control, uninfected drug-treated and un-
treated cell controls. Cytotoxicity of the test agent is
the concentration that killed cell monolayers when no
virus titer can be determined, while the antiviral activity
is the inhibition of the virus titer at the maximum
nontoxic dose of the highest concentration of the test
drug without affecting cell morphology. Antiviral activ-
ity needs to be present in at least two subsequent dilu-
tions of the test agent; otherwise, the activity is only
virucidal or is due to the toxicity of the test drug. Extra-
cellular virucidal activity can also be determined by
titration of residual infectious virus particles after incu-
bation of the test drug with virus suspension (10°
TCIDso/ml) for 1 h at 37 °C.

8.5.1.8 Immunofluorescence Assay

This assay is used for the quantitative estimation of
viruses against which antibodies are available, either
commercially or in-house, but it is unable to differentiate
between infectious and noninfectious viral particles.
Briefly, the untreated or drug-treated cells are infected
with a known amount of virus (MOI 5—10). After
adsorption (45—60 min), the unabsorbed virus particle
is removed by washing, and then added with the fresh
media to incubate for 24—36 h (50% of time required to
achieve 3" CPE). Then, the cells need to be rewashed
with PBS, fixed with 3—4% paraformaldehyde, washed,
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and permeabilized with acetone or 0.5% triton X-100.
After washing, the cells should be blocked with 1%
bovine serum albumin (BSA) in PBS for 30 min followed
by incubation with mouse or rabbit antibody against
a specific viral protein for 1—4h at 37°C. After
repeated washing, the cells need to be incubated with
a fluorescent-tagged secondary antibody for 1h,
washed, and visualized under a fluorescent microscope
compared to the fluorescence of untreated and drug-
treated cells. Alternatively, for quantitation, the cells
are trypsinized after treatment, fixed with 4% parafor-
maldehyde, washed, permeabilized, and then labeled
with a fluorescent-tagged antibody, followed by propi-
dium iodide (PI: 50 pg/ml in PBS). The counting of cells
is done in a fluorescent-activated cell counter to quanti-
tate the fluorescence percentage. Here, the measure of PI
will indirectly measure cytotoxicity caused by drug
treatment or virus infection [10,11,30].

8.5.1.9 Enzyme-linked Immunosorbent Assay

Enzyme-linked immunosorbent assay (ELISA) is a
solid-phase rapid, sensitive, and specific assay used
for the qualitative detection of the viral antigen or anti-
body and gross quantitation of the virus. Absolute quan-
titation is done by a series of predetermined viral titers
in ELISA matched with unknown samples that estimate
the quantity of the virus (untreated or drug-treated). As
this method cannot differentiate between infectious and
noninfectious virus particles, the drug affecting at the
earlier or later stage of viral replication or maturation
will not be differentiated. Briefly, the untreated or drug-
treated cells are infected with a known amount of virus,
adsorbed for 1 h, washed and incubated (2—4 days) for
CPE. The virus stock harvested after freeze thawing
needs to be centrifuged, and diluted for ELISA. Each
well of a plate coated with virus-specific antibody needs
to be mixed with 100 pl of controls or test drug and incu-
bated (1 h, at room temperature) with Horseradish
peroxidase conjugate (100 ul), alkaline phosphatase, or
B-D-galactosidase-labeled virus-specific antibody. After
washing five times, the substrate (100 ul) is added and
reincubated in the dark for 10 min. The reaction is then
stopped with a stop solution (5% H;SO,) and the absor-
bance is read (optical density (OD)ys50). Alternatively, a
quadruplicate cell monolayer in 96-well plates is over-
laid with a logjo dilution of the test drug followed by
infection with the virus. After 16—20 h of incubation at
37 °C, monolayers are fixed with 0.05% glutaraldehyde
and assayed for virus-specific protein(s) on the cell sur-
face. An ELISA is performed with monoclonal antibody
to the specific protein of the corresponding virus and
protein-A horseradish peroxidase conjugate, and the
OD is measured at 450 nm. The results are expressed
as a percentage of virus-infected cells (virus control),
and the concentration causing 50% reduction in OD
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FIGURE 8.3 Schematic representation and pictures of viral plaque assay.

values (ECsp) should be calculated from graphic plots,
by the determination of SI (ratio of CCs:ECsp) [1,10,29]

8.5.1.10 Plaque Reduction Assay

The plaque reduction assay, a phenotypic assay, can
be used to determine the ICsy values of drugs and to
determine inhibitor sensitivity (e.g., neuraminidase). In
this assay, each infectious virus particle multiplies to
form a localized area of infected cells or “plaque.” The
plaques are revealed either as areas of dead/destroyed
cells detected by cellular stains or as areas of infected
cells by immunostaining (Figure 8.3).

Protocol: Here, the confluent (80—90%) cell mono-
layer (1 x 10° cells/cm?) is infected with a logyg dilution
of viral plaque-forming unit (PFU) in the presence or
absence of the test drug, allowed to adsorb (1hat
37 °C in 5% CQOy), and then the cells are washed twice
with prewarm minimum essential medium (MEM).
Drug dilutions prepared in the overlay medium are
then overlaid on the infected culture, without the test
drug. Overlay medium I comprises MEM/Dulbecco’s
modified Eagle’s medium (DMEM) with trypsin
(10 pg/ml), 1% low melting agarose, without serum
and the test drug. Overlay medium II comprises:
100ml 10x MEM, supplemented with glutamine
(10 ml), antibiotics (10 ml), bicarbonate (40 ml), and
FBS (20 ml). Usually, 45 ml of carboxy methyl cellulose
is added to 9 ml of the medium, and the plates are incu-
bated (37 °C in 5% CO,) for 3—5 days and then fixed
with 10% formalin or 4% formaldehyde for 30 min.

The cells are then stained with methylene blue (1 ml/
well) or 1% crystal violet (w/v), and rinsed with tap wa-
ter, allowed to dry overnight, and the plaques (dark
areas) are counted by low power magnification of a
binocular microscope. The antiviral effect is usually
measured as the percentage inhibition of plaque forma-
tion: [(mean number of plaques in control)—(mean num-
ber of plaques in sample)] x 100/Mean number of
plaque in control. The concentration of the test drug
required to inhibit up to 50% of virus growth (ICsg or
ECsp), as compared to the virus control, is estimated
from the graphical plot as dose—response curves by
regression analysis.

8.5.1.11 Hemagglutination Assay to Measure
Viral Titer

The hemagglutination activation (HA) assay is a quan-
titation of the viral surface or envelop hemagglutination
protein of some viral families that can agglutinate (stick
to) human or animal red blood cells (RBCs) and bind to
its N-acetylneuraminic acid to form a lattice. In contrast
to the plaque assay, HA cannot measure of viral infec-
tivity, because no virus replication is required in this
assay. It is an easy, simple, and rapid method for large
samples, and the conditions depend on the type of virus,
as some viruses bind RBCs only at certain pH values,
others are at certain ionic strengths. If a test drug inhibits
virus replication, it will also affect the viral titer and
will thus reduce the HA value. Briefly, the virus dilution
(1:4—1:512) is applied to an RBC dilution (0.1—0.7% for
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FIGURE 8.4 HA showing viral HA units. Lanes 2—3 has 1: 16 HA
units.

30 min at 4 °C, because the viruses with neuraminidase
activity will detach from the RBCs, and then the
lattice-forming parts will be counted to calculate the titer
as Virus concentration/ml = 10” X HA titer.

Protocol: The RBCs separated from blood is collected
in Alseiver’s solution (20.5 g dextrose, 8.0 g sodium cit-
rate dihydrate, 4.2 g sodium chloride, and 0.55 g citric
acid per liter, pH 6.1) and kept overnight at 4 °C. The
cells are washed with PBS (2X), and the quantity of the
cell pack (2.0ml blood yields 0.5—1.0ml pack) is
measured in 10% suspension with PBS. The RBC solu-
tion (0.75%) in PBS (0.75ml 10% RBCs in 10 ml PBS,
pH 7.2) is added to each well of a 96-well plate, except
for the first well of each row, along with the antigen (cul-
ture fluid containing virus from drug-treated and un-
treated controls) to the first two wells of each row. A
twofold dilution (transferring 50 pl from the second
well of each column A2-K2 to A3-K3) is mixed with
0.75% RBCs (50 ml) in all wells, and incubated for
60 min at room temperature. The cell control needs to
be checked for the complete settling of the RBCs, and
the results are recorded in the HA sheet. The RBCs
form a button or ring at the bottom of the wells that is
recorded as “O,” while hemagglutination (RBCs remain
in suspension) is recorded as a + symbol. The highest
dilution of virus that causes complete hemagglutination
is considered as the end point. The HA titer is the recip-
rocal of the dilution of the virus in the last well with
complete hemagglutination (Figure 8.4).
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Inhibition of virus hemagglutination activity (HA):
Viruses having surface HA proteins, such as influenza,
are able to agglutinate RBCs, which can be visualized
by mixing virus dilutions with RBC, and can thus, be
used to investigate the inhibitory effect of any drug
onto the HA. Briefly, the 10-fold serially diluted
(1—1000X) test drug, along with the diluted virus stocks
(1:4 to 1:128), is used. The virus dilution (50 pl/well) is
added to drug-containing wells, preincubated for
45 min, and need to be mixed with RBC (1/20 in PBS) so-
lution. Here, up to a certain dilution, the viral particles
may lose their ability to agglutinate RBCs, which indi-
cates an interaction of the drug with the viral HA.

8.5.1.12 Virus Inactivation Assay

The virus (10* PFU/ml)—test drug mix is usually
incubated for 1h at 37 °C, and then diluted 100-fold
(100 PFU /well) with media containing 2% FBS to get a
subtherapeutic concentration of the test drug. Then,
the monolayer, seeded in the 12-well plate, is mixed
with the virus inoculums. For comparison, virus—test
drug mix diluted 100-fold (no incubation period), are
added with the respective cells for infection. The
100-fold dilution helps to titrate the test agent below
its effective doses and prevent meaningful interactions
with the host cell surface. After adsorption for 1h at
37 °C, the diluted inoculums are discarded, and the cells
washed with PBS, should be added with an overlay me-
dium (with 2% FBS), and incubated at 37 °C for 72 h
before being subjected to the plaque assay, and the viral
plaque numbers obtained from infections set in the pres-
ence of the test drug are compared with the control [29].

8.5.1.13 Attachment Assay

Viral attachment to the host cell surface can be
assayed at 4 °C, as it allows binding but prevents viral
entry, by ELISA [31]. Briefly, 96-well plates seeded
with susceptible cells (2 x 10* cells/well) are grown
overnight, and the cell monolayers chilled at 4 °C for
1h, are challenged with the virus (MOI 5) in the pres-
ence of the test drug using heparin as the control, for
3h at 4°C. The wells are then washed with ice-cold
PBS, fixed with prechilled 4% paraformaldehyde in
PBS for 1h on ice, and blocked with 5% BSA at 4 °C.
To detect bound virus, the samples are incubated at
37°C for 1h with a primary antibody in PBST (PBS
with 0.05% Tween 20) plus 5% BSA. The wells are
washed twice with PBST plus 5% BSA and twice with
PBST only, each at 5-min interval on a shaker, and mixed
with secondary antibody in PBST with 5% BSA. After
incubation (37 °C for 1h), the wells are washed and
developed with a 3,355 -tetramethyl-benzidine two-
component microwell peroxidase substrate for 20 min
and the reaction is stopped with 1 M phosphoric acid.
The absorbance is read immediately at 450 nm, and the
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values are expressed as the fold change of absorbance
relative to the mock infection control [11,31].

8.5.1.14 Penetration Assay

Cell monolayers grown in 12-well plates are chilled at
4 °C for 1 h and incubated with the virus (100 PFU /well)
for 3 h at 4 °C. The infected cell monolayer is then rein-
cubated with the test drug, or heparin (100 pg/ml), for
20 min at 37 °C to facilitate penetration. Then, the extra-
cellular virus is inactivated by citrate buffer (pH 3.0) for
1 min, and washed with PBS before being overlaid with
DMEM containing 2% FBS. After 48 h of incubation at
37 °C, viral plaques are stained and counted [31].

8.5.1.15 Virus Adsorption Assay

The plated cells (0.8 x 10° cells/well for a 12-well
plate) grown overnight at 30% confluence are added
(300 pl) with virus dilution, and DEAE dextran at a final
concentration of 20 pg/ml. After adsorption (2 hat 37 °C
in COy incubator), the plates are placed in a rocker, to
prevent the cells from drying, and fresh medium
(1—2 ml) containing the test drug is added to each well
and incubated for 40—48 h in 5% CO, at 37 °C, for sub-
confluent growth. After removing the media, fixing so-
lution (1—2ml) is added to each well and incubated
for 5 min at room temperature (B-galactosidase activity
decreases dramatically if the fixing solution is left for
>10 min). Then on discarding the fixing solution, the
cells are washed twice with PBS, stained, and incubated
at 37 °C for 50 min. Finally, the plates are stained to
count the number of blue syncytia, and the titration
values are expressed as the number of stained cells
multiplied by the viral dilution.

8.5.1.16 Replicon Assay

Cells harboring viral subgenomic replicon are usually
maintained with 0.25 mg/mL G418, and the viral repli-
con cells should be seeded in a 96-well plate and incu-
bated at 37°C in 5% CO,. After 24 h, the culture
medium needs to be replaced with a medium containing
the serially diluted test drug with 2% FBS and 1% DMSO
and incubated for 72h. Then, the total RNAs are
extracted, and the RNA levels are quantified by a quan-
titative real-time polymerase chain reaction (qQRTPCR),
using a real-time PCR system with specific primers,
and glyceraldehyde-3-phosphate dehydrogenase gene
as control. Antiviral activity can be determined by
RNA levels in drug-treated cells as compared to that
in mock-treated cells [89].

8.5.1.17 Pseudoparticle Infection Assay

This assay requires HIV-1 based pseudoparticles con-
taining HCV E1E2 or vesicular stomatitis virus (VSV)
glycoprotein G. Pseudotyped viruses added to
Huh?7.5.1 cells are incubated for 3 h at 37 °C, and mixed
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with the test agent 15 min prior to virus addition. After
removing the supernatant, the cells are incubated at
37 °C for 72 h and measured for luciferase activity [90].

8.5.2 Studies on the Mechanism of Action

The mechanism of action of a test drug can be pre-
dicted from the studies of addition and removal of the
drug along with inhibition of preinfection, coinfection,
and postinfection, as depicted in Figure 8.5.

Based on the time when the test drug yielded
maximum inhibition, a mechanistic study can be done
by targeting each and every step (surface glycoproteins
for fusion and entry, different proteins, transcriptional
and translational events for gene expression) separately,
using several modern methods.

8.5.2.1 Confocal Fluorescence Microscopy

Cells adsorbed on a microscopy-adapted slide for
6 days will be infected with the virus in the presence
or absence of the test drug for 3 h. The cells are then
washed and incubated with or without polyclonal
anti-gp160 (50 pg/ml) antibodies at 4 °C for 30 min,
rewashed with PBS, 0.01% azide, 0.5% BSA, and labeled
with polyclonal mouse antihuman immunoglobulin
G—fluorescein isothiocyanate (FITC), and then fixed
with 1% paraformaldehyde. Cover slides need to be
mounted in Mowiol to be observed by sequential acqui-
sition using a microscope with planapochromat x63, 1.4
numerical aperture oil immersion objectives, and optical
sections at an image resolution of 512 x 512 pixels [85].

8.5.2.2 Quantitative Real-Time PCR

Real-time PCR is widely accepted for viral load deter-
mination due to its rapidity, low interassay and intraas-
say variabilities, sensitivity, reproducibility, and reduced
risk of carryover contamination. The method involves
the direct measurement of the amount of PCR product
obtained, even during the reaction. Mathematical anal-
ysis of the data, and comparison to control reactions con-
taining known amounts of template, allows the
calculation of the input DNA amount in the initial reac-
tion. The severity of some diseases can be correlated well
with the viral load, making real-time PCR quantitation
useful, not only the presence of a virus but also the viral
reactivation or persistence in disease progression
[91—93]. This property is successfully adapted to screen
potential antiviral compounds in vitro, where the fold
decrease in viral genetic material in the presence of
drug will measure its antiviral activity.

8.5.2.3 Quantitative Reverse Transcription-PCR

Briefly, cDNA prepared from the respective RNA
virus by an RT kit is subjected to quantitative real-time
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FIGURE 8.5 Schematic protocol of time of addition and removal along with preinfection, coinfection, and postinfection assays of drugs against

viruses grown in Vero cells (e.g., Herpes simplex virus, Dengue).

PCR using cDNA (5 pl) in a volume of 25 ul with a Tag-
Manl PCR Core Reagent Kit. Primers and probe are
used at the optimum concentration. For PCR amplifica-
tions, carried out as per the manufacturer’s instructions,
RNA/DNA of the known virus serves as the positive
control, and water serves as the negative control. Ampli-
fication of target DNA and detection of PCR products
are performed with a GeneAmp1 5700 Sequence Detec-
tion System. Amplification of the target sequence is
detected by an increase in fluorescence above a baseline
with no or little change in fluorescence. To analyze the
data, the reporter fluorescence is automatically normal-
ized to a passive reference to avoid the measurement of
non-PCR-related fluorescence [94]. A threshold is set
above the baseline to get a threshold cycle value (Ct),
which is the cycle number at which the fluorescence
passes the fixed threshold with a statistically significant
increase in fluorescence. The qPCR amplification stan-
dard curve for the test agent is designed from Ct values
versus the log of standard concentrations [95—97].
Calculation and interpretation of antiviral effect: A higher
Ct value corresponding to the drug-treated sample,
compared with the untreated one, is the antiviral effect
of the drug when the viral load (x10° particles or fold
decrease) calculated from the standard plot of Ct values
is less in the drug-treated sample than in the untreated

one. From these data, ICs5p or ICqq (50 or 90% reduction)
of viral particles or of fold change may also be
calculated.

8.5.2.4 Western Blot Analysis

The corresponding cell lines (1 x 10° cells/well) at an
80—90% confluence are infected with a five concentra-
tions of logyg dilution of PFU of the respective virus, in
the absence or presence of a test drug. The infected cells
were incubated for 24 h at 37 °C in 5% CO,, and equal
amounts of protein (40 pg/sample) extract from whole
cells are harvested in buffer (200 pl/well) containing
20mM Tris (pH 7+0.5), 50mM NaCl, 5% nonyl
phenoxypolyethoxylethanol-40 (NP-40%), and 0.05%
deoxycholate (DOC), added with 2X sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE)
sample buffer (1:1) and heated to 100 °C for 5 min. The
gel washed with SDS-PAGE running buffer is then
loaded with the above sample and run at 100 V through
the stacking part at 200V, after the proteins move
through the stack and migrate through the resolving
gel (until the blue dye front reaches the end of the glass
plates). After soaking a PVDF membrane in methanol
(30 second) and distilled water the membrane will be
placed in between two fiber pads and four Whatmann
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papers (precut) in a shallow tray, fitted with a Transfer
buffer for a few minutes. After cutting off the stacking
gel and soaking in the transfer buffer (few min), the
gel is transferred in gel cassettes to prepare the transfer
sandwich, cover it, and insert the gel cassette into the
electrode module and the bioice cooling unit into the
buffer chamber (filled with the transfer buffer), and
allow 1-2h at 4°C at 100 V. The gel is then stained
with 1X Pongee S for 1 min, destained with ddH,O,
rinsed with PBS, and the membrane is incubated with
blocking buffer on a shaker for 1—2 h at 37° or at 4 °C
overnight. The membrane is then incubated with the
diluted primary antibody (in dilution buffer) on a shaker
for 1 h at 37 °C or overnight at 4 °C, washed four times
with washing buffer (5—10 min). The membrane is
then incubated with the diluted secondary antibody
(in blocking buffer) on a shaker for 1h at 37°C or
overnight at 4 °C, washed four times with washing
buffer for 5-10 min, and visualized using the commer-
cial enhanced chemiluminescence Western blot detec-
tion kit.

8.5.2.5 Pulse-Chase Analysis

This examines a time-dependent cellular process by
successive exposure of the cells to a labeled compound
(pulse) and then in an unlabeled form (chase), by radio-
activity. Corresponding cell lines (1 x 10° cells/well)
cultured in a six-well plate at an 80—90% confluency is
infected with five concentrations of logyg dilution of
viral PFUs, either in the absence or presence of a test
drug. The infected cells are incubated for 24 h at 37 °C
in 5% CO,, and then equal amounts of protein (40 ng/
sample) extract from whole cells are harvested in buffer
(200 pl/well) containing 20mM Tris (pH 7 +0.5),
50 mM NaCl, 5% NP-40%, and 0.05% DOC. Synthesized
protein labeled with Click-iT Metabolic Labeling Re-
agents and 293T cells transfected with pNL4-3 are
used. At 3h posttransfection, the cell supernatant is
replaced with fresh medium with or without 10 uM
fangchinoline. After 24 h, the cells need to be labeled
with azidohomoalanine (AHA; 50 uM) for 1h in
methionine-free medium with or without fangchinoline.
The supernatant is then replaced with complete me-
dium in the presence or absence of fangchinoline,
and the cells should be chased for the indicated
time, after being lysed in lysis buffer (50 mM Tris
HCl pH 8.0, 1% SDS, protease inhibitor). The
AHA-incorporated protein is then biotinylated by the
Click-instant Protein reaction buffer Kit and Biotin
Alkyne. After precipitation and dissolution, the bio-
tinylated protein needs to be collected with Dynabeads
MyOne Streptavidin T1, and the purified nascent pro-
tein will be eluted into the SDS-PAGE buffer by boiling
for Western blot analysis [85].
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8.5.2.6 Flow Cytometry

The cells (10°/well) were first dissociated by a nonen-
zymatic cell dissociation buffer, and then infected with
the virus (MOI 1) in the presence or absence of the test
drug for 1h at 37 °C, using DMSO (0.1%) as control.
The cells are washed twice with ice-cold fluorescence-
activated cell sorting (FACS) buffer (1X PBS, 2% fetal
calf serum (FCS), and 0.1% sodium azide), need to be
blocked with 5% FCS for 30 min on ice, and then stained
with an FITC-conjugated antibody, washed with FACS
buffer, and then fixed with 1% paraformaldehyde before
being subjected to standard flow cytometry analysis.
Normal rabbit serum can serve as the isotype control,
while the data acquisition and flow Cytometry can be
performed on a Cyan flow cytometer [31].

8.5.2.7 Electrophoretic Mobility Shift Assay

The mobility shift electrophoresis is a gel or band shift
retardation assay, which uses the common affinity elec-
trophoresis technique for studying protein—DNA or
protein—RNA interactions to determine whether a pro-
tein or mixture of proteins is capable of binding to a
given DNA or RNA sequence, and to indicate whether
more than one protein molecule is involved in the bind-
ing complex. Gel shift assays are often performed to
study transcription initiation, DNA replication, DNA
repair, or RNA processing and maturation. Here, an
oligonucleotide  sequence  (5-GCATGCTAATGA-
TATTCTTTG-3') of the promoter gene of a virus (e.g.,
ICPO of HSV) is biotinylated by a Biotin 3’ end DNA la-
beling kit. The nuclear extracts of virus-infected cells
treated with the test drug for the indicated time are
mixed with reaction mixtures (20 pl) containing 3 pg of
nuclear extracts, 20 fmol of Biotin 3’ end-labeled probe,
50 ng/pl of poly (dI-dC), 2.5% glycerol, 0.05% NP-40
(1%), 5 mM MgCl,, and 1X binding buffer. After incuba-
tion for 20 min at room temperature, reaction mixtures
are applied to 4% polyacrylamide gels in 0.5X
Tris-borate-ethylenediaminetetraacetic acid buffer at
4 °C, and the gels are transferred to Nylon membranes
using a Semi Dry Transfer Cell (Bio-Rad, USA). The
transferred oligos are then immobilized by ultraviolet
crosslinking for 10 min. For detection of bound oligos,
membranes are blocked with blocking buffer, followed
by the addition of Streptavidin—Horseradish Peroxidase
conjugate and developed according to the manufac-
turer’s instructions. For supershift assays, nuclear
extracts are preincubated with host cell factor-1 poly-
clonal antibodies for 30 min on ice [9,10].

8.5.2.8 Small Interfering RNA Transfection

Small interfering RNA (siRNA or silencing RNA) is a
short (21—23 bp), double-stranded RNA nucleotide, and
its transfection is “transference,” involved in the
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silencing of genes. The siRNA is extremely valuable in
silencing gene expression and studying gene functions.
Usually, the corresponding cells are treated with siRNA,
specific for specific viral gene, and grown in 6/12-well
plates at a 70—80% confluency, and the medium is
removed. The cells are washed twice with PBS, and
the transfection mixture [71.5 pmol of duplex siRNA
(siRNASPecific gene op GRNA™IN A/Cy and 0.25% Lipo-
fectamine 2000 in OptiMEM] is incubated for 30 min at
room temperature before adding to each well. The cells
are then incubated with the transfection mixture for
4—5h at 37 °C in 5% CO,. The transfection medium is
then replaced with fresh MEM with 10% FBS, repeated
at 15h posttransfection, and the transfected cells
are infected with specific viruses at 36 hour post-
transfection (hpt) to perform the immunofluorescence
assays as mentioned above.

8.5.3 In vivo Assays

The in vitro antiviral activity of the test drug can be vali-
dated by in vivo testing in specific models. On the basis of
the target site of infection and disease presentation,
various animal models, namely, mouse, guinea pigs, fer-
rets, rabbit, and primates, can be used for different viruses.

8.5.3.1 Herpes Simplex Virus

HSVis an enveloped double-stranded DNA virus, clas-
sified into two types HSV-1 and HSV-2. Usually, HSV-1 is
associated with orolabialis, keratitis, and encephalitis,
whereas HSV-2 is associated with genital herpes [98],
and both are transmitted through close personal contact
[99]. HSV can hide from the immune attack of the host
by latency and reactivate frequently to cause recurrent
episodes [100]. Moreover, HSV-2 is a high risk factor for
acquisition of HIV infection [101,102]. A recent report
showed that HSV-suppressive therapy can greatly reduce
HIV-1 load in persons coinfected with HSV [103]. More-
over, the determinants of effective immunity against
HSV infection are not yet identified [104,105], and thera-
peutic vaccines failed to provide protection from infec-
tion or recurrences [104]. Hence, broad spectrum
antiviral(s) of natural origin is an important strategy for
the management of HSV infection. Thus, any agent that
showed anti-HSV activity is usually tested for toxicity
along with a skin irritation test to determine its accept-
ability for topical application, while in vivo efficacy
studies are performed by developing cutaneous, vaginal,
ocular (Figure 8.6), and latency associated infection
models, when required.

8.5.3.1.1 Skin Irritation Test

The dermal hypersensitivity and related allergic mani-
festation of any anti-HSV agent alone or in ointment
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dosage form can be tested in batches (3) of mice. Specific
doses of test drug/ointment (0.5% w/w) or ointment
base are applied on the shaved and cleaned dorsal area
(100- to 150-mm? area) of each animal. After 4 h, the resid-
ual ointment is removed, washed, and blotted dry to
observe for any signs of inflammation, redness, flash,
flare, and wheel corresponding to hypersensitivity. For
further confirmation of dermal toxicity, the dorsal hair
of female mice is shaved (with hair remover cream,
cleaned with luke warm water, and dried) and the naked
skin (100- to 150-mm? area) is abraded with a dermal
(Seven-Star) needle to apply 0.1 g of ointment (desired
%) to the abraded area of cohorts of animals. After 24 h,
the ointment is removed, washed with warm water,
and the animals are examined for erythema and edema
within another 1 h. The animals are also observed up to
the next 72 h for additional confirmation of toxicity.

8.5.3.1.2 Cutaneous Lesion Assay

To study the drug potency on HSV-1-induced cuta-
neous lesion, the dorsal skin of mice/Guinea pigs can
be prepared and abraded (as above), and the abraded
area is divided into four quadrants, and each is infected
with HSV-1 (30 pl of 10-fold dilution), and observed up
to 10 days for herpes lesion. On the basis of the initial
result, stock virus (usually 150 pl of 10® PFU) is used to
infect a 42-cm” area for consistent lesion development.
Once the lesion develops, animal cohorts (n = 15) are
infected and treated with the (1) test drug or drug-
based ointment, (2) 3—5% (wt/wt) acyclovir, or (3) oint-
ment base (1.5 g per dose) on the infected area with sterile
cotton swabs, twice daily for 6 days (Figures 8.7 and 8.8).

The extent of the lesion needs to be scored daily
as 1.0—1.6, lesions on one-fourth of the infected area;
1.7—2.4, lesions on one-half of the infected area; 2.5—3.2,
lesions on three-fourths of the infected area; and
3.3—4.0, lesions on the entire infected area [106].

8.5.3.1.3 Reduction in Viral Vaginitis in Mice
or Cotton Rats

To test the in vivo efficacy of test drug/formulation
against HSV-2, the genital herpes model with random
breed BALB/c female mice (Figure 8.9) or Sigmodon his-
pidus (cotton) rats [107] is developed by intravaginal
inoculation of the virus in anesthetized 6-week-old
animals.

After one-week of acclimatization (23 + 3 °C), the an-
imals (n = 10 for each dilution) will be inoculated with
the virus (30 pl of 1072 stock) into the vagina by a needle
(size 12) and observed for 12 days for vaginitis or
lethality (LDsp). To test the efficacy, fresh batches of ani-
mals are infected with 10 LDsg of the virus (10° PFU).
Following inoculation, a vaginal cotton swab sample is
collected from each animal, transferred to 0.5ml of
PBS, and stored at —20 °C. The animals are divided
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FIGURE 8.6 Dermal toxicity, cutaneous and vaginal infection model flowchart for herpes simplex virus.
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1.0-1.6=lesions on 1/4 of infected area; 1.7-2.4 = on 1/2 of infected area; 2.5-3.2=on 3/4
of infected area; 3.3-4.0= on entire infected area (Zhanget al.,2007).

FIGURE 8.7 Cutaneous model development (outline).
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m BALB/c mice (n=10)

Cutaneously infected with HSV-1 (1x106 pfu)
3

Administration of Test Drug or ACV orally or topically
Twice daily for 7 days (Oral) l Thrice for 7 days (Topical )

Score: skin lesions, severity and death three times daily
(0, no lesion; 2, vesicle in local region; 4, erosion/ulceration; 6, mild zosteriform
lesion; 8, moderate zosteriform lesion; 10, severe lesion and death).

Removal of brain & skin (whole lesions around inoculation area) under ether
anaesthesia on days 2, 4, 6 or 8 after infection

Homogenized (PBS) and Centrifuged (3000 rpm for 15 min)
Determination of virus yield (supernatant) by Plaque assay

Observation of infected animals for 30 days to record mortality rates

FIGURE 8.8 Efficacy test protocol on cutaneously infected mice
(schematic).

into test groups (different potency), positive control
(acyclovir), negative control (solvent or ointment base),
and no treatment (virus control) groups along with an
additional uninfected control group. Symptoms of viral
vaginitis (topical edema of the vaginal tract with turbid
secretions) will be observed on the third day of infection.
Treatment begins on day 3 postinfection, by applying
the test agent or formulations to the vaginal tract with
cotton swabs (2 mg per mouse) twice daily for 6 days
[106]. Mortality and the number of days for mortality
to occur are recorded. The vaginal swab samples are

Female BALB/c mice
(7 weeks old, 18-20gm)

Depo-medoxyprogesterone acetate (Sigma) at 2mg/mouse 5-7 days before infection

Swabbed vaginal area with calcium alginate

Inoculated intravaginally with HSV-2 (9 X 104 pfu) by a blunt ended tips

l, After3-4h
Treated with HM-7 (0-0.5 mg/kg) or its ointment or ACV (5 mg/kg bw)

Observed 12 days for vaginitis/lethality to determine the MLD

Monitored and scored genital pathology daily
No infection (0); slight redness of external vagina (1); swelling & redness of external
vagina (2); severe swelling & redness of vagina & surrounding tissue with hair loss (3);
hind-limb paralysis (4); Death (5).

Collection of infected Vaginal tissues at Stage 4 for Histopathology
Vaginal washes for assessment of Viral Shedding by Plaque assay

FIGURE 8.9 Viral virginities model with HSV-2.
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collected from day 1 following the completion of treat-
ment, as well as from the deceased animals immediately
following their death (Figure 8.5). The vaginal samples
are then diluted five times in MEM and used to infect
Vero cells. Samples that gave a positive CPE are consid-
ered positive for HSV-2 [106].

8.5.3.1.4 Vaginal Inoculation of HSV in Guinea Pigs

Vaginal inoculation of female Guinea pigs with HSV-1
or HSV-2 results in obvious primary infection. Following
recovery, survivors of primary infection periodically
display vesicular recrudescence in the vaginal area
from which infectious virus and/or viral DNA can be
recovered. Although reactivation cannot be reliably
induced, the HSV-2 spontaneously reactivates with a
much higher frequency than HSV-1, making it a very
attractive model for comparative analysis of the influ-
ence of viral genes on reactivation and HSV recombinant
viruses. This model helps to investigate and identify
important features in this difference. The value of guinea
pigs in studying drug or vaccine efficiency and experi-
mental pathogenesis makes this an extremely valuable
and promising system.

8.5.3.1.5 Ocular Herpes Virus Model

A fast, simple reactivation model to study ocular her-
pes virus infection and latency is developed by Gordon
et al. [108] in New Zealand female rabbits (1.5—2.0 kg).
Following topical anesthesia (0.5% proparacaine HC1
eye drops), each unscarified rabbit eye will be inocu-
lated with a thymidine kinase-positive HSV-1W
(5 x 10* pfu/eye) into the lower fornix, following
topical anesthesia with eye drops. The virus establishes
latency and reactivates [109]. Successful inoculation
(100%) of eyes on day 7 will produce herpetic dendritic
ulcers with significant HSV-1 titer (10* pfu/ml) and viral
shedding, determined by a neutralization test. After
satisfactory anesthesia, the globe is proptosed with a
wooden cotton applicator and an operating microscope
for all surgical manipulations. The intrastromal injection
(0.25-ml tuberculin syringe with a no. 30 short bevel nee-
dle) is given into the central corneal stroma. The first
group is given deionized sterile endotoxin-free water;
the second group is given 100 pl air, while the 3rd group
is not given any injection. For all three groups, the nee-
dle should be carefully withdrawn with gentle pressure
so that the proptosed globe gently returns to the orbit.
The anterior chamber, injected with deionized sterile
water, is made at the limbus, inserted into the anterior
chamber parallel to the iris plane. The needle is carefully
withdrawn, and the insertion site is pressed with a cot-
ton swab for 30 s, to avoid aqueous loss, and return of
the proptosed globe to its proper place in the orbit. For
topical administration, 100 ml deionized sterile water
is administered onto the cornea of the proptosed globe
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by means of a pipette, and the globe returns to the orbit
by gentle digital pressure. Viral Shedding (latent HSV-1
after reactivation and induced shedding into the tear
film) is determined by swabbing the eyes 2 days before
treatment and for seven consecutive days after the treat-
ment. Each eye swab is mixed with 0.3 ml MEM (Eagle’s
medium with Earle’s salt, 10% newborn calf serum, 1%
penicillin—streptomycin, 1% Fungizone), vortexed, and
the eluant is plated onto a Vero cell monolayer. After a
1-h adsorption, 1.5 ml of medium is added to the well,
and the plate is examined daily for 7 days for the CPE
of HSV-1. Random HSV-1 isolates can be confirmed by
neutralization [108,110].

8.5.3.1.6 Latency and Reactivation in Rabbits

Infection of rabbit eyes leads to a latent infection in
which virus can be recovered from the trigeminal nerve
ganglia following explantation and cocultivation with
indicator cells. In addition, virus can be sporadically
recovered from the eye following latency. In fact, reacti-
vation can be efficiently induced by the iontophoresis of
epinephrine into the eye, and this model can help to
establish the latency associated transcript (LAT) expres-
sion for efficient reactivation.

8.5.3.1.6 The Mouse Eye or Trigeminal Ganglia Model

A second murine model for HSV-1 and HSV-2 latency
involves the infection of the cornea followed by latency
in the trigeminal ganglia. As in the footpad model, latent
HSV genomes express LAT in a portion of those neurons
maintaining them, and the virus can be recovered by
cocultivation of the explanted ganglia. Interestingly,
this method is similar to an in vivo method. Here,
latently infected mice are transiently exposed to hyper-
thermia, and then trigeminal ganglia are excised,
sectioned, and assayed for the presence of observable vi-
rus by immunohistochemistry or genetic engineering
(when recombinant virus with an expressible marker
in the genome is used).

8.5.3.2 Influenza Virus

Inbred female Balb/c or C57Bl/6 mice of six to eight
weeks old are anesthetized by an intraperitoneal injec-
tion [150 pl of ketamine rompun-solution (2%-rompun
and 10% ketamine solution are mixed at 1:10 with
PBS)] and infected intranasally (i.n.) with 1 x 10? pfu/
50 pl of Influenza A virus. For infection of Influenza A
virus, preincubated with the specific drug, 102/25 pl,
103/25, or 104/25 pul of virus is incubated with 25 pl
drug (1 mg/ml) or with 25 ul PBS for 30 min at room
temperature [68].

8.5.3.2.1 Treatment of Balb/C Mice with the Test Drug

Eight-week-old BALB/c mice are anesthetized using
an intraperitoneal (i.p.) injection of ketamine (200 ul of
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10% ketamine solution) and xylazin (2% xylazin solu-
tion) at 1:10 with PBS. Mice are treated with the test
drug using the COAALA Mouse Aerosol Application
System. BALB/c mice are placed in the tube cylinder
and exposed to 1.5 ml (per mouse), 2 bars of an aerosol-
ized test agent for 10 min twice a day for 3 (lung titer) or
5 days (body weight), along with a control group (H>O).
Mice are infected 10min after the first expo-
sure via the intranasal route with the virus A/FPV/
Bratislava/79 (H7N7) (10° pfu) or the recombinant A/
Puerto Rico/8/34 (H1N1rec) (4 x 10? pfu) in a 50 pl vol-
ume to determine the viral replication in the lung and
monitor the body weight. The health status of the ani-
mals is controlled twice a day, and their body weight
is measured every day. The animals are sacrificed
upon a body weight loss of 20%. For the determination
of lung virus titer, mouse lungs are collected in PBS
(3ml) on day 3 post-infection (p.i.) and homogenized
using a FastPrep24 homogenizator with Lysing Matrix
D, centrifuged at 10,000 rpm for 10 min at 4 °C, and
the supernatants are subjected to the plaque assay.

8.5.3.2.2 Mouse Monitoring

Body temperature and gross motor activity of the
animals are monitored with suitable software (Vital
View®) and hardware (Mini Mitter, USA) for data acqui-
sition on physiological parameters. The hardware in-
cludes a transmitter (E-Mitter)/receiver system that
collects data on temperature and motor activity. The vi-
tality or gross motor activity provides a basic index of
the movement of mice with implanted E-Mitter. As
the mouse moves, the movement of the implanted
E-Mitter results in subtle changes in the transmitted
signal detected by a receiver and registered by a com-
puter. The Vital View software recorded an index of
movement every 5 min to produce a longitudinal record
of the activity, and for implantation of E-Mitters the
mice are anesthetized with an i.p. injection of 150 ul
ketamine/rompun. The shaved ventral surface of the
abdomen with a midline abdominal skin incision
0.5—1 cm below the diaphragm with a 2-cm length.
The abdomen is opened with a 2-cm incision along
the linea alba to position the E-Mitter in the abdominal
cavity. Then the closure of the incision is achieved with
wound clips (autoclip 9 mm; Becton & Dickinson,
Germany). The animals are placed into the cage, and
successful implantation of the E-Mitter is controlled
by Vital View software. Their health status is controlled
for seven days before infection.

8.5.3.2.3 Histology and Immunohistology

Mice are treated with the nebulized extract (10 mg/ml)
three times at 9 am, 12 am, and 3 pm for 10 min or with
HyO. Immediately after the treatment, the mice are
killed and the collected lungs are fixed in buffered 4%
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paraformaldehyde, and stained with hematoxylin—eosin.
Lectin staining of lung sections is performed with Sambu-
cus nigra agglutinin (SNA; Vector Laboratories) for sialic
acid 2, 6 linked to galactose and Maackia amurensis
agglutinin (MAL II; Vector Laboratories) for sialic acid 2,
3 linked to galactose. Secondary staining is done with
the ABC-kit for 30 min at room temperature, and substrate
reaction with the Diaminiobenzidine (DAB) kit.

8.5.3.3 Dengue Virus

The dengue virus (DENV) is a mosquito-borne Flavi-
virus (Flaviviridae) virus with a positive sense single-
stranded RNA [115,116] of about 11,000 bases, which
codes for capsid protein C; membrane protein M;
envelop protein E; seven nonstructural NS1, NS2a,
NS2b, NS3, NS4a, NS4b, NS5; and short noncoding re-
gions on 5 and 3’ ends [115,117]. Further classification
of each serotype (1—5) into genotypes often relates to
the region where particular strains are found.

8.5.3.3.1 Virus Inhibition Assay

The inhibitory potential of a test drug can be evaluated
in suckling mice [118]. Briefly, the serial twofold dilutions
of test agent are mixed with 100 LDsp of virus in equal
proportions and incubated for 1 h at room temperature.
After incubation, 0.02 ml of the mixture (virus + drug)
per mouse pup should be inoculated intracerebrally along
with the virus and mice control, and observed daily for
signs of Dengue, that is, weight loss, slow gait, inability
to suck mother’s milk, and flaccid paralysis followed by
death. On postinoculation days 5—6, the mouse pups
are collected, killed (chloroform inhalation), and stored
at —20 °C for RNA extraction. In addition to the preincu-
bation inhibition assay, pretreatment and posttreatment of
the test drug are attempted as per the same protocol,
except that the time of drug addition is varied.

RT-PCR: In order to demonstrate the presence or
absence of viral RNA in infected C6/36 cells and mouse
brain, RT-PCR can be performed [118], employing group
specific primers. Briefly, RNA is extracted and eluted
and then subjected to RT-PCR after initial reverse tran-
scription with Moloney murine leukemia virus reverse-
transcriptase (MMLV-RT) to synthesize the cDNA. The
cDNA synthesis is usually carried out in a 10-ul volume
with RT-mix (5 x -RT buffer, 10 mM dNTPs, 5U RNasin,
5U MMLV-RT) at 37 °C for 1h using a downstream
consensus primer (MP4). The amplification of cDNA is
carried out by PCR (50 pl volume) congaing PCR mix
(10 x -buffer, 1.5 mM MgCl2, 10 mM dNTPs, 2.5 U Tag-
DNA Polymerase) using an upstream consensus primer
(MP3) in a DNA thermal cycler. The thermal profile of
the PCR reaction includes initial denaturation at 95 °C
for 2 min followed by 30 cycles of denaturation at 94 °C
30 s, annealing at 54 °C, 2 min, and extension at 72 °C,
2 min, and final extension at 72 °C, 10 min. The amplified
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product can be analyzed on a 2% agarose gel for the pres-
ence of 511 bp virus-specific amplicon.

8.6 FUTURE PROSPECTS
AND DIRECTIONS

Not only are the existing viral diseases fatal but also
there is an upsurge of new viral infections worldwide.
The currently available antivirals, though effective, are
costly and beyond the reach of a vast majority of people.
Thus, the development of safe, effective, and low cost
antiviral drugs such as RT inhibitors is among the top
priorities, as many viruses are not yet curable and
have high mortality rates. Recently, considerable work
has been done on medicinal plants focusing on anti-
HIV activity [119—122], and there has been a consider-
able rise in the use of over-the-counter plant products
containing orthodox drugs. The rationale is to reduce
the side effects and to produce synergistic effects. But
since in most cases pharmacological mechanisms of
the combinations are not studied, adverse effects or ther-
apeutic failures have been observed [123]. The most
important consideration involving medicinal plants is
to identify and standardize the method of preparation
of extract, appropriate season of collecting plant mate-
rial, and details of its administration [20,124]. Since a sig-
nificant number of plant extracts has yielded positive
results, it seems reasonable to conclude that there are
probably many potential antiviral agents, and further
characterization of active ingredients of those potential
plants will reveal useful compounds.
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LIST OF ABBREVIATIONS

AHA Azidohomoalanine

AIDS Acquired immunodeficiency syndrome

AZT Azidothymidine

BSA Bovine serum albumin

CCs¢ 50% cytotoxic concentration

CCR5 C—C chemokine receptor type 5

CD4 Cluster of differentiation 4

CNS Central nervous system

CO, Carbon dioxide

CPE Cytopathic effects

DAB kit Diaminiobenzidine (DAB) as substrate used by Vectastain
ABC kit (Vector Labs, USA)

DEAE Diethylaminoethyl

DHBYV Duck hepatitis B virus

DMEM Dulbecco’s modified Eagle’s medium

DMSO Dimethyl sulfoxide

DNA Deoxyribonucleic acid

dNTP Deoxynucleotide triphosphates

DOC Deoxycholate

EC5¢ Concentration of compound producing 50% inhibition of virus-
induced cytopathic effect

ECL Enhanced chemiluminescence

EDTA Ethylenediaminetetraacetic acid

FACS Fluorescence-activated cell sorting

FDA Food and Drug Administration

FITC Fluorescein isothiocyanate

GAPDH Glyceraldehyde-3-phosphate dehydrogenase gene

8. VALIDATION OF ANTIVIRAL POTENTIAL OF HERBAL ETHNOMEDICINE

GFP Green fluorescent protein

H,SO, Sulfuric acid

HA Hemagglutination activation

HBsAg HBV antigens

HBV Hepatitis B virus

HCC Hepatocellular carcinoma

HCF Host cell factor

HCI Hydrochloric acid

HCV Hepatitis C virus

HIV Human immunodeficiency virus

HSV Herpes simplex virus

IC5 half minimal (50%) inhibitory concentration.

ICPO Infected cell protein O

IgG Immunoglobulin G

LAT Latency associated transcript

LDs5p Median lethal dose

LTR Long terminal repeat

MADb Monoclonal antibodies

MEM Minimum Essential Medium

MgCl, Magnesium chloride

MMLV-RT Moloney Murine Leukemia Virus Reverse Transcriptase

MNTD Maximum Nontoxic Dose

MOI Multiplicity of infection

mRNA messenger RNA

MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-
(4-sulfophenyl)-2H-tetrazolium

MTT 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide

NaCl Sodium chloride

NP-40 Nonyl phenoxypolyethoxylethanol-40

NRTIs Nucleoside analog reverse-transcriptase inhibitors

OD Optical density

OptiMEM Reduced Serum Media is a modification of MEM

PAGE Polyacrylamide gel electrophoresis

PBS Phosphate buffered saline

PBST PBS solution with 0.1% Tween 20

PCR Polymerase chain reaction

PFA Paraformaldehyde

PFU Plaque-forming unit

PI Propidium iodide

PVDF Polyvinylidene difluoride

qRT-PCR quantitative real-time polymerase chain reaction

RBCs Red blood cells

RF Reduction factors

RNA Ribonucleic acid

RSV Respiratory syncytial virus

RT Reverse transcriptase

RTQ-PCR Quantitative reverse transcription PCR

SARS Severe acute respiratory syndrome

SDS Sodium dodecyl sulfate

SHIV Simian-HIV

SI selectivity index

siRNA Small interfering RNA

SIV Simian immunodeficiency virus

TBE Tris-borate-EDTA

TCIDs Titration expressed in 50% tissue culture infectious doses

TCM Traditional Chinese Medicine

TI Therapeutic index

TMB 3,3’ 5,5 -tetramethyl-benzidine

UV Ultraviolet

VGE Viral genome equivalent

VHSYV Viral hemorrhagic septicemia.

VSV Vesicular stomatitis virus
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